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Abstract

The central theme of the present doctoral thesis work is to understand the occur-

rence of equatorial counter electrojet (CEJ) or reductions in equatorial electrojet

(EEJ) strength under geomagnetically quiet and disturbed conditions. Since vari-

ation in the ionospheric zonal electric field is central to any meaningful study on

EEJ or CEJ, it is important to know the zonal electric field variations to under-

stand these events. Since systematic measurements of electric fields covering all

local times and seasons over the Indian sector are not available, the vertical drifts

from the presently available global empirical models [Scherliess and Fejer , 1999;

Fejer et al., 2008a] are used. Detailed investigations on the applicability of these

empirical models over the Indian sector are carried out based on the comparisons

with the measured and derived drifts. This investigation revealed that Fejer et al.

[2008a] model drifts represent the quiet time vertical drifts over the Indian sec-

tor fairly well barring early morning hours. Therefore, the drifts obtained from

Fejer et al. [2008a] model are used in the subsequent investigations, whenever

applicable.

Observational studies over the Indian longitudes revealed that the occurrence

of quiet time CEJ events is most frequent in afternoon hours during June solstice

in solar minimum. An investigation carried out to understand the generation

mechanism of these CEJ events showed that these CEJ events are caused by

westward Sq electric fields and hence are part of the Sq current system extending

from pole to equator. Further, the reversal of EEJ due to disturbance dynamo

is investigated and it is found that reductions in the daytime electric field can

be significantly large (0.7± 0.2 to 1.2± 0.3 mVm−1) during disturbance dynamo

events. In order to explain such large westward electric field perturbations, addi-

tional role of semi-diurnal tides is indicated. Further, the strength of nighttime

equatorial E-region current, used as the base level to determine the EEJ strength,

are estimated to be about 0.3 - 0.7 µAm−2 based on three methods. The cor-

responding strength of the horizontal component of magnetic field induced at

ground is found to be within 6 nT.
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Keywords: Low latitude ionosphere, Sq electric field, plasma drifts, equato-
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Chapter 1

Introduction

1.1 Background

The evolution of secondary atmosphere of the Earth with abundance of neu-

tral species paved way for supporting the existence of life. Terrestrial neutral

atmosphere interacts with the incoming solar radiations and protects the high

energy radiations from reaching the lower altitudes. The upper atmosphere of

Earth hosts plasma medium with sufficient electron density to affect the radio

wave propagation passing through it. This region is known as the “Ionosphere

of Earth”. The altitude distribution of electron-ion pairs depends on production,

loss and transport processes. Over low latitudes, electrodynamics and plasma

diffusion play important role at lower and higher altitudes of the ionosphere re-

spectively. Low latitude ionosphere hosts a variety of ionospheric processes such

as, plasma fountain, equatorial electrojet, convective ionospheric storm (plasma

bubble generation), etc. The ionospheric plasma processes crucially depend on

the electrodynamics in this region which is driven by the solar quiet (Sq) electric

fields as well as by the impulsively and varying perturbation electric fields during

disturbed space weather conditions. This provides complexity to the ionospheric

processes and the prediction of the state of ionosphere becomes difficult. In order

to comprehensively understand the ionospheric electrodynamics and related pro-

cesses, it is important to understand and quantify the contributions from quiet

and disturbed time electric fields.

1



2 Introduction

This chapter provides a brief introduction to the Earth’s atmosphere in general

and ionosphere, in particular. A brief introduction is also provided to the gen-

eration mechanism of solar quiet (Sq) time electric field over low latitudes and

the important role the electric field plays in controlling the large scale plasma

processes like equatorial electrojet, plasma fountain, plasma irregularities, etc.

As the thesis work mainly concentrates on the processes over the Indian longi-

tudes, the availability of Sq electric field measurements over the Indian sector is

discussed. In addition, the prompt and delayed perturbations in electric fields

during disturbed space weather conditions are briefly discussed.

1.2 Neutral Atmosphere and Ionosphere

The neutral atmosphere is classified into several regions based on physical pa-

rameters like temperature profile, mixing ratios of the constituents. Figure 1.1

depicts typical altitude profiles of neutral temperature (black curve) and density

(red curve) over low latitudes. The values represent typical neutral atmosphere

during quiet time and are obtained using NRLMSISE-00 Atmosphere Model [Pi-

cone et al., 2002] run from Community Coordinated Modeling Center of NASA

Goddard Space Flight Center (https://ccmc.gsfc.nasa.gov/). Based on the

neutral temperature variation with altitude, the atmosphere is divided into Tro-

posphere (0 - 15 km), Stratosphere (15 - 50 km), Mesosphere (50 - 85 km)

and Thermosphere (85 - 100 km).

The neutral number density decays exponentially with increasing altitude.

The atmospheric constituents below 100 km are mixed homogeneously in com-

position due to turbulence. This region is known as the “Homosphere”. Above

this region, the distribution of atmospheric constituents is dictated by molecu-

lar diffusion process and hence, depend on the mass of the species. The region

above 100 km altitude is known as “Heterosphere”. The altitude profiles of

major atmospheric constituents in the Heterosphere are depicted in Figure 1.1

with dashed and dotted curves.

https://ccmc.gsfc.nasa.gov/
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Figure 1.1: Altitude profiles of neutral temperature (red) and number density

(black) over equatorial latitudes [based on NRLMSISE-00 model outputs].

The upper atmosphere of the Earth over low latitude region is partially ion-

ized essentially by the electromagnetic radiations emitted from the Sun. This

forms a plasma environment around the Earth known as the “Ionosphere”

that extends from ∼70 km to 1000 km altitudes and it is the region of inter-

est for this thesis work. Figure 1.2 depicts typical altitude profiles of electron

density around the magnetic equator. The solid and dashed curves represent

the profiles corresponding to noon and midnight hours. The values are gener-

ated using IRI-2007 model [Bilitza and Reinisch, 2008] runs available from Com-

munity Coordinated Modeling Center of NASA Goddard Space Flight Center

(https://ccmc.gsfc.nasa.gov/). Different regions of ionosphere, e.g. D (70 -

90 km), E (90 - 150 km) and F (150 - 1000 km) layers are marked in the figure.

The E region sustains during nighttime with reduced levels of electron density.

Around noon hours, the F-region often splits into two: the lower one being the

https://ccmc.gsfc.nasa.gov/
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F1 region and the higher one, the F2 region. Historically, the name E-region

was used for the first layer observed by experiments using radio waves, and sub-

sequently the layers above and below this region were called F and D regions,

respectively.
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Figure 1.2: Altitude profiles of electron density over equatorial ionosphere during

day (solid) and night (dash) times [based on IRI-2007 model outputs].

Over low latitudes, photo-ionization is mainly produced by solar X-ray and

wide spectrum of ultra-violet (UV) radiations. The main sources of ionization in

D-region are Hydrogen Lyman α line (121.6 nm), hard X-rays (< 1 nm) and to

some extent, cosmic X rays [Nicolet and Aikin, 1960; Francey , 1970]. The ionic

species are mainly complex ions like O+
2 , N+

2 , H3O
+, H+(H2O)2. In E-region,

also referred to as dynamo region, the main sources of photo-ionization are Far

UV radiation (91.1 - 102.7 nm) and soft X-rays (0.8 - 14.0 nm). The dominant

ionic species are molecular ions like NO+ and O+
2 . The NO+ is a chemical

product of interaction between N+
2 , O+

2 and O+. During nighttime, the lower
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levels of plasma density in the E-region are maintained by the Lyman α (121.6

nm) and Lyman β (102.6 nm) radiations [Strobel et al., 1974]. These emissions

are from the solar radiation that are resonantly scattered through the geo-corona

into the night sector and some contribution is from stellar sources. In F-region,

the principle source of photo-ionization is Extreme UV radiation (17.0 - 91.1 nm)

along with contributions from HeI (58.4 nm), HeII (30.4 nm) lines at lower

F-region. At the lower F-region, the predominant ions are NO+ and O+
2 and a

gradual transition takes place around 200 km altitude, beyond which O+ becomes

the dominant ion. The substantial difference in ion composition with altitude is

also due to the fact that recombination rate of molecular ions with electrons is

much higher compared to that of atomic ions. The peak plasma density in F

region attains a value as large as 106 cc−1 around noon hours. Near the peak

F-region almost all the ions are O+.

Both electrons (e) and ions (i) tend to gyrate along the geomagnetic field lines

with gyro-frequencies Ωe and Ωi respectively. In addition, the plasma constituents

undergo continuous collisions with the neural atmosphere. As the neutral number

density exponentially decreases with altitude, the neutral-collision frequency (ν)

decreases rapidly with height whereas, the gyro-frequency does not vary that

rapidly with altitude. Therefore, both electrons and ions are controlled by neutral

atmosphere (Ωe < νe, Ωi << νi) at D-region heights. Medium frequency radio

waves get attenuated in the D-region as the energy provided to electrons dissipates

into neutral atmosphere due to high electron-neutral collision frequency. The

radio wave absorption in D-region is quite significant and is very important for

the calculation of the lower usable frequency. In F-region, both electrons and

ions are magnetized (Ωe >> νe, Ωi > νi) and their motions are governed by the

geomagnetic field. In E-region, due to differential behaviour of electron and ion

motions in repose to winds, motions of electrons and ions are controlled differently

(Ωe > νe and Ωi < νi). The motions of electrons are governed by geomagnetic

field, while the motions of ions are controlled by neutral winds. This differential

response of ions and electrons to the neutral winds is responsible for the generation

of Sq electric field in the E-region.



6 Introduction

1.3 Generation of Sq electric field

The differential solar heating (of the atmosphere) and differential gravitational

acceleration of lunar origin produce tidal forces in the atmosphere with periods

of fractions of the solar and lunar days. These forces set up standing waves

in the atmosphere which result in primarily horizontal motions of air. This, in

turn, follows the generation of ionospheric Sq current system that flows from

pole to equator. These currents are, in general, counter-clockwise in northern

hemisphere and clockwise in southern hemisphere during daytime. The centre of

these current vortices is called Sq focus. The Sq currents are essentially driven

by an electromotive force (emf ) that is generated by the motion of air, carrying

ions with it, and current across the geomagnetic field lines. Owing to anisotropic

nature of ionospheric conductivities, this current cannot flow freely along all the

directions and polarization charges are thereby set up, modifying the flow of

current. As a result, the Solar quiet (Sq) electric field [Rishbeth and Garriott ,

1969] gets generated. This process is known as the “E-region dynamo”. The

large-scale (scale size greater than a few kilometres) feature of zonal Sq electric

field at low latitude E-region gets mapped to the equatorial F-region through

equipotential geomagnetic field lines. This zonal electric field drifts the plasma

along vertical direction in the F-region.

At F-region, the zonal winds flowing across the geomagnetic field lines pro-

duce vertical ion current, which is quite small compared to E-region currents. In

order to make the current divergenceless, polarization electric field gets devel-

oped along the vertical direction. The strength of this electric field increases till

the net current along vertical direction reduces to zero. This is known as the

“F-region dynamo” [Rishbeth, 1981]. The vertical F-region electric field maps

to E-region along north-south direction and drifts the electrons along the zonal

direction. During daytime, as the E-region conductivities are large, the F-region

vertical electric fields gets shorted out. Whereas, after F-region sunset and dur-

ing nighttime this shorting effect is reduced due to the fact that magnetic field

line-integrated E-region conductivity gets reduced considerably because of the

reduction in electron densities in E-region owing to fast recombination. The F-
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region dynamo contributes mainly to vertical electric field during nighttime and

partially to the zonal electric field at the sunset terminator in order to maintain

the curl-free electric field.

Typical diurnal variations of F-region plasma drifts along zonal and vertical

directions are depicted in top and bottom panels of Figure 1.3. These values are

based on measurements obtained using incoherent scatter radar over Jicamarca

(Peru) in equinoctial months. The red, blue and black curves in the top panel

depict the average zonal drifts under low, moderate and high solar flux levels. The

zonal drifts are westward during daytime and eastward at night. The amplitudes

of zonal drifts are larger in nighttime as compared to daytime. The red, blue and

black curves in the bottom panel depict the average vertical drifts corresponding

to low, moderate and high solar flux levels. The vertical drifts are upward in

daytime and downward at night.

- 1 0 0

0

1 0 0

2 0 0

0 6 1 2 1 8 2 4
- 5 0

- 2 5

0

2 5

5 0

Zo
na

l d
rift

 (m
s-1 ) F 1 0 . 7  l e v e l s

 <  1 0 0  s f u
 1 0 0 - 1 5 0  s f u
 >  1 5 0  s f u

Ve
rtic

al 
dri

ft (
ms

-1 )

L o c a l  t i m e  ( h o u r s )

F 1 0 . 7  l e v e l s
 8 0  s f u
 1 4 0  s f u
 2 0 0  s f u

Figure 1.3: Diurnal variation of F-region plasma drifts along zonal [from Fejer et al.,

1991] and vertical [from Scherliess and Fejer , 1999] directions over Jicamarca in

equinoctial months under different solar flux levels.
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It is to be noted that, around sunset hours, the vertical drifts deviate from

their decreasing trend and reach higher values before finally turning downwards.

This is known as the “pre-reversal enhancement (PRE)” of vertical drifts.

The PRE is generated due to coupled effects of E and F region dynamos. Dur-

ing sunset hours, sharp conductivity gradient exists along zonal direction. This

inhibits the flow of hall current, along zonal direction, driven by the north-south

electric field at off-equatorial E-region that is mapped from equatorial F-region

vertical electric field. As a result, an additional polarization electric field gets

developed along the zonal direction that drifts the F-region plasma with stronger

amplitude. A recent review [Eccles et al., 2015] on different mechanisms for the

generation of PRE is available in the literature.

In the presence of geomagnetic field (B), electric field (E) drifts the plasma

with velocity (V) given by,

V = E×B/B2 (1.1)

Therefore, the information of zonal and vertical drifts can provide the iono-

spheric electric fields along vertical and zonal directions respectively. It is to be

noted that the altitude gradient in vertical drifts is negligibly small except during

PRE hours [Pingree and Fejer , 1987; Fejer et al., 2014]. The resultant difference

in vertical drifts at equatorial E-region and peak F-region is less than 2 ms−1 in

general that is smaller than the resolution of vertical drifts measured by most of

the experimental techniques.

1.4 Important roles of Sq electric field on dif-

ferent ionospheric processes

In earlier years, the main emphasis in the ionospheric studies was on the processes

related to plasma production and loss, ion chemistry, geomagnetic field varia-

tions, and airglow emissions. With the development of radar and space-borne

techniques, systematic measurements of electric fields have become available for

scientific studies. These techniques have immensely helped to understand the

ionosphere in greater detail and the fundamental role played by electric fields
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has been addressed with unprecedented detail. However, in the absence of an

ISR over the Indian sector the electric field variations over this longitude sector

couldn’t be studied systematically. In view of the availability of electric field

information over Indian longitudes using satellite measurements in recent times,

detailed investigation over Indian sector is needed. The present thesis work deals

with the variations in zonal electric field under geomagnetically quiet and dis-

turbed conditions over the Indian sector. This, in turn, has helped to resolve

some of the outstanding scientific problems on low latitude ionosphere. The en-

suing subsections briefly describe some of these processes that occur over low

latitude ionosphere and the important role of electric field.

1.4.1 Equatorial Electrojet and Counter Electrojet

In daytime, an enhanced eastward current flows overhead in a narrow latitudinal

belt centred at the magnetic equator referred to as “Equatorial Electrojet

(EEJ)” [Chapman, 1951]. The generation of EEJ can be understood by a thin-

shell model depicted in Figure 1.4.                   
 
 
                                                      𝝈 ≈ 𝟎 

                                                      -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - - 
                                                      𝝈 ≠ 0       𝛔𝐇𝐄𝐗      𝛔𝐏𝐄𝐙             𝛔𝐏𝐄𝐗             𝛔𝐇𝐄𝐙    

                                                                     +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

                                                                     𝝈 ≈ 𝟎 

𝑬𝑿
ሬሬሬሬሬԦ (Eastward)

) 

B (Northward) 

Figure 1.4: Equatorial electrojet in a thin slab geometry.

The daytime eastward Sq electric field causes drift of the E-region electrons

in the upward direction whereas, the collisionally bound ions remain at lower

altitude. The vertical flow of electrons is inhibited by sharp reduction in the

conductivity. This results in an upward electric field (Ez) during daytime that

stops the further flow of electrons. This implies the net vertical current to be

zero and this can be mathematically represented as follows,

JZ = −σHEX + σPEZ = 0 (1.2)
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The vertical electric field maximizes around 105 km altitude with amplitude of

about 30 times the zonal electric field. This vertical electric field causes drift of the

electrons along westward direction like a jet stream. The results is enhancement

in net eastward current given by,

JX = σHEZ + σPEX = σCEX (1.3)

where, σC = (J2
H + J2

P )/σP

Strength of this current maximizes at the dip-equator due to horizontal na-

ture of geomagnetic field and reduces with increasing latitude. In-situ measure-

ments of E-region current density were obtained [e.g., Davis et al., 1967; Sastry ,

1970; Sampath and Sastry , 1979] based on magnetometer experiments on-board

sounding rocket flights. These experiments revealed that the EEJ strength peaks

around 105 km altitude. The magnetic field induced at ground by EEJ can be

obtained continuously using the measurements by ground based magnetometers.

Several models are available in the literature to explain the observed fea-

tures of EEJ. A brief description of these models is presented below. Baker and

Martyn [1953] obtained the ionospheric electric fields under the assumption that

the vertical currents are zero and the dynamo region is a thin sheet. Later on,

Sugiura and Cain [1966] developed a thin-shell numerical model derived from

the equation of Baker and Martyn [1953] and for the first time brought out the

observed longitudinal differences in electrojet. The model was developed based

on the assumptions that vertical flow of currents is inhibited and north-south

electric fields are negligible. The model by Baker and Martyn [1953] is not self-

consistent [Untiedt , 1967] as it gives rise to strongly divergent current system,

whereas the ionospheric currents are non-divergent. Untiedt [1967] put forth a

two-dimensional model in which allowance was made for meridional currents and

a north-south electric field at the magnetic equator. Inclusion of these meridional

currents (which become vertical in the vicinity of magnetic equator) doubled the

magnetic variations obtained by the thin-shell model [Sugiura and Cain, 1966].

This doubling effect relaxed the need for very large wind speed required to pro-

duce east-west polarization field [Tarpley , 1970] to generate the Sq current system.

Untiedt [1967] considered a dipole geomagnetic field and computed the electro-
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jet currents by solving a partial differential equation. Sugiura and Poros [1969]

considered the spherical harmonic expansion to represent the geomagnetic field

and solved for two-dimensional current system. The authors [Sugiura and Poros ,

1969] succeeded in reproducing the inequalities in electrojet current strength at

different longitudes, though negative current densities are obtained at about 7°

- 8° on either sides of the dip-equator. This feature of negative current density

is not obtained in later models [Richmond , 1973; Anandarao, 1976; Forbes and

Lindzen, 1976]. Anandarao [1976] showed that those negative currents were ob-

tained because of larger grid size in solving the equations numerically. Anandarao

[1976] improved the grid resolutions used in Sugiura and Poros [1969] to obtain

the strength of electrojet. In addition, electric fields induced by neutral winds

were incorporated in the model to investigate the effects in electrojet current im-

posed by the neutral winds and shears in it. The important results obtained from

this model can be found in earlier works [Anandarao, 1976, 1977; Anandarao and

Raghavarao, 1987; Raghavarao and Anandarao, 1987]. In the present thesis work,

this model is used without invoking the wind effects. A brief introduction to the

model is provided in Chapter 2.

Figure 1.5: Magnetic signatures of (a) normal and (b) counter electrojet.

As stated earlier, in general, the flow of electrojet current is eastward during

daytime. However, on many occasions, flow of this current reverses to westward

direction that is known [Gouin, 1962; Gouin and Mayaud , 1967] as “Counter

Electrojet (CEJ)”. The magnetic signature of CEJ is opposite to that of normal

electrojet. Figure 1.5 depicts the magnetic signatures of a normal and counter
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(pink coloured shaded region in Figure 1.5b) electrojet events. Many mechanisms

have been proposed to explain the generation of CEJ events on geomagnetically

quiet [Hutton and Oyinloye, 1970; Rastogi , 1974; Raghavarao and Anandarao,

1980; Stening , 1989a, 1992; Sridharan et al., 2009] and disturbed [Blanc and

Richmond , 1980; Kobea et al., 2000; Kikuchi et al., 2003] conditions. However,

whether the geomagnetically quiet CEJ events are generated locally or part of

Sq current system extending from pole to equator, still remains an unresolved

issue. It is clear from above that, information on ionospheric zonal electric field

is central to any meaningful study on EEJ or CEJ. Some efforts to understand

the generation of CEJ events over the Indian sector has been carried out in this

thesis work and is discussed in Chapter 4.

1.4.2 Equatorial E-region irregularities

The equatorial E-region hosts plasma irregularities like Two-stream and Gradient-

drift waves. Excellent review on these plasma irregularities is provided by Fejer

and Kelley [1980]. A tutorial on the equatorial E-region and its plasma instabil-

ities is presented by Farley [2009].

The “Two-stream waves or Type 1 irregularities” are generated when

electrons drift through the background ions at a speed exceeding the ion acoustic

velocity of the medium. Mathematically this condition is as follows,

VD > (1 + Ψ0)CS (1.4)

here CS is the sound speed of the medium and

Ψ0 =
νeνi
ΩeΩi

(1.5)

where ν and Ω represent the collision and gyro frequencies respectively.

The basic characteristics of Two-stream waves were obtained using radar

based measurements at Peru [e.g., Bowles et al., 1960; Cohen and Bowles , 1967]

and also using rocket borne probes by pioneering efforts of Indian group [e.g.,

Prakash et al., 1972; Gupta, 2000]. The Two-stream waves appear at altitudes

between 103 km and 107 km with a narrow spectrum. These plasma waves
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are generated over a wide range of zenith angle. The scale sizes of Two-stream

waves are about 10 - 1 meters [Balsley and Farley , 1971]. The maximum linear

growth rate occurs for wavelengths of the order of 3 m [Farley , 1963]. These

plasma waves are observed during both day and nighttimes. Many features of

Two-stream waves can be explained by a modified Two-stream instability theory

developed by Buneman [1963] and Farley [1963]. It is shown [Sekar et al., 2013]

that these waves are very sensitive to the location of dip-equator.

The “Gradient-drift waves or Type 2 irregularities” are generated if

the gradient in electron density is parallel to the direction of background electric

field. The average phase velocity of Gradient-drift waves is smaller than the ion

acoustic velocity of the medium and is approximately proportional to the cosine of

the radar elevation angle [Balsley , 1969]. The spectral width is much broader than

that due to Two-stream waves and is often much greater than the mean Doppler

shift. Studies based on linear growth can explain generation of these waves with

scale sizes ranging from a few hundreds to a few tens of meters. Large scale

irregularities can transfer their energy and non-linearly cascade down to Gradient-

drift waves with scale sizes of a few meters or more [Sudan et al., 1973]. Therefore,

Gradient-drift waves can be observed in wide range of wavelengths from ∼300 m

to 3 m. These waves are present irrespective of the presence or absence of Two-

stream waves. During day and nighttimes the Gradient-drift waves are generated

in presence of eastward and westward Sq electric field respectively in regions of

positive and negative gradients in electron density. In daytime, these irregularities

are not observed during CEJ events. These waves occur between ∼90 km and

120 km altitude range. Investigations by Sekar et al. [2014] revealed that the

altitude initiation of Gradient-drift waves depends on the square of strength of

geomagnetic field and hence, over India and Peru these waves are observed at

around ∼87 km and ∼93 km beyond. The vertical electric field for the generation

of these waves depend on Sq electric field over the dip-equator. In other words,

over the dip-equator the vertical electric field is related to zonal electric field by

a factor of about 30 around 105 km altitude (to be discussed in detail in Chapter

3). Thus, generation of both these plasma waves depend on Sq electric field.
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1.4.3 Equatorial plasma fountain

As the solar flux is more over the equatorial region, it is generally expected that

the ionospheric densities are more at the equator compared to low latitudes.

However, latitudinal structure in plasma density was found [Namba and Maeda,

1939; Appleton, 1946] to be anomalous with a ionization trough at the geomag-

netic equator and crests near ±15° about the dip-equator. Several review articles

[Hanson and Moffett , 1966; Anderson, 1973; Rajaram, 1977; Raghavarao et al.,

1988; Sastri , 1990; Balan et al., 2018] are available which explain this anoma-

lous behaviour in terms of the so-called “plasma fountain” effect. This effect is

driven by daytime eastward Sq electric field which drifts the equatorial plasma

upward followed by diffusion of plasma to either side of the dip-equator along

geomagnetic field lines under the influence of pressure gradient force and grav-

ity [Anderson, 1973]. Therefore, a latitudinal structure in the plasma density is

generated by equatorial plasma fountain effect. A schematic of this process is

provided in Figure 1.6. A strong correlation between integrated EEJ strength

and the development of plasma fountain has been reported [Rush and Richmond ,

1973; Raghavarao et al., 1978; Rama Rao et al., 2006; Aggarwal et al., 2012].

Thus, the Sq electric field plays important role in redistribution of plasma in low

latitude F-region.

Figure 1.6: Schematic of formation of equatorial plasma fountain [image credit:

Air Force Research Laboratory].
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1.4.4 Equatorial spread F

After sunset, the ionosonde radar echoes from F-region are spread in the range

and/or frequency which is traditionally known as Spread-F. Such events over the

equatorial latitudes are known as “Equatorial spread F (ESF)”. Several ex-

perimental [Woodman and La Hoz , 1976; Subbarao and Krishna Murthy , 1994;

Muralikrishna et al., 2003; Sekar et al., 2004; Reinisch et al., 2004; Muralikr-

ishna, 2006; Sekar et al., 2012; Rodrigues et al., 2015] and theoretical studies

[Huba et al., 1987; Sekar and Raghavarao, 1987; Sekar and Kelley , 1998; Sekar

and Chakrabarty , 2008; Huba and Joyce, 2007; Huba et al., 2008] have been car-

ried out to explain the generation of irregularities which scatter and spread over

various ranges and/or frequencies. A review of ESF observations from Jicamarca

and associated theories is provided by Woodman [2009]. It is identified that gen-

eralized Rayleigh instability involving gravity, electric field and neutral wind are

responsible for the growth of these irregularities. The physical mechanism is as

follows.

In absence of photoionization after E-region sunset hours, the plasma density

in equatorial E-region depletes rapidly due to fast recombination process whereas

the ionization in F-region is maintained by slower recombination rate and dynam-

ical processes. Therefore, a steep electron density gradient gets generated at the

bottom side F-region during post-sunset hours. Under this condition, a heavier

fluid (F-region) is supported by the lighter fluid (bottom side F-region) tends

to become unstable under the action of gravity. Under suitable conditions, the

plasma density gradient anti-parallel to the gravity results in Rayleigh-Taylor

instability. The primary instability is assisted by zonal electric field [Hanson

et al., 1986] and neutral winds [Sekar and Kelley , 1998]. Under favourable cir-

cumstances, the generalized instability grows non-linearly and generate plasma

bubbles that sometimes convect to the topside ionosphere.

The scale sizes of plasma irregularities associated with ESF range from several

hundreds of kilometres to a few centimetres. Further, as the radar echoes from F

layer are spread during ESF events, it is difficult to trace the plasma layer. Under

this scenario, it is difficult to obtain the plasma drifts based on radar echoes.
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1.5 Sq electric field measurements over India

Continuous measurements on the diurnal variation of plasma drifts driven by Sq

electric field [Woodman, 1970] are possible by effectively using Incoherent Scat-

ter Radar (ISR) that works on the principle of Thompson scattering [Gordon,

1958; Bowles , 1958; Woodman, 1970]. Several other techniques have also been

employed to indirectly obtain the zonal electric fields over different locations.

These are ground based experiments (HF/VHF radars, magnetometers) as well

as vapour release experiments conducted using sounding rockets. Details of these

techniques are briefly presented in Chapter 2. However, the continuous and accu-

rate measurements of vertical drifts over a place are difficult to obtain based on

techniques other than ISR. It must be noted that over the dip-equatorial latitudes,

the ISR facility is available only at Jicamarca. Therefore, over the longitude sec-

tors other than Jicamarca, systematic measurements on diurnal variations of Sq

electric field covering different seasons and solar flux levels are not available.

To some extent, this problem is circumvented based on satellite experiments

that can provide vertical drifts along its path around the globe. These measure-

ments can be used to provide the climatological picture of the vertical drifts.

Based on such measurements under geomagnetically quiet conditions, Scherliess

and Fejer [1999] and Fejer et al. [2008a] developed global empirical models for

quiet time vertical drifts over the dip-equator. In order to increase the statistical

significance of model outputs, the measured drift values are averaged over 30°

or 15° longitude bins. Details of the inputs to models and criterion employed to

develop them are briefly discussed in Chapter 2.

Based on extensive studies using satellite experiments, it is well known that

F-region plasma density show longitudinal structures [Sagawa et al., 2005; Lin

et al., 2007]. Similar longitudinal structures are observed in EEJ [Jadhav et al.,

2002; Lühr et al., 2008; Lühr and Manoj , 2013] and equatorial vertical drifts [Kil

et al., 2007, 2008, 2009; Alken and Maus , 2010]. These observations support the

association of longitudinal structure in plasma density with the equatorial vertical

drift or Sq electric field. The diurnal non-migrating eastward-propagating tide

with zonal wave number 3 (DE-3 tide) is suggested [Immel et al., 2006; England
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et al., 2006; Hagan et al., 2007; Ren et al., 2010] as the driver of longitudinal

structure of vertical drift. These variabilities arise from different sources, like

tropospheric latent heat release, that modulate the migrating tides excited by the

absorption of solar radiation and produce longitudinal variations in the combined

tidal strength at E-layer altitudes [Hagan and Forbes , 2002].

Figure 1.7: Quiet time electric field as a function of longitude and season around

1200 LT [from Alken and Maus, 2010].

A typical longitudinal variation of the average zonal electric field at noon

as a function of longitudes and months is depicted in Figure 1.7 obtained from

[Alken and Maus , 2010]. It is clearly visible that the Sq electric field show lon-

gitudinal variability. In addition, it has local time dependence [e.g. Fejer et al.,

2008a]. Around the Indian sector (80°E longitude), the Sq electric fields show

considerable longitudinal variabilities. Therefore, it is important to investigate

the applicability of global empirical models [Scherliess and Fejer , 1999; Fejer

et al., 2008a] over the Indian sector as these models are developed by averaging

the vertical drifts over 15° or 30° longitude bins. This problem is dealt in Chapter

3 of this thesis work.
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1.6 Electric fields during geomagnetically dis-

turbed periods

The geomagnetic disturbances are primarily driven by our nearest star, the Sun.

The sun continuously emits charged particles (∼5 - 20 cc−1) that is known as

the solar wind. As the electric conductivity in solar wind is extremely high, the

magnetic field is “frozen in” the solar wind plasma. For an observer on Earth,

the interplanetary electric field (IEF) is given by,

IEF = −VSW ×BSW (1.6)

here VSW and BSW are solar wind velocity and interplanetary magnetic field

(IMF) respectively. The southward component of IMF (IMF Bz) is more geoef-

fective as it favours the reconnection with Earth’s dipolar magnetic field which

is northward. For a southward IMF Bz, IEF will be along the dawn-dusk direc-

tion (IEFy), where X, Y and Z components are based on Geocentric coordinate

system like GSM (Geocentric Solar Magnetospheric). After merging on the day

side, the magnetic field lines are dragged to night side magnetotail region. Large-

scale reconnection process on the night side and subsequent convection of plasma

in the earthward direction brings these particles closer to the Earth and these

are eventually trapped by the Earth’s magnetic field. When these particles en-

counter closed geomagnetic field lines, electrons and protons drift towards east

and west respectively that results in a westward ring current at a distance of

4 - 6 Earth radii. This current induces a southward magnetic field at ground.

Therefore, enhancement in the ring current strength indicates the occurrence of

a “geomagnetic storm” as it results from a series of processes that starts with

day side merging of the magnetic field followed by dragging of field lines by solar

wind magnetic reconnection and earthward plasma convection. The decrease in

horizontal component of Earth’s magnetic field strength indicate the severity of

a geomagnetic storm.

In general, there are four different phases of a geomagnetic storm: (i) sudden

storm commencement (SSC), (ii) initial phase, (iii) main phase, and (iv) recovery

phase. Different phases of a typical geomagnetic storm are depicted in Figure
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1.8. These phases are defined based on the variations of horizontal component

of magnetic field and is marked based on Disturbance Storm Time (Dst) index

(described in Chapter 2). The red line in Figure 1.8 is drawn at zero Dst level.

The SSC is caused due to sudden compression of magnetosphere on the day side

by solar wind ram pressure. As a result, the Dst shows step-like enhancement

followed by elevated initial phase. These phases are mostly developed during

the northward IMF Bz condition. During southward IMF Bz, the ring current

enhances that results in Dst enhancement, known as the main phase. When

IMF Bz turns northward, the recovery phase of the geomagnetic storm starts

because the ring current weakens due to loss of the ring current ions through

charge exchange processes and pitch angle scattering. The life time of a typical

geomagnetic storm can range from a few hours to a few days.

R e c o v e r y  p h a s e  ~ d a y s

M a i n  p h a s e  ~ h o u r s

I n i t i a l  p h a s e

Ds
t (n

T)

S u d d e n  c o m m e n c e m e n t

Figure 1.8: Different phases of a typical geomagnetic storm [from Andriyas and

Andriyas, 2015].

During geomagnetically disturbed conditions, perturbations in the ionospheric

electric field over low latitude can arise from the short-lived prompt perturbation

electric fields driven by sudden turning of IMF Bz and/or by the relatively longer

lasting ionospheric disturbance dynamo effects driven by modified wind condi-

tions due to enhanced energy and momentum deposition into the high latitude

ionosphere. In addition, the prompt electric field perturbations can also be driven

by the magnetospheric substorm processes. The ensuing subsections provide a

brief introduction to the prompt and delayed electric field perturbations over low

latitude.
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1.6.1 Prompt penetration/over-shielding electric field per-

turbations

As the dawn-dusk component of Interplanetary Electric Field (IFEy) field can

generate earthward plasma convection from the magnetotail, it is also known

as convection electric field. This electric field maps, with varying efficiency,

down to high latitude ionosphere through the highly conducting geomagnetic field

lines and drives a two-cell convection pattern known as the DP2 (Disturbance-

Polar current Type 2). Under suitable conditions, the convection electric field

promptly penetrates from high latitude to low latitude ionosphere. This is known

as “prompt penetration (PP) electric field”. The effects of PP electric field

have been studied by several researchers [Pai and Sarabhai , 1964; Nishida, 1968;

Wolf , 1970; Vasyliunas , 1970; Senior and Blanc, 1984; Sastri et al., 2000; Kelley

et al., 2003; Huba et al., 2005; Chakrabarty et al., 2005, 2015, 2017].

When the convecting plasma from outer magnetosphere reaches closed geo-

magnetic field lines, it undergoes gradient and curvature drift motions. The drifts

of electrons and ions in opposite directions lead to accumulation of positive and

negative charges on the dusk and dawn sectors respectively. Therefore, a dusk to

dawn electric field builds up at the inner edge of the ring current which eventually

shields the inner magnetosphere from further penetration of convection electric

field to low-latitude ionosphere.

In order to attain the divergence free current density condition (∇ · J =

0) at the ring current region, Region 1 (R1) and Region 2 (R2) field-aligned

currents (FAC) are generated. A schematic of these currents is depicted in Figure

1.9. R1 FACs are located at higher latitudes (∼67° - 75°), while R2 FACs are

located at relatively lower latitudes (∼63° - 68°). The R1 FACs connect outer

magnetosphere with the auroral ionosphere and maps the convection electric field

to the ionosphere. On the other hand, the R2 FACs close through the highly

conducting auroral ionosphere, equatorward to R1 FAC, and shields the effects

due to R1 FACs.
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Figure 1.9: Schematic of R1 and R2 FACs and ionospheric current system they

connect to [from Le et al., 2010].

The time constant of shielding electric field is ∼20 - 30 min [Senior and Blanc,

1984; Somayajulu et al., 1987; Spiro et al., 1988; Peymirat et al., 2000]. Hence,

shielding electric field takes time to build. During this time, the effects of PP

electric field are experienced over low-latitude ionosphere. On the other hand,

if convection electric field is suddenly reduced owing to northward turning of

IMF Bz, the fully grown shielding electric field takes time to decay. Under this

scenario, the low-latitude ionosphere is over shielded and it experiences the effects

of “over-shielding (OS) electric field”. In general, the polarity of PP electric

field perturbations is eastward till 2200 LT and westward in post-midnight hours

[Nopper and Carovillano, 1978]. The polarity of OS electric field perturbations

is opposite to that of PP.

1.6.2 Substorm induced electric field perturbations

The Earth’s magnetotail acts like a reservoir for the energy that is generated

by interaction between solar wind and Earth’s magnetosphere. At some point,

this energy must release, and the processes by which it is released is known as
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“substorm”. The substorm is one of the most important magnetospheric phe-

nomena and subject of extensive research [Akasofu and Chapman, 1961; McPher-

ron et al., 1973; Kikuchi et al., 2003; Reeves et al., 2013]. Initially it was believed

that storms are summation of substorms. However, substorms can occur in ab-

sence of storm [Henderson et al., 1996] or any apparent triggering mechanism

[Liu et al., 2011]. The exact process that triggers substorm is still under debate

[Johnson and Wing , 2014].
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Figure 1.10: Different phases of a typical substorm as seen from AU and AL indices

[from Kivelson and Russell , 1995].

The lifetime of a substorm is about 2 - 3 hours. During this time, highly

structured auroras are seen over auroral regions. There are three phases of a

substorm: (i) growth, (ii) expansion, and (iii) recovery phases. A schematic of

different phases of substorm are depicted in Figure 1.10. Here, AU and AL are

indices for eastward and westward auroral electrojets (details provided in Chapter

2). During the growth phase, magnetic field at the night side becomes stretched.

In expansion phase, the sudden dipolarisation of geomagnetic field occurs that
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results in explosive release of the stored energy, and the auroral activity intensifies

over the polar region. In the recovery phase, magnetosphere comes back to its

pre-storm condition. The magnitude of AL exceeding 400 nT (i.e. AL < −400

nT) can be used as proxy for the occurrence of substorm [Janzhura et al., 2007].

The most convincing signature of substorm is the dispersionless particle injection

(i.e. simultaneous increase in particle fluxes at multiple energy channels) at the

geosynchronous orbit that occurs due to the sudden dipolarisation of magnetic

field [Reeves et al., 1991].

The fast varying magnetic field induces an electromotive force (emf = dφ/dt,

where φ is magnetic flux) in the magnetosphere during substorm dipolarisation.

The spatial variations in emf produce electric field perturbations in ionosphere.

The impact of substorm induced prompt electric field perturbations over the low

latitude ionosphere are extensively studied by several researchers [Kikuchi et al.,

2003; Sastri et al., 2003; Huang et al., 2004; Huang , 2012; Chakrabarty et al.,

2008, 2010, 2015]. Recently, it is shown [Hui et al., 2017] that the magnitude

of substorm-induced electric fields over low latitudes can be significant and, at

times, exceed the magnitude of PP electric field perturbations. Further, it is also

shown that substorm induced electric field perturbations can be both additive or

subtractive in nature [e.g., Hui et al., 2017].

1.6.3 Disturbance dynamo electric field perturbations

During active phases of geomagnetic storms, the auroral electrojets are intensified

that transfer energy to thermosphere via Joule heating. This changes the wind

pattern globally. Hadley type of circulation cells are generated at F-region. These

winds extend from auroral zones to low latitudes with a small return flow at E-

region altitudes around the equator. At mid latitudes, due to Coriolis force action,

the equatorward flow turns westward which drives a part of ionized fluid. The

westward movement of ionized plasma, in combination with downward component

of Earth’s magnetic field, produces an equatorward Pedersen current. The result

is accumulation of positive charges at the equator (and electrons towards the

poles) until a sufficiently strong poleward electric field is established that can
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restrict the net flow of charges along meridional direction. The poleward electric

field gives rise to a large eastward Hall current and a poleward Pedersen current.

This physical process is called the “ionospheric disturbance dynamo”. The

first theoretical description of disturbance dynamo (DD) was given by [Blanc and

Richmond , 1980]. The schematic of that model is depicted in Figure 1.11.

Figure 1.11: Schematic of disturbance dynamo model [from Abdu et al., 2006].

The Hall currents are interrupted at the dawn and dusk terminators owing to

large longitudinal gradient in ionospheric conductivities. This sets up polariza-

tion charges at the terminators and result in an electric field directed from dusk

to dawn. Over low latitudes, the polarity of disturbance dynamo (DD) electric

field is opposite to that of the Sq electric field (i.e. westward during daytime and

eastward at night). Owing to its association with thermospheric wind circulation,

effects of DD are delayed and reach low-latitudes couple of hours after the initi-

ation of main phase of a geomagnetic storm. The effects of DD last from a few

hours to a few days [Huang , 2013]. For a storm with minimum Dst ∼ −95 nT,

the effects of DD perturbations is shown [Yamazaki and Kosch, 2015] to persist

for 24 hrs during the recovery phase.
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Figure 1.12: Vertical drift perturbations due to disturbance dynamo in different

seasons [from Fejer et al., 2008b].

The magnitude of DD electric fields increases with the duration of energy

input [Huang et al., 2005]. The DD electric fields are stronger in nighttime com-

pared to daytime [Scherliess and Fejer , 1997]. The daytime DD electric fields

are smaller due to larger drag force in daytime and shorting out of DD dynamo

electric fields by the large E-region conductivities [Huang and Chen, 2008]. These

features can be seen in the longitudinally averaged values of vertical perturbation

drifts of disturbance dynamo origin during June solstice (May - June - July -

August), Equinox (March - April, September - October) and December solstice

(November - December - January - February) depicted in Figure 1.12 [based on

Fejer et al., 2008b]. Modelling study by [Huang and Chen, 2008] suggest that in

daytime, maximum DD electric field due to strong auroral activity continuing for

24 hours, can reach up to ∼0.5 mVm−1. This corresponds to significant increase

in the ionospheric electric field as the magnitude of Sq electric field is about 0.5

- 1 mVm−1. The penetration electric fields and/or disturbance dynamo electric
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fields may dominate during the PRE hours and hence affect the generation of

ESF [Abdu et al., 2003; Abdu, 2012]. Yamazaki and Kosch [2015] carried out a

detailed study of disturbance time perturbations in EEJ over Peruvian and In-

dian sectors. The work by Yamazaki and Kosch [2015] showed that reduction in

EEJ strength over the Indian sector maximizes near noon, whereas the variations

in EEJ strength over Peruvian sector is characterized by a semidiurnal variation

with the current disturbances being westward in the morning and eastward in

the afternoon. The longitudinal, seasonal, and solar cycle variations of the dis-

turbance dynamo effects are also shown by Huang [2013]. Direct observational

evidence for disturbance dynamo on daytime ionosphere are shown by Thampi

et al. [2016]. The observations showed suppression of equatorial plasma fountain

due to westward electric field perturbations of disturbance dynamo origin.

The general characteristics of DD electric field have been addressed earlier

based on many theoretical [e.g., Blanc and Richmond , 1980; Spiro et al., 1988;

Richmond et al., 2003] and empirical [e.g., Scherliess and Fejer , 1997; Fejer et al.,

2008b] models. A recent review on DD perturbations over low latitudes is pro-

vided by Fejer et al. [2017]. It is to be noted that for the modelling studies of

DD an idealized step like increase in auroral region is considered, which need not

be the case in reality.

1.7 Aim and overview of the thesis

Primary focus of the present doctoral thesis work is to understand the occurrence

of CEJ or reductions in EEJ strength under geomagnetically quiet and disturbed

conditions over the Indian sector. As the variation in ionospheric zonal electric

field is central to any meaningful study on EEJ or CEJ, it is important to know

the zonal electric field variations to understand these events. Since systematic

measurements of electric fields covering all local times and seasons over the Indian

sector are not available, the vertical drifts from the presently available global

empirical models are used after investigating their applicability over the Indian

sector.
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In this thesis work, a method is evolved to derive the zonal electric fields

during daytime from the EEJ strength and the electrojet model [Anandarao,

1976]. The models and datasets used for this thesis along with methodology to

obtain daytime electric fields are discussed in Chapter 2.

In Chapter 3, a detailed investigation is carried out to test the applicability

of global empirical models of vertical drifts [Scherliess and Fejer , 1999; Fejer

et al., 2008a] over the Indian sector using the scattered measurements and the

electric field deduced from magnetic field measurements from India. In addi-

tion, the threshold values and polarity of vertical drifts, inferred based on earlier

observations of Two-stream and Gradient-drift waves, are also utilized.

It is noticed that over the Indian sector, occurrence of afternoon CEJ events on

geomagnetically quiet days is most frequent during June solstice in solar minimum

epoch. A detailed investigation is carried out on whether these CEJ events are

part of the Sq current system extending from pole to equator or generated locally.

The results obtained and the supporting evidences from the variety of earlier

measurements are discussed in Chapter 4.

It is difficult to quantify the changes in EEJ due to disturbance dynamo

as these changes are mostly coupled with the PP/OS and/or substorm events.

This is even more challenging during daytime owing to absence of continuous

measurements of the daytime electric fields over different longitude sectors. In

the present thesis work, based on 16 years’ of EEJ observations, the cases of

disturbance dynamo are identified which are free from PP/OS and/or substorm

events. The perturbation electric field on these events are estimated and the

results obtained are presented in Chapter 5.

Night time magnetic field variations are taken as base level to obtain the

EEJ strength. Despite that only a few attempts have been made to estimate

the nighttime base level. In this thesis work, the strength of night time E-region

current is estimated based on three methods. The magnetic field induced at

ground by this current is also estimated. The results obtained are presented in

Chapter 6.

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





Chapter 2

Models and dataset used

The comprehensive understanding of ionospheric processes requires measurements

of different parameters and modelling efforts. This thesis work makes use of the

plasma drift models developed earlier and datasets obtained from a variety of

experiments. The details of the models, methodologies and datasets employed

are briefly discussed in this chapter.

An equatorial electrojet model developed by Anandarao [1976] is used in this

work to compute the strength of equatorial E-region current densities and mag-

netic fields induced at ground. For the sake of completeness, a brief introduction

to this model is given in section 2.1. The sensitivity studies are carried out and

the results obtained are provided in section 2.1.3. Further, a methodology is

evolved to compute the zonal electric field from the observations of electrojet

strength deduced using ground based magnetometers. This method is described

in section 2.2. In addition, the datasets and criteria used to develop the global

empirical models of vertical drifts [Scherliess and Fejer , 1999; Fejer et al., 2008a]

are discussed for the sake of completeness.

In the later part of this chapter, a brief introduction is provided to different so-

lar and geomagnetic indices that are used in this work. Measurement techniques

employed to obtain the magnetic field variations at ground, in-situ profiles of

E-region electron density and irregularities, vertical plasma drifts are briefly dis-

cussed. These measurements span from 1957 to 2015 and are utilized during the

course of this thesis work. Sources of the datasets utilized are also provided.

29
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2.1 Theoretical model of EEJ

A physics based model for equatorial electrojet was developed by Anandarao

[1976] using basic equation of generalized Ohm’s law

J = σ0E‖ + σPE⊥ + σH
B× E⊥

B
(2.1)

with conditions of current conservation

∇ · J = 0 (2.2)

and curl-free electric field

∇× E = 0 (2.3)

Here J is current density, E‖ and E⊥ are electric fields parallel and perpendic-

ular to magnetic field of the Earth (B), and σ0, σP , σH represent direct, Pedersen,

Hall conductivities respectively. These conductivities can be expressed [Rishbeth

and Garriott , 1969] mathematically as follows,

σ0 =
Ne

B

[
ωe
νe

+
ωi
νi

]
σP =

Ne

B

[
νe ωe
ν2e + ω2

e

+
νi ωi
ν2i + ω2

i

]
σH =

Ne

B

[
ω2
e

ν2e + ω2
e

− ω2
i

ν2i + ω2
i

] (2.4)

where Ne is electron density and ω, ν are gyro-frequency and neutral collision

frequency. Subscripts e and i corresponds to electron and ion respectively.

Equations (2.1), (2.2) and (2.3) are solved numerically in geocentric coordinate

system (r, θ, φ) where r is radial distance from the centre of the Earth, θ is

the magnetic co-latitude and φ is the longitude. The variation of ionospheric

parameters involved in the model calculations with respect to φ is assumed to

be negligible. Richmond [1973] estimated the error due to this assumption to

be about 14% in the electrojet current, if the fields and conductivities vary in φ

direction with typical scale lengths of 6490 km (or 1 radian in φ). This assumption

can be taken to be valid even in the presence of slowly varying electric field with

longitude as reported in recent observations [e.g., Fejer et al., 2008a]
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Equation (2.2) implies that the current density J can be expressed in terms

of vector potential A as follows,

J = ∇×A (2.5)

Let Aφ be the longitudinal component of vector potential A and a be the

radius of Earth. The above equation in component form is written as,

Jr = − a

r2 sin θ

∂ψ

∂θ

Jθ =
a

r sin θ

∂ψ

∂r

(2.6)

here ψ is current function defined as,

ψ = −r sin θAφ (2.7)

From equation (2.3) we have,

∂

∂θ
(Eφ sin θ) = 0

∂

∂r
(rEφ) = 0

∂

∂r
(rEθ)−

∂

∂θ
Er = 0

(2.8)

It is clear from the first two equations of (2.7) that Eφ can be represented by,

Eφ =
a

r

Eφ0
sin θ

(2.9)

here Eφ0 is a constant and it is the primary zonal electric field that needs to

be furnished as input to calculate the current function.

The components J from equation (2.1) in r, θ, φ directions are,

Jr = (σ0S
2 + σPC

2)Er + (σ0 − σP )EθSC − σHEφC

Jθ = (σ0 − σP )ErSC + (σ0C
2 + σPS

2)Eθ − σHEφS

Jφ = σHErC − σHEθS + σPEφ

(2.10)

From these the following equations of Er and Eθ can be obtained,

Er =
σH
σP

CEφ + Jr(ρ0C
2 − ρPS2)− Jθ(ρ0 − ρP )SC

Eθ = −σH
σP

SEφ − Jr(ρP − ρ0)SC + Jθ(ρPS
2 − ρ0C2)

(2.11)
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here S and C denote sin I and cos I with ‘I’ representing the dip-angle, and

ρ0 = 1/σ0, ρP = 1/σP . Substituting equations (2.6) and (2.11) in the equation

(2.8) we get the following second order elliptic partial differential equation,

f1
∂2ψ

∂r2
+ 2f2

∂2ψ

∂r∂θ
+ f3

∂2ψ

∂2θ
+ f4

∂ψ

∂r
+ f5

∂ψ

∂θ
+ f6 = 0 (2.12)

The coefficients f1 to f6 are functions of ionospheric conductivities and the

zonal electric fields [Sugiura and Poros , 1969; Anandarao, 1977]. These are given

by,

f1 = ρPS
2 + ρ0C

2

f2 =
1

r
(ρP − ρ0)SC

f3 =
1

r2
(ρPC

2 + ρ0S
2)

f4 =
∂

∂r
(ρPS

2 + ρ0C
2)− 1

r
cot θ(ρP − ρ0)SC +

1

r

∂

∂θ
(ρP − ρ0)SC

f5 =
1

r

∂

∂r
(ρP − ρ0)SC −

1

r2
(ρP − ρ0)SC − (

cot θ

r2
)(ρPC

2 + ρ0S
2) +

1

r2
∂

∂θ
(ρPC

2 + ρ0S
2)

f6 = −Eφ0
[

1

r

∂

∂θ
(
σHC

σP
)− 1

r

σH
σP

C cot θ +
∂

∂r
(
σHS

σP
)

]
(2.13)

The equation (2.12) is solved for ψ numerically using the method of succes-

sive over-relaxation in two dimensions: along the vertical (80 - 200 km) and co-

latitudinal (75° to 105°) directions. The grid sizes of ∆r = 1 km and ∆θ = 0.25°

are employed for the present thesis work. ψ = 0 at all the boundaries (i.e.

ψat 80 km, 200 km, 75°, 105°

= 0).

After obtaining ψ(r, θ), the components of current density Jr and Jθ are ob-

tained using equation (2.6). Subsequently, Jr and Jθ are used to compute Er and

Eθ based on first two equations of (2.10). Finally, Jφ (equatorial electrojet current

density) is computed using these values in the last equation of (2.10). Further

details of this model can be found in the doctoral thesis of Anandarao [1977] and

works of Anandarao [1976]; Raghavarao and Anandarao [1980]; Anandarao and

Raghavarao [1987].
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2.1.1 Inputs to the model

Inputs to the electrojet model are zonal Sq electric field (as Eφ0), altitude profiles

of E-region electron density, atmospheric neutral density and temperature, and

three dimensional geomagnetic field.

As discussed in Chapter 1, the systematic ground based measurements of Sq

electric field over India covering all local times and seasons are not available be-

cause of absence of an incoherent scatter radar. Based on the scattered data that

were available, the author showed (Chapter 3) that the vertical drifts reported by

Fejer et al. [2008a] model corresponding to 60°E longitude (with ±15° longitude)

represent the vertical drifts over the Indian sector fairly well at different local

times of the day barring early morning hours [Pandey et al., 2017]. Therefore,

the Fejer et al. [2008a] model drifts are used as input to EEJ model in Chapters

4 and 6. Details of the Fejer et al. [2008a] model are discussed in second part of

this chapter.

The input of E region electron densities is based on the in-situ measurements

[Subbaraya et al., 1983; Gupta, 2000] that have been obtained using high fre-

quency Langmuir probe [Prakash and Subbaraya, 1967] measurements on-board

sounding rocket experiments from India. These experiments were conducted from

Trivandrum at different local times between 1968 and 1982. Further details on

it are presented in section 2.6. The altitude profiles of neutral density and tem-

perature corresponding to different latitudes are obtained from NRLMSISE-00

[Picone et al., 2002] model outputs. The geomagnetic fields at different altitudes

and latitudes are taken from IGRF-12 [Thébault et al., 2015] model.

2.1.2 On the temporal variation of the model outputs

It is to be noted here that the temporally advanced solutions from the model

are obtained using piecewise method and not by solving the continuity equation.

The model solutions are obtained in E-region which is governed by photo-chemical

equilibrium. Thus, the usage of temporally advanced (later in time) electron den-

sities and electric fields as inputs into the model fairly represents time advanced

(later in time) solution.
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2.1.3 Calculation of magnetic field induced at ground by

EEJ

In order to estimate the magnetic field induced at ground by ionospheric current, a

method described by Anandarao [1977] is adopted. In this method, the magnetic

field potential (V ) induced by an infinitely long line of current is defined based

on Biot-Savart’s law as,

V =
µ0C

2π
tan−1

(
cos θ

(r/a)− sin θ

)
(2.14)

where µ0 and C are the permeability of free space and line current (in Am-

peres) respectively. The line current C is obtained from current density Jx using

C =

∫
r

∫
θ

Jφ dr dθ (2.15)

here the symbols a and r denote the radius of Earth and distance of the line

current from the centre of Earth respectively. Further, the horizontal (magnetic-

northward) component of magnetic field (H) induced due to ionospheric current

is given by,

H = −1

r

∂V

∂θ
=
µ0C

2πr

(r/a) sin θ − 1

(r/a)2 + 1− 2(r/a) sin θ
(2.16)

The numerical simulation plane is divided into 1° (in θ) × 4 km (in r) blocks

and induced H is calculated. Subsequently, the H values of each block are added

up to get the net induced values at ground.

2.1.4 Sensitivity study of the model outputs

A sensitivity study of the model outputs is performed by changing each input

individually (keeping other inputs constant) and the corresponding changes in

peak output values are noted. A zonal electric field of 1 mVm−1 is used as

reference. Noontime average electron density as depicted in Figure 2.2(c) is used.

The neutral density and temperature are taken from Figure 1.1. Table 2.1 lists the

changes in maximum values of output vertical electric field, zonal current density

and horizontal component of magnetic field induced at ground corresponding to

the changes in individual inputs, namely zonal electric field, electron density,
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neutral density and temperature. It is found that the changes in vertical electric

field are linearly dependent on changes in input electric field and independent of

electron density, as expected. The changes in vertical electric field are not found

to vary significantly with neutral density and temperature. Further, the changes

in zonal current density depend linearly on changes in input electric field and

electron density. However, the changes in zonal current density are non-linear

and not very significantly dependent on neutral density and temperature. The

sensitivity of horizontal magnetic field induced at ground on the individual inputs

is similar to that of zonal current density.

In
pu

t
Change in Change in output (%)

input (%) Vertical electric Zonal current Horizontal magnetic field

field density induced at ground

Z
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al
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el

d -10 -10 -10 -10

-5 -5 -5 -5

+5 +5 +5 +5

+10 +10 +10 +10
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ty

-5 0 -5 -5

-2 0 -2 -2

+2 0 +2 +2

+5 0 +5 +5

N
eu
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d
en

si
ty

-8 +1.5 -4.2 -5.3

-4 +0.7 -2.1 -2.6

+4 -0.1 +2.0 +2.6

+8 -0.2 +3.8 +5.1

N
eu

tr
al

te
m

p
er

at
u
re

-8 +2.3 +1.0 +0.7

-4 +1.1 +0.5 +0.3

+4 -0.9 -0.5 -0.3

+8 -1.8 -0.9 -0.6

Table 2.1: Electrojet model outputs vis-a-vis individual input parameters.
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2.1.5 Maximum uncertainties in the model outputs

In order to estimate the maximum uncertainty in the electrojet model outputs,

the uncertainties involved in the input parameters are analysed. The resolution of

drift measurements (or corresponding electric field) is 10% [Fejer et al., 2008a],

and the accuracy of electron density measurements is 2% at daytime and 5%

at night [Subbaraya et al., 1983]. Further, the standard deviations in neutral

parameters is about 4% [Marcos et al., 2006]. Therefore, changes in the maximum

values of output parameters are noted by changing each input parameter with

respective uncertainty/standard deviation in different combinations. The results

obtained for daytime conditions are shown in Table 2.2.

It is found that the maximum uncertainty in the computed vertical electric

field, zonal current density and horizontal magnetic field induced at ground are

about 14%, 18% and 19%, respectively, at daytime. For nighttime conditions,

when uncertainty in electron density is more, the uncertainties in the computed

zonal current density and horizontal magnetic field induced at ground increase to

about 21% and 22%.

Uncertainty/standard deviation in input (%) Maximum change in output (%)

Zonal Electron Neutral Neutral Vertical Zonal Horizontal magnetic

electric density density temperature electric current field induced

field field density at ground

-10 -2

-8
-8 -6.6 -14.4 -15.9

+8 -10.5 -16.4 -17.0

+8
-8 -8.3 -7.4 -6.7

+8 -11.9 -9.3 -7.9

+10 +2

-8
-8 +14.1 +8.9 +7.0

+8 +9.3 +6.3 +5.6

+8
-8 +12.0 +17.8 +18.7

+8 +7.6 +15.3 +17.1

Table 2.2: Maximum change in electrojet model outputs corresponding to maxi-

mum uncertainty/standard deviation in input parameters.
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2.2 A method to estimate daytime zonal electric

fields

As stated in the Chapter 1, in the absence of ISR over the Indian sector, it is

difficult to obtain the daytime Sq electric fields. In order to overcome this issue, a

methodology is devised to obtain the daytime electric field from the EEJ strength

deduced using magnetometer observations of horizontal magnetic field induced at

ground by the equatorial electrojet current using the EEJ model.

By assuming a reasonable input electric field (Eφ0), the values of zonal cur-

rent density (Jφ) and magnetic field (H) induced by it are computed for the

particular time, season and solar epoch. The computed H value is compared to

the value of the EEJ strength deduced using magnetometer observations and the

difference between the two is noted. Based on the polarity and amplitude of this

difference the input Eφ0 is altered step-by-step till the difference between H and

deduced EEJ strength reduces to 0.1 nT, which is equivalent to the accuracy of

magnetometer measurements.

The uncertainty in the estimated zonal electric field arises essentially due

to the uncertainty/standard deviation in the input electron density and neutral

parameters as the error due to uncertainty in magnetic field measurement is in-

significant. The average electron density profiles, having day-to-day variations

within 20% (discussed in detail in section 2.9), are utilized as input for the com-

putation of zonal electric fields. Therefore, the uncertainty in the computed zonal

electric field would be less than 25%.

2.3 Global empirical models of quiet time ver-

tical drifts over the dip-equator

The measurements of vertical drifts in the vicinity of the dip-equator around the

globe have been carried out with Ion Drift Meter (IDM) on board satellites [e.g.,

Hanson and Heelis , 1975]. The instrument is oriented in direction of motion of

satellite that moves with supersonic velocity. This makes the ion beam collimated
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at the entrance aperture of IDM. The angle of arrival of ions at the detector are

determined to derive the two orthogonal components (with respect to satellite

motion) of drifts. This information is used to calculate the ion drift in the iono-

sphere. Based on vertical drifts measured using satellite experiments, Scherliess

and Fejer [1999] and Fejer et al. [2008a] developed the empirical models of the

seasonally averaged diurnal variations of the dip-equatorial vertical drifts under

geomagnetically quiet condition (Kp ≤ 3) corresponding to different longitude

sectors. The details of datasets and methodology used to develop these empirical

models are discussed in ensuing paragraphs.

In Scherliess and Fejer [1999] model, the vertical drifts measured around the

globe with IDM on board Atmospheric Explorer-E (AE-E) satellite from 1977

to 1979 are used. In addition, the vertical drifts measured by an Incoherent

Scatter Radar (ISR) over Peru during 1968 - 1992 are utilized. The vertical drifts

measured over ±7.5° dip-latitude and ±30° longitude are averaged. Further,

the local time and longitudinal dependence of vertical drifts are obtained by

products of universal normalized cubic-B splines of order four. These vertical

drifts are constrained to satisfy the curl-free nature of electric field (
∮

E · dl =

0) by employing different statistical weights to vertical drifts around the globe.

Based on these criteria, Scherliess and Fejer [1999] reported the vertical drifts

for different sectors centred at 60° E and other longitudes. These drifts are

presented for F10.7 levels of 90 sfu and 180 sfu corresponding to solar minimum

and maximum conditions respectively.

Fejer et al. [2008a] model utilized the vertical drifts measured using Iono-

spheric Plasma and Electrodynamics Probe Instrument (IPEI) on board Republic

of China Satellite-1 (ROCSAT-1) during 1999 - 2004. The vertical drifts mea-

sured over±5° dip-latitude and±15° longitude are averaged to develop the model.

The vertical drifts for different sectors separated by 60° longitudes are present for

F10.7 levels of 130 sfu and 200 sfu.
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In Chapter 3, the applicability of vertical drifts presented by both these em-

pirical models over the Indian sector is investigated. In Chapters 4 and 6, the

Fejer et al. [2008a] model, which is found to represent the vertical drifts over

Indian sector better than Scherliess and Fejer [1999] model, is utilized to pro-

vide the corresponding Sq electric field input to the equatorial electrojet model.

It should be noted that both the empirical models use the IDM measurements

that are reliable if the background plasma density is more than 103 cc−1. As

a consequence, uncertainties in the model plasma drifts can be expected to be

higher during late night-sunrise period, especially for low solar flux values, when

the plasma densities reduce substantially.

2.4 Solar and geomagnetic indices

The solar radio flux at 10.7 cm wavelength originates from upper chromosphere

and lower corona of the solar atmosphere. These are traditionally termed as

F10.7 index and reported in solar flux units (sfu, 1 sfu = 1022 Wm−2Hz−1).

The F10.7 correlates well with the sunspot number and visible solar irradiance

records. In addition, the Extreme Ultra-violet (EUV) emissions that impact

the thermosphere-ionosphere system match well with the F10.7 index. Further,

measurements of F10.7 can be made reliably and accurately from the ground in

all weather conditions. Therefore, it is a very robust data set and can be utilized

as a proxy for solar activity.

The F10.7 index is provided as one of the inputs to neutral atmosphere model

[NRLMSISE-00, Picone et al., 2002] that is made as a part of a subroutine in

the EEJ model [Anandarao, 1976]. The F10.7 values are obtained from Lab-

oratory for Atmospheric and Space Physics website (http://lasp.colourado.

edu/lisird/tss/noaa_radio_flux.html). The annually averaged F10.7 index

values are depicted from 1950 in Figure 2.1. Based on these values, it is identified

whether the ionospheric measurements of a given year belong to low or high solar

epoch.

http://lasp.colourado.edu/lisird/tss/noaa_radio_flux.html
http://lasp.colourado.edu/lisird/tss/noaa_radio_flux.html
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Figure 2.1: Annually averaged solar F10.7 index from 1950 onwards.

In this thesis work, solar wind parameters are obtained based on the obser-

vations at L1 point (first Lagrangian point of the Sun-Earth system). Measure-

ments of interplanetary magnetic field (IMF) are obtained by Advanced Com-

position Explorer (ACE), WIND satellites situated at L1 point. The north-

south component of IMF (IMF Bz), time shifted to the nose of the Earth’s bow

shock, are obtained from Coordinated Data Analysis Web (CDAWeb, https:

//cdaweb.sci.gsfc.nasa.gov/index.html/) of NASA.

The Dst (Disturbance storm time) index is used to characterize the severity

of a geomagnetic storm. It is based on average of hourly horizontal geomag-

netic fields measured at four observatories, namely Hermanus (34.4° S, 19.2° E),

Kakioka (36.2° N, 140.2° E), Honolulu (21.3° N, 158.1° W) and SanJuan (18.4°

N, 66.1° W). These observatories are located at distances sufficiently away from

the auroral and equatorial electrojets and they are distributed in longitudes as

evenly as possible. The Dst index provides the strength of magnetic field in-

duced at ground by the ring current, which increases during geomagnetic storms.

In the case of a classic geomagnetic storm, the Dst index shows a sudden rise,

corresponding to the storm sudden commencement, and then decreases sharply

as the ring current intensifies. In the present thesis, the Dst index is utilized

https://cdaweb.sci.gsfc.nasa.gov/index.html/
https://cdaweb.sci.gsfc.nasa.gov/index.html/
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to categorize days with and without history of geomagnetic storm. The val-

ues of index are obtained from the World Data Center, Kyoto (WDC Kyoto,

http://wdc.kugi.kyoto-u.ac.jp/).

The AE indices were devised by Davis and Sugiura [1966] as a measure of

electrojet activity over the auroral zone. The index is derived from horizon-

tal component of geomagnetic fields measurements at 10 - 13 observatories in

northern auroral zone (60° - 70° N). For all these stations, the variations above

quiet time level (average of five geomagnetically quiet days) corresponding to the

same UT are superposed. The upper and lower envelopes of this superposition

define the AU (amplitude upper) and the AL (amplitude lower) indices, respec-

tively. The difference between two envelopes determines the Auroral Electrojet,

AE (AU−AL) index. Enhancement in the westward electrojet makes the AL

index decrease (intensify in magnitude) and enhancement in eastward electro-

jet causes the AU index increase. In this thesis work, the AL index is utilized

(Chapter 5) to infer [Janzhura et al., 2007] the possible occurrence or absence

of substorm. The datasets of AE indices are obtained from NASA CDAWeb

(https://cdaweb.sci.gsfc.nasa.gov/index.html/).

2.5 Ground based magnetometers to observe EEJ

strength

The ground based magnetometers have been extensively used to measure the

overhead currents after suitably taking care of the various components of the

Earth’s internal magnetic field. A large number of magnetic field observatories

around the globe continuously measure the geomagnetic fields.

Over the Indian longitudes, the observatories with fluxgate magnetometers

cover a wide range of latitudes extending from the dip equator up to the fo-

cus of the Sq current system. This provides a unique opportunity to study the

phenomena of ionospheric Sq current system as well as the equatorial electrojet.

The geomagnetic equator passes through the southern peninsular region of India.

The geomagnetic field observatories like Trivandrum (TRD: 8.5°N, 76.9°E) and

http://wdc.kugi.kyoto-u.ac.jp/
https://cdaweb.sci.gsfc.nasa.gov/index.html/
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Tirunelveli (TIR: 8.7°N, 77.8°E) are situated in the vicinity of the geomagnetic

equator. The Trivandrum observatory was operational from 1957 to 1999 and ob-

servations from Tirunelveli are available from 1999 onwards. The off-equatorial

geomagnetic field observatory Alibag (ABG: 18.6°N, 72.9°E) was established in

1904 as the substitute for nearby Colaba Observatory that continuously recorded

the magnetic field data since 1846. These observatories are continuously operated

by the Indian Institute of Geomagnetism, Mumbai and provide the hourly vari-

ations of geomagnetic fields to the word data centres. The present thesis work

utilized the hourly values of horizontal component of geomagnetic field observa-

tions during 1985 - 1995 from TRD and ABG as well as observations from TIR

and ABG during 2000 - 2015. These datasets are obtained from World Data

Centre for Geomagnetism, Navi Mumbai (http://iigm.res.in) and WDC, Ky-

oto (http://wdc.kugi.kyoto-u.ac.jp/). In the present work, these datasets

are utilized to deduce the strength of magnetic field induced at ground by the

electrojet current. Details of this method are described in the ensuing paragraphs.

The observations of horizontal component of geomagnetic field (H) from an

equatorial (eq) and off-equatorial (off-eq) stations are conventionally [Cohen and

Bowles , 1963; Rastogi , 1974; Rastogi and Patel , 1975] used to deduce the strength

of equatorial electrojet as follows,

EEJ strength = ∆Heq −∆Hoff-eq (2.17)

here ∆H is obtained by subtracting averaged nighttime value (average of H

values from 23 LT of previous day to 03 LT) from instantaneous H values. This

removes the contribution from Earth’s crustal magnetic field with the assumption

that during nighttime the ionospheric currents are negligible. However, studies

on estimate of nighttime current density over the equatorial E region are sparse

and in Chapter 6 of this thesis, its’ estimates are presented using three methods.

Further, the ∆H variations of the off-equatorial station (outside electrojet belt)

are subtracted from the ∆H variations of the equatorial station to remove the

magnetic effects of current system flowing at large distances (e.g., ring current)

and can be considered to induce magnetic fields of same strengths at both the

stations.

http://iigm.res.in
http://wdc.kugi.kyoto-u.ac.jp/
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Therefore, LHS of equation (2.17) captures the strength of equatorial electro-

jet current. Further, it is noticed [Rastogi and Patil , 1986] that magnetometer

observed EEJ strength show excellent correlations with Doppler shifts of the

VHF radar echoes from E region irregularities during geomagnetically quiet as

well as disturbed days. The generation of these E region irregularities depends

on the amplitude and/or polarity of the zonal electric field. Therefore, the ob-

served variations in EEJ strength are extensively utilized [e.g., Raghavarao et al.,

1978; Sridharan et al., 1999; Anderson et al., 2004; Rout et al., 2017] as proxy

for the variations in ionospheric zonal electric fields at time scales in which the

ionospheric conductivities remain nearly same.

2.6 E-region electron density profiles

In order to estimate the ionospheric current densities using EEJ model, the elec-

tron density profiles in the altitude region of 80 - 200 km are needed. These

electron density profiles are mainly taken from the in-situ measurements made

from Thumba using Langmuir probes. Mott-Smith and Langmuir [1926] devel-

oped Langmuir probe technique to study the properties of plasma in a laboratory

gas discharge. In this technique, a probe electrode is inserted in the plasma

medium under study, with electric potential varying from a convenient negative

value through zero to positive value and the probe current is measured continu-

ously. The resulting current-voltage (I-V) curve is used to determine the plasma

parameters such as electron and ion density, electron temperature, etc.

The Langmuir probe technique was employed for the ionospheric studies in

1946 by Spencer and his colleagues in USA. Many groups [e.g., Spencer et al.,

1962; Smith, 1964; Prakash and Subbaraya, 1967] from different parts of the world

developed various versions of the basic technique and a large amount of data has

been collected using these systems on board sounding rockets. In rocket borne

Langmuir probe system, the probing electrode is well insulated from the reference

electrode which is the rocket body itself or an insulated portion of it.
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A modified version of the basic technique was developed at Physical Research

Laboratory, India by Prakash and Subbaraya [1967]. In this system a guard

electrode was incorporated that greatly reduced the leakage current and enhanced

the frequency response of the system. Additional modifications were done by

Prakash et al. [1972] to study the small scale plasma irregularities with scale

size down to 0.5 m [Gupta et al., 2004] and amplitude resolution of 0.1% of the

ambient density.

The modified Langmuir probe with high frequency response probe was launched

on a large number of sounding rocket flight experiments conducted from Thumba

Equatorial Rocket Launching Station (TERLS), Trivandrum. These experiments

[e.g. Subbaraya et al., 1983, 1985; Prakash et al., 1971a; Prakash and Pal , 1985;

Gupta, 2000] were conducted at different times of the day covering all the seasons

under high and low solar epochs to measure the equatorial E-region electron den-

sity profiles along with the amplitudes of Two-stream and Gradient-drift wave

structures. In the present thesis work, the in-situ measurements of electron den-

sity profiles obtained between 1967 and 1982 are utilized. The measurements

made at night are used to estimate the equatorial E-region current density dur-

ing nighttime (Chapter 6). The daytime measurements are utilized to investigate

the possible cause of frequent counter electrojet observed in afternoon hours over

India during June solstice in solar minimum years (Chapter 4).

Figures 2.2a and 2.2c depict the altitude profiles of electron densities measured

[Subbaraya et al., 1983; Prakash and Pal , 1985] around noon hours (1000 - 1400

LT) during years with annually averaged F10.7 ≤ 120 sfu and F10.7 > 120 sfu.

The black coloured solid line depicts the averaged electron density profile. In

addition, the percentage change in electron densities from the averaged profile at

different local times is depicted in Figures 2.2c and 2.2d with the same colours

as used in the Figures 2.2a and 2.2b. It is noticed that electron density profiles

over the electrojet altitudes (100 - 110 km) do not reveal significant temporal

variation (greater than 20%) during 1000 - 1400 LT. Therefore, the averaged

electron density profiles corresponding to low (figures 2.2a) and high (figure 2.2c)

solar flux levels are used as reference noon time electron density profiles since
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in-situ measurements of electron density profiles are not available at all local

times. Therefore, the empirical relationship between the electron density and

solar zenith angle (χ) through cos1.31/2(χ) [IRI-90, Bilitza, 1990] factor is used

along with the measured average noontime density profile to generate electron

density profiles during 0730 - 1730 LT.
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Figure 2.2: Altitude profiles of electron densities measured during 1000 - 1400 LT

years with annually averaged (a) F10.7 ≤ 120 sfu (c) and F10.7 > 120 sfu with

averaged profiles. Change in individual electron densities from the averaged values

are depicted on the right panels (b) and (d).
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2.7 Vertical plasma drift measurements by var-

ious methods

It is well known that over the dip-equatorial regions, electric field (E) cause elec-

trodynamic drifts of the plasma, V = E×B
B2 where B is Earth’s magnetic field.

Therefore, the measurements of vertical plasma drifts can provide information

on the zonal electric field. The plasma drifts are obtained using various tech-

niques and can be inferred indirectly from other observations also. In the ensuing

subsections, these methods are described briefly.

2.7.1 F-layer movement

The vertical movement of bottom-side F-layer over the equatorial ionosphere is

a result of the effects of production (photo-ionization), loss (chemical recombina-

tion) and transport (electrodynamic drift). During daytime all three processes

occur simultaneously and makes it difficult to obtain the vertical drift based on

F-layer movement. However, in absence or negligible production of plasma dur-

ing nighttime, the temporal movement of ionospheric layers after subtracting the

contribution due to recombination losses, can be used to compute the vertical

plasma drifts. Since recombination process always causes an apparent upward

drift velocity of the F-layer, it is easier to make corrections using established

methods [e.g., Subbarao and Krishna Murthy , 1994]. The vertical movement due

to chemical recombination can be computed using the loss rate and scale height of

the ionosphere. Further, if the movement of F-layer is above 300 km altitude, the

contribution due to recombination losses is shown [Bittencourt and Abdu, 1981]

to be negligible. Therefore, this technique is extensively used around the globe

to obtain the F-layer vertical drifts. The temporal movement of plasma layers

is derived using the measurements from Ionosonde, phase path sounder and HF

Doppler radar.

In an Ionosonde, High Frequency (HF) radio waves in range of 1 - 30 MHz

are transmitted. The transmitter continuously sweeps in this frequency range,

transmitting short pulses. These pulses are reflected at various layers of the
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ionosphere, where the transmitted frequency matches with the plasma frequency.

The reflected echoes are received by the receiver and analysed by the control

system. Based on time taken by the radio signal from transmission to reception,

the height of plasma layer is estimated. The result is displayed in the form of an

ionogram - a graph of virtual reflection height versus carrier frequency. In this

thesis work, the measurements obtained from Trivandrum [Subbarao and Krishna

Murthy , 1994; Krishna Murthy and Hari , 1996; Madhav Haridas et al., 2015] and

Kodaikanal [Sastri , 1984] are utilized.

The HF pulsed phase path sounder at a particular frequency measures the

temporal changes in phase path of the reflected echoes. One such sounder was

operated from Kodaikanal [Ramesh and Sastri , 1995; Sastri , 1996] to obtain the

F-layer movements. Similarly, a HF Doppler radar was used to measure the

Doppler shift in frequency of the received reflected echo with respect to the trans-

mitted frequency. One such radar was operated from Trivandrum [Nair et al.,

1993] to deduce the apparent vertical drifts. These results are used to build up a

consolidated picture of vertical drifts over India.

The published results of F-region vertical drifts, spanning over five decades

(1957 - 2008), are utilized in Chapter 3 to investigate the temporal variations of

vertical drifts over the Indian sector corresponding to different seasons and solar

epochs.

2.7.2 Doppler shifts of plasma irregularities at 150 km

The radar observations made at Jicamarca [Balsley , 1964] exhibited a narrow

(140 - 170 km), stratified echoing regions during daytime. The generation of

these echoes is possibly [Oppenheim and Dimant , 2016] due to electron waves

driven by photoelectrons, though the recent observations [Patra et al., 2017] on

occurrence and intensity of the echoes suggest departures from this mechanism.

Therefore, clear understanding of the processes responsible for the generation of

these irregularities is still illusive. Kudeki and Fawcett [1993], nearly 30 years

after Balsley’s observation, noticed that the vertical Doppler velocities of these

irregularities represent the vertical drift velocities. It has also been shown [Chau
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and Woodman, 2004] that the vertical Doppler shift of the 150 km echoes could

be reliably used as vertical plasma drifts during daytime. In the recent years,

it has become routine to monitor the vertical plasma drifts by measuring the

Doppler shifts of 150 echoes [Alken, 2009; Hui and Fejer , 2015]. Over the Indian

sector, such measurements for a limited period were made using MST radar at

Gadanki (13.5°N, 79.2°E) [Patra and Rao, 2006; Patra et al., 2012, 2014; Pavan

Chaitanya et al., 2014]. The measurements made during June solstice in solar

minimum years are used to understand the frequent occurrence of afternoon CEJ

events over India in this season (Chapter 4).

2.7.3 Vapour cloud release

Based on motion of artificial ion clouds in the upper atmosphere, different iono-

spheric parameters can be obtained [Haerendel et al., 1967]. These experiments

provide in-situ measurements of plasma drifts during twilight time. Barium

vapour release experiments were conducted over Trivandrum [Anandarao et al.,

1977; Anandarao, 1977] and Sriharikota (13.7°N, 80.2°E) [Raghavarao et al., 1987;

Sekar , 1990] to obtain the twilight time plasma drifts. The technique involves

Barium-Strontium (Ba-Sr) puff releases at designated altitudes using sounding

rockets. The Ba cloud gets ionized by solar UV radiations above 150 km while Sr

cloud remains neutral. These vapour clouds resonantly scatter solar radiations

and thus can be photographed from the ground stations wherein the nighttime

condition prevails. By triangulation, the position of the cloud at a particular

time can be obtained. Temporal sequence of photographs are then used to derive

the drift of the ion clouds. In the present thesis work, the twilight time vertical

drifts reported by Anandarao et al. [1977], Anandarao [1977], Raghavarao et al.

[1987], and Sekar [1990] are utilized (Chapter 3).

2.7.4 Equatorial E-region irregularities

As discussed in Chapter 1, the equatorial E-region hosts plasma irregularities

known as Two-stream waves (Type I) and Gradient-drift waves (Type II). These

plasma waves are observed using high frequency response Langmuir probe on
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board rocket flight experiments conducted from Trivandrum. Based on these ex-

periments, the simultaneous measurements of electron density profiles, and Two-

stream and Gradient-drift waves were reported by earlier workers [e.g., Prakash

et al., 1969, 1970, 1974; Prakash and Pal , 1985; Gupta and Prakash, 1979; Gupta,

1986, 1997].

The presence or absence of Two-stream plasma waves can also be observed

using the VHF backscatter radar experiments. These radars probe the velocity of

plasma waves with scale size equal to half the radar wavelength. Based on such

backscatter radars over Trivandrum, presence of Two-stream waves were reported

by earlier workers [e.g., Prakash and Muralikrishna, 1976; Tiwari et al., 2003].

The present thesis work makes use of the information on Two-stream and

Gradient-drifts waves reported using sounding rocket flight and back scatter

radar experiments conducted during during 1967 - 1999. As the generation of

Two-stream and Gradient-drift waves depend on the strength and/or polarity

of Sq electric fields, these informations are utilized to deduce the direction and

threshold limits of vertical drifts (Chapter 3).





Chapter 3

Comparison of model and

measured plasma drifts during

quiet times

Excerpt

As discussed in the Chapter 1, systematic measurements of vertical drifts over

India covering all local times of the day, season and solar epoch are not avail-

able due to absence of the Incoherent Scatter Radar over this region. However,

satellite experiments have been used to develop a few global empirical models

[e.g., Scherliess and Fejer , 1999; Fejer et al., 2008a] of vertical drifts with cer-

tain bin sizes. Applicability of these models over Indian sector is investigated by

utilizing the vertical drifts inferred or measured from the earlier (1957 - 2008) ex-

periments conducted over this sector. Threshold vertical plasma drifts and their

direction (upward/downward) are inferred from E-region irregularities reported

earlier using different experiments conducted from India during geomagnetically

quiet times. In addition, hourly variations of magnetometer data sets are used in

conjunction with an equatorial electrojet model [Anandarao, 1976] to deduce the

vertical drifts during 07:30 - 17:30 LT. These results are then compared with the

vertical drifts presented by empirical models [Scherliess and Fejer , 1999; Fejer

et al., 2008a] corresponding to the 60°E longitude sector. In general, the vertical

51
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drifts presented by empirical models are consistent with those inferred from snap-

shot measurements of E-region irregularities at different local times of the day

except around sunrise hours. Further, the vertical drifts presented by Fejer et al.

[2008a] model match fairly well with seasonally averaged vertical drifts deduced

(within 1σ variation) using magnetometer data. A time difference is noticed be-

tween occurrence of pre-reversal enhancement in the measured vertical drifts over

India reported earlier using different techniques and Scherliess and Fejer [1999]

model output. Probable reason for the time difference is discussed. The oc-

currence characteristic of afternoon equatorial counter electrojet in June solstice

during low solar epoch (discussed in detail in Chapter 4) is consistent with the

drifts obtained from Fejer et al. [2008a] model. Seasonally averaged vertical drifts

during nighttime reported earlier using ionosonde/HF radar experiments are not

consistent with the presence of Two-stream plasma waves on a few occasions.

Further, the measured nocturnal vertical drifts are found to be systematically

less than the model outputs and probable reason for this is discussed.

3.1 Introduction

The generation of Sq electric field and its’ important role in several ionospheric

processes (like equatorial electrojet, plasma fountain, Two-stream and Gradient-

drift waves, plasma bubble) over low latitudes are discussed in Chapter 1. Hence,

in order to address the low latitude ionospheric processes in a comprehensive

manner, it is important to know the variations in Sq electric field in different

seasons and solar cycles. Measurements of vertical drifts (Vz) are used to obtain

the zonal electric field, Ex = Vz×B where B is the strength of geomagnetic field.

The vertical drifts are known [Fejer , 1981] to be upward during daytime and

downward in nocturnal hours under geomagnetically quiet periods. The diurnal

variations of vertical drifts in different seasons over the Peruvian sector had been

presented [e.g., Woodman, 1970] in the past using highly accurate (better than

2 ms−1) measurements of vertical drifts obtained with Incoherent Scatter Radar

(ISR) at Jicamarca.
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The vertical drifts or zonal electric fields over Indian sector had been tradi-

tionally deduced (refer Chapter 2) based on ionosonde, phase path sounder and

HF Doppler radar measurements. Magnetometer measurements are used as a

proxy to obtain the electric field variations [e.g., Rastogi and Patil , 1986] during

daytime. Considering the fact that each of these techniques come with their own

limitations and uncertainties (discussed later), it is important to evaluate the

consistency of the vertical drifts derived from different techniques with those ob-

tained from global empirical models that are already available. This will help not

only to understand the merits and demerits of individual techniques in a better

way but also to evaluate the applicability of global models of vertical drifts to

accurately capture the ionospheric processes over the Indian sector.

As already stated, each technique used to derive the vertical drift comes with

its own limitation(s). For example, in an ionosonde experiment the recorded

movement of ionospheric F-layer along the vertical direction can be due to pro-

duction by photo-ionization and/or loss by chemical recombination and/or by

electrodynamic processes. Presence of all the three processes during daytime

makes it difficult to compute the vertical drifts from the recorded layer move-

ments. However, during nighttime, when plasma production is negligible in the

absence of solar ionizing radiation, vertical drifts can be deduced from the tempo-

ral movement of F-layer (apparent drift) after correcting for the layer movement

due to chemical loss [Bittencourt and Abdu, 1981; Krishna Murthy et al., 1990].

The measurements of Vz during twilight time and their nocturnal variations

have been reported earlier (refer section 3.2) using several experiments conducted

from Trivandrum (TRD: 8.5°N, 76.9°E). In addition, the threshold value and

direction (upward/downward) of vertical drift can be deduced from the pres-

ence/absence of E-region irregularities (Two-stream and Gradient-drift waves)

reported earlier (refer section 3.2) at different local times of the day using sound-

ing rocket flight and VHF radar experiments over TRD.

A number of works reported in the past provided snap-shot as well as sea-

sonally averaged vertical drifts. In the present work, an attempt is made to

consolidate the measurements of vertical drifts made by a few techniques from



54 Comparison of model and measured plasma drifts during quiet times

the Indian dip-equatorial stations and compare those with the drifts presented

by global empirical models of Scherliess and Fejer [1999] and Fejer et al. [2008a]

(henceforth Scherliess-99 and Fejer-08), to investigate their degree of applicability

over the Indian sector. Further, considering the fact that in empirical models,

the vertical drifts have been averaged over at least ±5° dip-latitude, the vertical

drifts presented earlier using ionosonde and HF radar technique over Kodaikanal

(KDK: 10.3°N, 77.5°E), whose geomagnetic-latitude is less than 1.5°, are also used

for comparison. In addition, the daytime vertical drifts estimated from seasonally

averaged EEJ variations, based on method described in Chapter 2, are compared.

3.2 Details of the dataset

In the present investigation, the average F-region vertical drifts measured during

nighttime from ionosonde [Sastri , 1984; Subbarao and Krishna Murthy , 1994; Kr-

ishna Murthy and Hari , 1996; Madhav Haridas et al., 2015], phase path sounder

[Ramesh and Sastri , 1995; Sastri , 1996] and HF Doppler radar [Nair et al., 1993]

experiments are used. Further, the electric fields deduced from E-region irregu-

larities during day and night are also utilized. As the equatorial vertical drifts

are sensitive to geomagnetic conditions [Fejer et al., 2008b], the present work

pertains to only the quiet time conditions with three hourly Kp ≤ 3. The avail-

able observational data sets span over five decades (1957 - 2008), the annually

averaged F10.7 values during this period are depicted in Figure 2.1 of Chapter 2.

Therefore, these datasets spanned over several solar cycles wherein the solar flux

levels varied between values as low as ∼70 sfu and as high as ∼230 sfu. In the

present investigation, the solar flux levels of F10.7 < 130 sfu and F10.7 > 160 sfu

are respectively used to represent the low and high solar epochs considering the

solar flux levels used into empirical models and available datasets.

The observations with different time axes are converted into a single time

format corresponding to the local time (LT) at TRD (longitude 76.9°E). The ob-

servations are classified into three seasons, namely, December solstice (November

- December - January - February), equinox (March - April, September - October)
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and June solstice (May - June - July - August) similar to the seasonal classifica-

tions followed in Scherliess-99 and Fejer-08.

The ionosonde observations of F layer movement reported by Subbarao and

Krishna Murthy [1994] are converted into vertical plasma drift after correcting

for chemical recombination effects based on their work. Further, apparent drifts

reported by Sastri [1984] using ionosonde observations over KDK during 1957 -

1959 can be treated as electrodynamic drifts since the layer heights are well above

300 km during solar maximum.

The vertical drifts have been reported using phase path sounder over KDK

[Ramesh and Sastri , 1995; Sastri , 1996] and Doppler radar over TRD [Nair et al.,

1993] operated at 4 MHz and 5.5 MHz respectively. As the altitudes of reflecting

layers, corresponding to these high operative frequencies, were considered to be

well above 300 km during pre-midnight hours, no explicit corrections for the

recombination losses were made to those drifts.

The presence of Two-stream and Gradient-drift waves was reported using back

scatter radars operated from TRD in HF (18 MHz) [Tiwari et al., 2003] and VHF

(54.95 MHz) [Prakash and Muralikrishna, 1976] frequencies. The limiting values

of plasma drifts using threshold condition of Two-stream waves (refer section 3.3)

and their polarities from Doppler shift are deduced. The Doppler shifts from the

E-region Gradient-drift waves [e.g., Reddy et al., 1987; Viswanathan et al., 1987]

are not considered in the present work, as the calibration factors for converting

these to ambient plasma drifts are not available. Based on Canadian Doppler

ionosonde [MacDougall et al., 1995] experiments over Tirunelveli, Sripathi et al.

[2016] reported the monthly averaged quiet time vertical drifts. Though variations

in these vertical drifts are similar to those obtained using digisonde [Bibl and

Reinisch, 1978] and from Scherliess and Fejer [1999] model, the magnitudes are

much larger. This is possibly due to lack of proper calibration factor. Therefore,

these vertical drifts are not used in this thesis work.

The in-situ measurements [e.g., Prakash et al., 1971a; Gupta, 2000] of electron

density profiles and structures in them had been obtained using high frequency

Langmuir probes [Prakash and Subbaraya, 1967; Subbaraya et al., 1983, 1985] on
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board rocket flight experiments. Those experiments were conducted over TRD

at different local times of the day covering different seasons under high and low

solar epochs. As the generation electron density structures depend on the am-

bient electric fields, the limiting plasma drifts are deduced from the presence of

Two-stream waves. The limiting values (explained later) of vertical drift for the

presence of Two-stream waves (> +12 ms−1 during daytime, < −12 ms−1 during

nighttime) while the inverse conditions are taken for their absence. Further, for

the time interval when Two-stream waves have been detected on some days and

found absent on some other days within a same season the vertical drift are taken

to be ∼ ±12 ms−1. These observations of Two-stream waves spanned from 1967

to 1999 when the dip-angle over TRD was between −0.9° and +1.2° [IGRF-12,

Thébault et al., 2015]. Hence, the existence of Two-stream waves is consistent

with the conclusion arrived by Sekar et al. [2013] that the Two-stream waves

over Thumba during magnetically quiet periods at noontime exist when the dip

angle is lesser than 1.5°. In addition, the observed gradient in the altitude profile

of electron densities and the presence/absence of Gradient-drift waves are used

to deduce the polarity of vertical electric field from which the direction of zonal

electric field is inferred, as these two components are related over the dip-equator.

Barium vapour cloud release experiments provide in-situ measurements of

plasma drifts associated with ambient electric field. Vertical drifts around twilight

time measured with these experiments over TRD [e.g., Anandarao et al., 1977;

Anandarao, 1977] and Sriharikota (13.7°N, 80.2°E, a station close to the dip-

equator) [e.g., Raghavarao et al., 1987; Sekar , 1990] are used in the present work.

The methodology described in Chapter 2 (section 2.2) is adopted to derive

the daytime vertical drift from observed electrojet strength under geomagnetically

quiet conditions. The hourly magnetometer measurements from a dip-equatorial

station Trivandrum (TRD: 8.5°N, 76.9°E, geom.-lat. 1°S) and an off-equatorial

station Alibag (ABG: 18.6°N, 72.9°E, geom.-lat. 10°N) during 1985 - 1995 are

used to obtain the electrojet strength (∆Hequator−∆Hoff-equator) on geomag-

netically quiet days (Kp ≤ 3 and Dst ≥ −20, on the selected day and also on the

previous day). Figure 3.1 depicts the observed values of ∆HTRD −∆HABG on
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individual quiet days (grey) and their seasonally averaged (black) values along

with standard deviation (1σ value in vertical bars). The values corresponding

to high and low flux epochs are depicted in the left and right panels. Based

on these seasonally averaged values of ∆HTRD − ∆HABG, the vertical drifts

corresponding to zonal electric fields are obtained during ∼07:30 - 17:30 LT.
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Figure 3.1: Hourly variations of individual quiet days (grey) and seasonally aver-

aged (black) ∆HTRD −∆HABG values along with standard deviation (1σ value in

vertical bars). The variation during high and low solar epochs are depicted in left

and right panels. From top to bottom are variations corresponding to December

solstice, equinox and June solstice. The number of days used for seasonal average

are also listed in each panel.

As stated earlier, the empirical models (Scherliess-99 and Fejer-08) provide the

dip-equatorial vertical plasma drifts at different local times and seasons during

geomagnetically quiet periods. In order to compare with the vertical drifts derived

based on measurements by different techniques mentioned earlier, the model drifts

corresponding to 60°E longitude which is closest to Indian sector are reproduced

from Figure 8 of Scherliess-99 and Figure 7 of Fejer-08.
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3.3 Results

Figure 3.2 depicts the diurnal variations of vertical drift (black coloured solid

curves) presented by Scherliess-99 model for high solar epoch. Figures 3.2(a),

3.2(b) and 3.2(c) show the vertical drifts in December solstice, equinox and June

solstice, respectively.

In figure 3.2(a), the blue and green coloured (solid, dash and dash-dot) curves

portray the average nocturnal variations of Vz obtained using ionosonde/radar

experiments from TRD and KDK, respectively. The blue coloured dashed curve

represents Vz computed using the average nocturnal variations of h′F presented

by Subbarao and Krishna Murthy [1994]; and blue coloured dash-dot curve por-

trays the average Vz variation during nighttime presented by Madhav Haridas

et al. [2015]. The green coloured dashed and solid curves depict the average ver-

tical drifts during dusk-midnight hours presented by Sastri [1984] and Ramesh

and Sastri [1995] respectively. The 1σ variation in vertical drift at prereversal en-

hancement (PRE) time, as provided by Ramesh and Sastri [1995], is reproduced

with green coloured solid vertical bar on the top right corner of figure 3.2(a) as

well as in figures 3.2(b - c). It must be noted that information on the 1σ variation

for the earlier results will be mentioned whenever available.

The twilight time in-situ measurements of vertical drifts reported by Anan-

darao et al. [1977] and Sekar [1990] are shown with magenta coloured dots at

the particular LT of the experiments. The average nocturnal variation of vertical

drifts corresponding to the zonal electric fields presented by Krishna Murthy and

Hari [1996] is shown with the dark magenta coloured solid curve. In addition,

average variation of vertical drift during daytime deduced from magnetometer

records is portrayed with the maroon coloured solid curve. The standard devi-

ation (1σ) of these deduced vertical drifts, estimated based on the variations in

4HTRD −4HABG, is shown as vertical bars on the curve.

The vertical arrows (at the bottom of figure) are drawn at the particular LT

corresponding to drifts derived from the sounding rocket experiments in which

the Two-stream waves were observed. Similarly, the solid horizontal lines (at

the bottom of figure) are drawn for the particular time interval during which the
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Two-stream waves were observed using VHF radar experiments. The presence or

absence of Two-stream waves is respectively portrayed with teal or red colours.

It is to be noted that teal and red coloured horizontal lines are simultaneously

used for certain durations when presence of Two-stream waves were detected on

some days and found absent on some other days during the same season.
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Figure 3.2: Vertical drift variations during high solar epoch over the Indian sector

provided by Scherliess and Fejer [1999] model (black) and experiments conducted

from TRD and KDK (blue, dark magenta and green coloured curves, respectively)

are depicted along with the 1σ variation in those (wherever available) on the top

right corner. Vertical drifts measured using vapour release experiments (magenta

coloured dots) and those deduced from magnetometer records (maroon coloured

curves) are also shown. The presence or absence of Two-stream waves observed

using sounding rocket flights (vertical arrows) and VHF Doppler radars (horizontal

lines) are portrayed with teal or red colours, respectively. The durations when

Two-stream waves were detected on some days and found absent on some other

days within a same season are depicted with simultaneous horizontal lines in teal

and red colours.
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In figures 3.2(b) and 3.2(c) the same notations which have been used in figure

3.2(a) are followed to present the vertical drifts corresponding to equinox and

June solstice, respectively. An additional green coloured dotted curve in figure

3.2(c) depicts the vertical drift presented by Sastri [1996]. The 1σ variation in

vertical drifts at PRE time, as provided by Sastri [1996], is reproduced with green

coloured dotted vertical bar on top right corner in figure 3.2(c).
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Figure 3.3: Same as Figure 3.2 but corresponds to low solar epoch.

Figure 3.3 depicts the diurnal variations of vertical drift (black solid curves)

presented by Scherliess-99 model corresponding to different seasons under low

solar epoch. The values of Vz obtained using experiments conducted from TRD,

KDK, SHK and magnetometer records are overlaid in respective figures with

same notations as in Figure 3.2. Note that, if the ionosonde/radar derived aver-

age nocturnal vertical drifts are not available from the same works that are used

to construct Figure 3.2, the respective colour codes and types of the legends are
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not utilized in Figure 3.3 to maintain uniformity and avoid ambiguity. The addi-

tional blue coloured solid curves in Figure 3.3 portray the average nocturnal Vz

variations presented by Nair et al. [1993]. The nighttime averaged 1σ variation in

vertical drifts, as provided by Nair et al. [1993], is reproduced with blue coloured

solid vertical bars in respective panels of Figures 3.3.

Figures 3.4 and 3.5 depict the diurnal variations of vertical drifts (black curves)

presented by Fejer-08 model corresponding to different seasons under high and

low solar epochs, respectively. The vertical drifts obtained using experiments

conducted over TRD, KDK, SHK and magnetometer records under high and low

solar epochs are overlaid in Figures 3.4 and 3.5 with same notations and colour

codes as in Figures 3.2 and 3.3, respectively.
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Figure 3.4: Same as Figure 3.2 but comparison is with the Fejer et al. [2008a]

model drifts.
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(a) December solstice
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Figure 3.5: Same as Figure 3.3 but corresponds to low solar epoch.

Grey coloured horizontally shaded region in each figure marks the range of

vertical drift values in which presence of Two-stream waves can be expected. The

reasoning for this demarcation is as follows. Generation of Two-stream waves is

known [Farley , 2009] to get triggered whenever magnitude of zonal drift (Vx) of

electrons exceeds the ion-acoustic speed of the medium, which is about 370 ms−1

at ∼105 km altitude over the Indian sector. Plasma drifts along the zonal (Vx)

and vertical (Vz) directions are known [Anandarao et al., 1977; Sekar et al., 2013]

to be related over the dip-equator by Vx = RVz, where R = σH
σP

. The value of R is

shown [Pandey et al., 2016] to remain nearly same, irrespective of local time of day

and solar epoch, with a value of about 30 at ∼105 km altitude. Hence, whenever

the Two-stream waves are present the magnitude of vertical drift must be greater

than 12 ms−1. Above inference of limiting plasma drift of ∼ ±12 ms−1 gets the

support from the occurrence of Two-stream waves on some days and absence on

some other days within a same season (see figures 3.2b, 3.3a-c, 3.4b, 3.5a-c). It

is expected that the vertical drifts would lie within or outside this grey coloured
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shaded region whenever the Two-stream waves are present (teal coloured vertical

arrows/horizontal lines) or absent (red coloured vertical arrows/horizontal lines).

Tables 3.1 and 3.2 summarize the results from sounding rocket flights and VHF

radar experiments. Vertical drift necessary for the observed presence (>+12 ms−1

or <−12 ms−1), absence (≤+12 ms−1 or ≥−12 ms−1) or some days presence and

some days absence (∼±12 ms−1) of Two-stream waves is provided in the respec-

tive entries of these tables. In addition, vertical drifts obtained from Scherliess-99

and Fejer-08 models at respective LT, season and solar epoch of the rocket flights

are also given. Further, vertical drifts obtained from both the empirical models

corresponding to the starting time of the respective VHF radar experiments are

also provided. Note that, if the magnitude of vertical drift obtained from empir-

ical model deviates from the criterion of deduced |Vz| given above, the value is

highlighted with red colour. Further, if the direction of vertical drift differs from

that deduced from observation, the cell is highlighted with grey background. This

notation is not followed for cases wherein deduced |Vz| ∼12 ms−1.
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Date Time/ Vertical drift (ms−1)

Duration Deduced Scherliess-

99

Fejer-

08

Literature

D
ec

em
b

er
so

ls
ti

ce

R
o
ck

et

21-12-1978 02:08 < −12 −21.2 −24.4 Gupta [2000]

21-12-1978 05:53 < −12 −09.5 −15.8 Gupta [2000]

12-02-1981 10:35 > +12 +17.4 +24.0 Prakash and Pal [1985]

02-02-1968 18:34 > +12 +26.8 +30.5 Prakash et al. [1969];

Gupta and Prakash [1979]

R
ad

ar

03-02-1999 07:08 - 09:38 ≤ +12 +03.3 +05.4 Tiwari et al. [2003]

03-02-1999 10:08 - 13:08 > +12 +16.3 +23.2 Tiwari et al. [2003]

03-02-1999 13:38 - 14:38 ≤ +12 +14.3 +17.1 Tiwari et al. [2003]

E
q
u
in

ox

R
o
ck

et 28-04-1980 05:58 > +12 −18.3 −23.1 Gupta [2000]

12-03-1967 18:35 > +12 +32.9 +41.5 Gupta [2001]

R
ad

ar

19-03-1991 04:43 - 05:13 < −12 −24.8 −41.5 Ravindran and Krishna

Murthy [1997a]

15-03-1991 06:18 - 06:38 ≥ −12 −06.5 −13.0 Ravindran and Krishna

Murthy [1997a]
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Table contd.
E

q
u
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R
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ar

15-03-1991 07:48 - 08:13 ≤ +12 +07.2 +02.7 Ravindran and Krishna

Murthy [1997a]

20-03-1979,

15-03-1991,

17-03-1991

07:53 - 09:08 ∼ +12 +12.3 +08.0 Viswanathan et al. [1987];

Ravindran and Krishna

Murthy [1997a]

20-03-1979,

21-03-1979,

21-09-1979

10:08 - 13:38 > +12 +23.8 +27.0 Viswanathan et al. [1987];

Ravindran and Krishna

Murthy [1997b]

20-03-1979,

21-03-1979

13:38 - 14:08 ∼ +12 +15.3 +12.0 Viswanathan et al. [1987]

21-03-1979 14:08 - 14:38 ≤ +12 +12.8 +12.0 Viswanathan et al. [1987]

15-03-1979,

21-03-1979

14:38 - 16:48 ∼ +12 +10.8 +11.4 Viswanathan et al. [1987];

Ravindran and Krishna

Murthy [1997a]

15-03-1979,

16-03-1979,

21-03-1979

16:48 - 17:38 ≤ +12 +07.7 +10.2 Viswanathan et al. [1987];

Ravindran and Krishna

Murthy [1997a]

15-03-1979,

16-03-1979

17:38 - 18:23 > +12 +15.6 +21.5 Ravindran and Krishna

Murthy [1997a]

J
u
n
e

so
ls

ti
ce

R
o
ck

et

13-08-1982 07:02 ≤ +12 +01.6 −02.9 Gupta [2001]

12-08-1982 07:18 ≤ +12 +05.1 −02.0 Gupta [2001]

29-08-1968 13:53 ≤ +12 +06.5 +08.7 Gupta [2001]

29-08-1968 22:38 < −12 −16.6 −16.2 Prakash et al. [1970];

Gupta and Prakash [1979]

Table 3.1: Comparison of vertical plasma drifts in high solar epoch deduced from

experimental observations (rocket/radar) with global empirical model (Scherliess-

99 and Fejer-08) drifts. Positive and negative values indicate upward and downward

drifts, respectively. The red coloured entries denote the instances when the magni-

tudes of model drifts are different from the threshold drifts deduced from E-region

irregularity observations, whereas the yellow boxes identify the instances when the

polarity of the model drifts are not in accordance with the inferred polarities.
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Duration Deduced Scherliess-
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08
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D
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09-02-1975 05:37 < −12 −13.1 −18.8 Gupta [1986]

28-01-1971 10:18 > +12 +18.2 +18.9 Prakash et al. [1971a]

19-02-1975 10:43 > +12 +18.4 +19.1 Gupta [1997]

28-01-1971 10:48 > +12 +18.4 +19.3 Prakash et al. [1971a]

R
ad

ar

18-01-1974 05:38 - 06:08 < −12 −13.0 −24.6 Prakash and Muralikr-

ishna [1976]

18-01-1974,

23-11-1983

06:58 - 08:08 ≤ +12 +03.7 +03.6 Prakash and Muralikr-

ishna [1976]; Viswanathan

et al. [1987]

23-11-1983,

25-11-1983,

05-01-1993

08:08 - 10:08 ∼ +12 +10.4 +10.9 Viswanathan et al. [1987];

Ravindran and Krishna

Murthy [1997b]

23-11-1983,

25-11-1983,

26-11-1983,

05-01-1993

10:08 - 12:38 > +12 +17.9 +18.5 Viswanathan et al. [1987];

Ravindran and Krishna

Murthy [1997b]

23-11-1983

to

26-11-1983,

05-01-1993

12:38 - 15:38 ∼ +12 +15.6 +14.7 Viswanathan et al. [1987];

Ravindran and Krishna

Murthy [1997b]

23-11-1983,

26-11-1983

15:38 - 17:23 ≤ +12 +06.5 +04.8 Viswanathan et al. [1987]

06-12-1973 19:38 - 20:38 ≤ +12 −03.6 −01.3 Prakash and Muralikr-

ishna [1976]

E
q
u
in

ox

R
o
ck

et

03-03-1973 11:58 > +12 +21.2 +19.5 Gupta [2001]

07-04-1972 12:08 > +12 +20.6 +17.9 Gupta and Prakash [1979]

13-10-1972 12:38 ≤ +12 +18.6 +13.6 Gupta [2001]

15-03-1975 21:42 < −12 −16.9 −27.5 Gupta [1997]
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Table contd.
E

q
u
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06-09-1994 03:53 - 05:38 < −12 −13.7 −30.0 Krishna Murthy et al.

[1998]

10-03-1972,

05-09-1994

06:38 - 08:38 ≤ +12 −08.9 −06.0 Prakash et al. [1974]; Kr-

ishna Murthy et al. [1998]

10-03-1972,

12-10-1983

08:38 - 09:38 ∼ +12 +16.5 +15.9 Prakash et al. [1974]; Sas-

tri et al. [1991]

10-03-1972,

12-10-1983,

05-09-1994

09:38 - 13:08 > +12 +20.8 +26.7 Prakash et al. [1974];

Viswanathan et al. [1987];

Krishna Murthy et al.

[1998]

10-10-1983,

12-10-1983,

05-09-1994

13:08 - 14:38 ∼ +12 +16.6 +09.7 Viswanathan et al. [1987];

Krishna Murthy et al.

[1998]

10-03-1972,

11-10-1983,

12-10-1983,

05-09-1994

14:38 - 17:53 ≤ +12 +10.4 +06.3 Prakash et al. [1974];

Viswanathan et al. [1987];

Krishna Murthy et al.

[1998]

J
u
n
e

so
ls

ti
ce

R
o
ck

et

12-08-1972 07:23 ≤ +12 +02.8 −04.9 Gupta and Prakash [1979]

R
ad

ar

20-06-1983,

24-06-1983

07:53 - 08:53 ≤ +12 +09.6 −01.1 Viswanathan et al. [1987]

21-06-1983,

24-06-1983

08:53 - 09:23 ∼ +12 +20.0 +09.6 Viswanathan et al. [1987]

23-06-1983,

24-06-1983

09:23 - 10:23 ≤ +12 +23.1 +14.8 Viswanathan et al. [1987]

20-06-1983

to

23-06-1983

11:23 - 13:23 ∼ +12 +21.4 +16.3 Viswanathan et al. [1987]

20-06-1983,

23-06-1983

13:23 - 13:53 ≤ +12 +07.5 +06.8 Viswanathan et al. [1987]

Table 3.2: Same as Table 3.1 but for low solar epoch.
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On comparing the vertical drifts given in Tables 3.1 and 3.2, it is observed that,

in general, vertical drifts presented by both the empirical models are consistent

with the criterion for presence or absence of Two-stream waves, though some

deviations are also observed.

The amplitudes of vertical drifts obtained from Scherliess-99 and Fejer-08

models are found to deviate from the deduced threshold values of |Vz| on six

and five occasions, respectively (see the red coloured entries in Tables 3.1 and

3.2). The deviations in Vz with respect to Fejer-08 model drifts are within the

uncertainly limits of measurements (about 10%) for Fejer-08 model, barring two

durations 13:38 - 14:38 LT in December solstice under high solar epoch and 09:23 -

10:23 LT in June solstice under low solar epoch. However, in case of Scherliess-99

model, except for an occasion during 14:08 - 14:38 LT in equinox under high solar

epoch, all the deviations in Vz are beyond the uncertainty limits of measurements

(relative precision of about 2 ms−1). Even in the cases when Two-stream waves

are present on some days and absent on some other days within a same season

(implying amplitude of vertical drifts closer to 12 ms−1), the Fejer-08 model drifts

seem to be more consistent with deduced vertical drifts than Scherliess-99 model

drifts. This is clearly visible during 08:00 - 10:00 LT and 13:00 - 16:00 LT.

Hence, Fejer-08 model is found to represent the vertical drifts over the Indian

sector better compared to Scherliess-99 model. However, it is observed that both

the empirical models fail to capture the polarity of vertical drift during early

morning hours (around 6 LT), see yellow coloured cells in Tables 3.1 and 3.2,

though in June solstice the Scherliess-99 model seems to predict better compared

to Fejer-08 model. The probable reasons for deviations in amplitude and polarity

of the vertical drifts presented by empirical models from the deduced Vz on a few

occasions are discussed in section 3.4.

In high solar epoch, the average variations of daytime vertical drifts deduced

from magnetometer records match (within 1σ variation) with the corresponding

variations presented by both Scherliess-99 and Fejer-08 models in all three seasons

(see maroon and black coloured solid curves in Figures 3.2 and 3.4). However, the

daytime vertical drift deduced during low solar epoch match (within 1σ variation)
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with the corresponding variations presented by Fejer-08 model better compared

to Scherliess-99 model, particularly in equinox and June solstice (see Figures 3.3

and 3.5). In December solstice the deduced values of vertical drifts match (within

1σ variation) with the corresponding variations presented by both the empirical

models irrespective of solar epoch. In general, the average values of deduced

vertical drift match fairly well with both the empirical models during high solar

epoch while these values match well with Fejer-08 model during low solar epoch.

This is probably due to better longitudinal resolution used in Fejer-08 model

compare to Scherliess-99 model (refer section 3.4). Further, the values of vertical

drifts deduced from magnetometer data are observed to capture the presence or

absence of Two-stream waves. Interestingly, the deduced vertical drifts are ∼12

ms−1 during the time intervals wherein Two-stream waves were detected on some

days and found absent on some other days within a same season.

During nighttime, the zonal electric fields corresponding to the average values

of vertical drifts obtained using ionosonde/radar experiments are not sufficient for

the generation of Two-stream waves in low solar epoch (see Figures 3.3 and 3.5) on

a few occasions. On the other hand, in high solar epoch, the pre-midnight vertical

drifts in both the solstices are, in general, sufficient to account for the presence of

Two-stream waves (see figures 3.2a, 3.4a and 3.2c, 3.4c). However, during post-

midnight hours, these vertical drifts are sufficient to account for the presence of

Two-stream waves on some occasions (see figures 3.4a and 3.4c). During equinox

in high solar epoch, some of the average vertical drifts are consistent with the

presence of Two-stream waves. Further, it is observed that the ionosonde/radar

deduced vertical drifts are always smaller than those presented by empirical mod-

els in different seasons (e.g., see figures 3.4a-c) and solar flux levels (e.g., see figures

3.4a and 3.5a). In general, the differences are about 10 ms−1 or greater with the

maximum deviation occurring in equinoctial months (e.g., notice the difference

in Vz of middle panel compared to top or bottom panel in any figure). It is to be

noted that considering typical height resolution of 3 km [Patra et al., 2005] and

the temporal resolution of 15 min in ionosonde experiments [Sastri , 1984; Krishna

Murthy and Hari , 1996; Madhav Haridas et al., 2015], the typical uncertainty in
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vertical drift is ∼5 ms−1. The uncertainty in the vertical drifts deduced using HF

phase path sounder or Doppler radars is less than 1 ms−1 [Prabhakaran Nayar

and Sreehari , 2004]. Therefore, the observed differences between the measured

vertical drifts (derived using ionosonde/Phase path sounder/Doppler radar) and

the model drifts are larger than the typical uncertainties of the measurements

involved. The probable reasons for significant difference are discussed in section

3.4. In addition, it is observed that during nighttime Scherliess-99 model values

of Vz are smaller compared to Fejer-08 model. The probable reasons for this are

also discussed in section 3.4.

During PRE hours, the peak amplitude of vertical drift over Indian sector is

known to vary day-to-day [Balan et al., 1992] and also dependent on the solar flux

level [Ramesh and Sastri , 1995; Sastri , 1996]. However, the time of PRE over the

Indian sector have been shown [Namboothiri et al., 1989; Nair et al., 1993] to be

same within a solar epoch and hence the occurrence times of PRE are compared.

Incidentally, it is found that the vertical drifts presented using ionosonde/radar

experiments maximize around the time of Barium vapour cloud experiments (the

solid blue, green and magenta coloured curves in Figures 3.4(a), 3.4(b) and 3.5(a)

peak around the time of magenta coloured solid circles). It is also to be noted

that the time of PRE observed in vertical drift presented by Scherliess-99 model

is later in LT compared to these times (e.g., see Figure 3.2). A probable reason

for this difference in time is discussed in section 3.4.

3.4 Discussion

As stated in section 3.3, Fejer-08 model is found to be more consistent with

the reported presence or absence of Two-stream waves than Scherliess-99 model.

Further, the vertical drift provided by Fejer-08 model also seem to represent the

measured drifts better during low solar epoch as far as the PRE and daytime de-

duced drifts are concerned. To investigate the probable reasons for Fejer-08 model

being more consistent than Scherliess-99 model, the data sets and methodology

used to develop these empirical models are looked into.
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It is to be noted that empirical models were developed based on the in situ

observations of plasma drifts at the altitude of satellite. The techniques em-

ployed to measure the plasma drifts are different from the experimental tech-

niques adopted to get these observations over the Indian sector. In Scherliess-99

model, the input for vertical drifts were obtained from Ion Drift Meter (IDM, on

board AE-E satellite) measurements over ±7.5° dip-latitude ranges around the

globe during 1977 - 1979 and Jicamarca ISR measurements from 1968 to 1992.

On the other hand, in Fejer-08 model the input for vertical drifts were obtained

from Ionospheric Plasma and Electrodynamics Probe Instrument (IPEI, on board

ROCSAT-1 satellite) measured vertical drifts over ±5° dip-latitude ranges around

the globe from 1999 to 2004. These vertical drifts were binned over 60° and 30°

longitudes in Scherliess-99 and Fejer-08 models, respectively. Further, different

methodologies were adopted to develop both the empirical models. In Scherliess-

99 model, the Vz values around the globe were constrained with different statis-

tical weights to make electric field curl-free (
∮

E · dl = 0). However, in Fejer-08

model, the vertical drifts were not constrained to satisfy for irrotational electric

field, though, this condition was used to estimate the accuracy of this model.

As mentioned in Scherliess and Fejer [1999], satellite measurements of Vz dur-

ing nighttime (that have more uncertainty compared to daytime) were given less

statistical weight compared to daytime measurements and whenever the highly

accurate daytime vertical drifts were available from Jicamarca ISR, those data

sets were given even higher statistical weight (about 75%). Under this scenario,

the Vz values provided by Scherliess-99 model over the Indian sector, which is

nearly at antipodal point of the Peruvian sector, could become uncertain.

The occurrence of afternoon equatorial counter electrojet (CEJ) had been

shown [Rastogi et al., 2014] to be highest during June solstice under low solar

epoch. Interestingly, the Fejer-08 model drift values reveal downward drifts in the

afternoon hours which is consistent with the observations of Rastogi et al. [2014].

The presence of downward drift in June solstice during solar minimum years also

gets credence from the works of Gurubaran [2002] and Bhattacharyya and Okpala

[2015]. It was shown that equatorial CEJ under similar conditions was due to
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additional contribution from global current system that gets superimposed on

the Sq current system. Further, the small afternoon upward drifts in this season

given by Scherliess-99 model are also favorable for the generation of CEJ with a

little help from additional external agency. Therefore, both the models support

the morphological feature of occurrence of CEJ during this season. A detailed

investigation is carried out on the occurrence of these afternoon CEJ events which

is presented in Chapter 4. As far as the high solar epoch is concerned, negligible

vertical plasma drift obtained from Fejer-08 model in the afternoon hours during

the June solstice is consistent with the occurrence characteristics of partial CEJ

at this local time reported by Rastogi et al. [2014]. This feature is not efficiently

captured by Scherliess-99 model. In view of these outcomes, in the forthcoming

discussion on vertical drifts during different times of the day, barring evening

hours, vertical drifts presented by experimental observations are compared with

Fejer-08 model only. During PRE time, a discussion based on both the models is

presented.

3.4.1 Vertical drifts in morning hours

The vertical drifts presented using ionosonde/radar experiments are insufficient

for the generation of Two-stream waves observed around 6 LT. Their presence is

supported by Fejer-08 model, although the polarity of vertical drifts presented by

this model is not consistent with the respective observation on a few occasions

during 06:00 - 08:00 LT, as mentioned in section 3.3. To investigate the probable

reasons for this inconsistency with the empirical model, the diurnal variations

of vertical drifts over the dip-equatorial longitudes presented by Fejer-08 become

important. Figure 3.6 depicts the contours of iso-vertical drifts with local time at

different longitudes. These values correspond to relatively high solar flux levels of

150 sfu for which deviations are noticed in equinox and June solstice (see yellow

coloured cells in Table 3.1). Therefore, the plots of these two seasons only are

depicted in Figure 3.6.

The iso-vertical drifts during 06 - 08 LT over 60°±15°E longitude (around In-

dian sector) are highlighted with red coloured rectangular boxes in both equinox,
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and June solstice figures. It is observed that, though the vertical drifts are small

during 06 - 08 LT around the Indian sector, they show variation in polarity with

longitude even for a particular LT. The similar pattern is also observed in the con-

tours of iso-vertical drifts with local time (resolution 1 hr) at different longitudes

(resolution 10°) reported by Kil et al. [2008] based on ROCSAT-1 experiments.

Therefore, the longitudinal averaging of vertical drifts used in Fejer-08 model

(given above) could result in loss of polarity information. Therefore, it is rather

difficult to bring out the clear picture of vertical drifts during morning hours.

Figure 3.6: Contours of iso-vertical drift with local time at different longitudes

corresponding to equinox and June solstice for sfu level of 150 [after Fejer et al.,

2008a]. The vertical drifts during ∼06 - 08 LT over 60 ± 15°E longitude are high-

lighted with red coloured rectangular box.
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3.4.2 Vertical drifts during daytime

In general, daytime vertical drifts presented by Fejer-08 model and those deduced

using magnetometer data sets during ∼07:30 - 17:30 LT match within 1σ varia-

tion. In general, the magnetometer deduced Vz capture the presence or absence

of Two-stream waves, suggesting that the magnetometer data can be effectively

used to gauge the vertical drift/zonal electric field variations in daytime.

3.4.3 Vertical drifts in evening hours

It is noticed that the time of occurrence of PRE, as predicted by Scherliess-

99 model, is slightly later than the corresponding times observed by most of

the ionosonde/HF radar experiments during high solar epoch. In this regard,

Fejer-08 model is closer to the Indian observations. This may be partly due

to the better longitudinal resolution of the Fejer-08 model as compared to the

Scherliess-99 model. More importantly, the Indian stations are located east of

60°E longitude and the model drifts have been presented corresponding to 60°E

with finite longitudinal averaging. As the local sunset will occur over the Indian

sector earlier than that over 60°E, the model drifts can occur at a later time with

respect to the Indian observations. During low solar epoch, the PRE feature

itself is more conspicuous in Fejer-08 model (particularly during solstices) than

in Scherliess-99 model. The time of occurrence of PRE in the Indian observations

are reasonably consistent with the Fejer-08 model outputs in all the seasons except

in June solstice.

It is interesting to note here that in June solstice under low solar epoch, PRE

was found to be present [e.g., Ramesh and Sastri , 1995] or absent (e.g., Scherliess-

99) on occasions and also reversed [e.g., Subbarao and Krishna Murthy , 1994;

Chakrabarty et al., 2014] on a few occasions. Therefore, the occurrence of PRE

in June solstice under low solar epoch is ambiguous. The suppression of PRE in

June solstice under low solar epoch was also reported over Peruvian [Scherliess

and Fejer , 1999] and African [Oyekola, 2006] sectors. Further, the occurrence

of reverse PRE is also noticed in the vertical drifts over African sector that was

presented in Figure 1(a) of Oyekola et al. [2007] corresponding to June solstice
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in low solar epoch. In general, the occurrence of reverse PRE is found in June

solstice when solar flux level is low. Modelling studies of reverse PRE are not

found, though simulation results for suppressed PRE are available [Fesen et al.,

2000; Millward et al., 2001]. The observed variability on the occurrence of PRE

during June solstice in low solar epoch needs to be investigated in detail to arrive

at a bigger picture. There are differences, of course, between the magnitude of

Vz during PRE time given by Indian observations and the model values on some

occasions. It is known that the peak values of Vz during PRE hours depend on

solar flux level [Fejer et al., 1996; Sastri , 1996] and change on a day-to-day basis

[Woodman, 1970; Balan et al., 1992]. In the absence of significant recombination

effect (as the layer height is generally more than 300 km) during PRE time

and unlikely occurrence of Equatorial Spread-F before PRE, ionosonde/HF radar

measurements can be used to infer Vz on a day-to-day basis.

3.4.4 Vertical drifts during nighttime

The vertical drifts presented by Fejer-08 model capture the observed presence/

absence of Two-stream waves during nighttime. However, the vertical drifts pre-

sented using ionosonde/HF radar experiments are not sufficient, on most of the

occasions, to capture the observed presence of Two-stream waves and differ from

vertical drifts presented by Fejer-08 model by 10 ms−1 or more, in general. The

sources of these deviations could be improper correction of chemical loss, gradi-

ents in vertical drifts, instrumental bias and/or inaccurate determination of height

of plasma layer, etc. To delineate the probable causes of these large differences,

the contributions that can arise from these factors are looked into.

As the vertical drifts (used in the present work) are, in general, obtained

only for the duration when altitude of plasma layers remains above 300 km, the

contribution due to chemical recombination would be negligible [Krishna Murthy

et al., 1990]. Even otherwise, it is shown [Kakad et al., 2012; Subbarao and

Krishna Murthy , 1994] that contribution due to recombination process can be

about 2 ms−1 or 4 ms−1 corresponding to the movement of plasma layer above or

below 300 km, respectively.
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The altitude variation of vertical drifts over the Indian sector around PRE

hours have been reported earlier [Raghavarao et al., 1987; Sastri et al., 1995;

Prabhakaran Nayar and Sreehari , 2004]. However, the altitude gradient in vertical

drifts during nighttime over the Indian sector are not known. Based on ISR

experiments over another dip-equatorial station (Jicamarca), Pingree and Fejer

[1987] reported the altitude gradient in the vertical drift over the dip-equator.

The temporal variation of these values are depicted Figure 3.7. The altitude

averaged gradient in nocturnal Vz is around 0.005 ms−1 km−1 (averaged nighttime

value). These values are taken as a representative value of altitude gradient in

vertical drifts during nighttime. As the altitudes probed by the ionosonde/radar

experiments (bottom side of F-layer, i.e. around 300 km) and the ROCSAT-

1 satellite (used in Fejer-08 model) are separated by about 300 km, Vz values

could differ by about 2 ms−1. Further, if the altitude gradient in vertical drifts

are assumed to follow the opposite pattern above and below F-layer peak as

observed by Fejer et al. [2014] and simulated by models [Klimenko et al., 2012;

Qian et al., 2015], the difference in Vz is expected to be even less than 2 ms−1.
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Figure 3.7: Temporal variation of altitude gradient in vertical drifts [after Pingree

and Fejer , 1987].

Finally, the accuracy of vertical drifts deduced using ionosonde/radar experi-

ments depends (to the first order) on how accurately the altitude of plasma layer

is determined. This is particularly difficult during Equatorial Spread-F (ESF)

events. Therefore, to investigate a possible relationship, if any, between the per-
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centage occurrence of ESF [Subbarao and Krishna Murthy , 1994] over TRD and

difference between Vz, obtained using ionosonde/radars experiments and Fejer-08

model, the two parameters are looked together. In general, the differences in Vz

are found to follow the percentage of occurrence of ESF. For e.g., under high

solar epoch, the occurrence of ESF was higher [Subbarao and Krishna Murthy ,

1994] during pre-midnight than post mid-night hours in all the seasons; and

the corresponding differences in vertical drifts are observed to follow the similar

pattern (see Figure 3.4). Under low solar epoch, the ESF occurrence in June sol-

stice is higher during post-midnight than pre-midnight hours; and corresponding

differences in vertical drifts are observed to follow this pattern (see figure 3.5b).

Further, under high solar epoch the occurrence of ESF during pre-midnight hours

is maximum in equinox; and the differences in vertical drifts are also maximum

during pre-midnight hours in equinox (see figure 3.4b). Under low solar epoch,

the occurrence of ESF during post-midnight is maximum in June solstice; and

the difference in vertical drifts during post-midnight is also maximum in June

solstice (see figure 3.5c).

From the above discussion, it appears that the seasonal Vz presented using

ionosonde/radar experiments might have suffered from an uncertainty arising out

of the inaccurate determination of ionospheric height parameter in the presence of

ESF events. It is important to note that the plasma irregularities associated with

ESF move upward and thus can result in systematic underestimation of the down-

ward drifts, which is seen in Figures 3.2 - 3.5. Therefore, presence of ESF is prob-

ably the most important reason for the underestimation of ionosonde/HF radar

derived vertical drifts. Further, with appropriate (without ESF traces) choice of

ionograms and proper correction for recombination loss, the ionosonde/HF radar

experiments can be used to deduce the vertical drifts during nighttime. Another

interesting feature in vertical drifts during June solstice under low solar epoch

was reported by Chakrabarty et al. [2014]. They had shown that the vertical

drifts increase and become upward during midnight hours, which is not observed

in vertical drifts presented by the empirical models but confirmed by C/NOFS

observations.
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3.5 Summary

The vertical plasma drifts obtained or deduced with several techniques over the

Indian sector are compared with those presented by the global empirical models

[Scherliess and Fejer , 1999; Fejer et al., 2008a]. The salient points that have

emerged from this study are as follows:

1. In general, the vertical drifts presented by Fejer et al. [2008a] model rep-

resent vertical drifts over the Indian sector better than Scherliess and Fe-

jer [1999] model and other average nocturnal vertical drifts deduced using

ionosonde/radar experiments.

2. The empirical models fail to capture the direction of vertical drifts in morning

hours (around 6 LT). This is probably due to longitudinal averaging that

results in loss of polarity information.

3. The vertical drifts (corresponding to zonal electric fields) deduced during day-

time (∼07:30 - 17:30 LT) from magnetometer records match well with vertical

drifts presented by Fejer et al. [2008a] model and found to be sufficient for the

presence/absence of Two-stream waves in general.

4. For distinctive drift features like PRE, the time of PRE reported by the em-

pirical models and the ground-based observations is found to differ on some

occasions and this can be due to the different longitudinal averaging schemes

used in the models.

5. The seasonally averaged nocturnal vertical drifts deduced using ionosonde/HF

radar experiments are not sufficient, on most of the occasions, to capture

the observed presence of Two-stream waves. The deviations of vertical drifts

obtained using ionosonde/HF radar experiments from the Fejer et al. [2008a]

model drift values closely follow the percentage occurrence of ESF indicating

inaccuracy in the determination of vertical drifts based on ionospheric height

variations in the presence of ESF.
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6. Both the empirical models Scherliess and Fejer [1999] and Fejer et al. [2008a]

support the occurrence characteristic of afternoon equatorial CEJ in June

solstice under low solar epoch.



Chapter 4

Afternoon CEJ over India during

June solstice in solar minimum

Excerpt

In the previous chapter, it has been shown that the Fejer et al. [2008a] model

drifts corresponding to 60°E longitude represent the vertical drifts over the Indian

sector well during daytime barring early morning hours. In this chapter, these

drifts are utilized to investigate the possible reason for the afternoon equatorial

counter electrojet (CEJ) which is defined in the Chapter 1. Observational studies

over the Indian longitudes [Patil et al., 1990a; Rastogi et al., 2014] revealed that

the occurrence of CEJ events in afternoon hours is more frequent during June

solstice (May - June - July - August) in solar minimum than in other periods.

In general, the June solstice solar minimum CEJ events occur between 1500

LT and 1800 LT with peak strength of about -10 nT at around 1600 LT. In

order to understand the frequent occurrence of these CEJ events, an investigation

is carried out using an equatorial electrojet model [Anandarao, 1976] and the

empirical vertical drift model by Fejer et al. [2008a]. The strength, duration,

peak value and the occurrence time of CEJ obtained using electrojet model match

remarkably well with the corresponding observations of average geomagnetic field

variations. The occurrence of CEJ is found to be due to solar quiet (Sq) electric

field in the westward direction which is manifested as downward drift in Fejer

79
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et al. [2008a] model output during 1500 - 1800 LT. Further, the occurrence of

afternoon reversal of Sq electric field in this season is shown to be consistent

with earlier studies from Indian sector. Therefore, this investigation provides

explicit evidence for the role of westward Sq electric field on the generation of

afternoon CEJ during June solstice in solar minimum periods over the Indian

sector indicating that the CEJ current system is a part of Sq current system

extending from pole to equator. Thus, the requirement of a separate return

current becomes superfluous.

4.1 Introduction

A strong eastward current is driven in the E-region over the magnetic dip-equator

owing to the orthogonal orientation of the Solar-quiet (Sq) electric field and the

horizontal component of geomagnetic field. This current flows within ±3° dip-

latitude at around 105 km and is well known as equatorial electrojet (EEJ). In

order to characterize the EEJ, a large number of studies were extensively con-

ducted using ground-based [Egedal , 1947; Rastogi and Patil , 1986; Venkatesh

et al., 2015], rocket-borne [Davis et al., 1967; Sastry , 1970] and satellite-based

magnetometers [Cain and Sweeney , 1973; Onwumechili and Agu, 1981; Jadhav

et al., 2002; Lühr et al., 2004]. Modelling efforts were also carried out to simulate

different characteristics of EEJ [Sugiura and Poros , 1969; Richmond , 1973; Anan-

darao, 1976; Forbes and Lindzen, 1976; Stening , 1985]. Excellent reviews on this

topic are available in the literature [Forbes , 1981; Raghavarao and Anandarao,

1987; Reddy , 1989; Stening , 1992; Yamazaki and Maute, 2017]. The electrojet

region is also known to host different types of plasma irregularities as reported

comprehensively by earlier workers [Prakash et al., 1971a; Fejer and Kelley , 1980;

Gupta, 2000; Kelley , 2009]. Further, the geomagnetic field variations due to elec-

trojet current can be taken as a proxy for electric field variations [Rastogi and

Patel , 1975] on a time scale shorter than the time scale associated with iono-

spheric conductivity variation. As mentioned earlier in the Chapter 1, these

electric fields during magnetically quiet times are referred to as solar quiet (Sq)
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electric field generated essentially by a dynamo action driven by tidal winds and

hence, associated with Sq current system extending from pole to equator. The

dip-equatorial vertical plasma drifts driven by Sq electric fields are measured di-

rectly using radar [e.g., Woodman, 1970; Fejer , 1981], Barium vapor cloud [e.g.,

Haerendel et al., 1967] and Ion-Drift-Meter [e.g., Hanson and Heelis , 1975] tech-

niques. A few methodologies were described in literature [e.g., Anderson et al.,

2004; Pandey et al., 2017] to derive the zonal Sq electric field from geomagnetic

field observations.
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Figure 4.1: Number of CEJ events at different local times of the day during different

months in solar minimum period 1964 - 1965 [after Patil et al., 1990a].

In general, as mentioned earlier, the EEJ is eastward during daytime. On

many occasions, however, the flow is observed to be westward during the after-

noon periods [Gouin and Mayaud , 1967]. This is generally referred to as the

equatorial counter electrojet (CEJ). A number of studies [Bhargava and Sastri ,

1979; Patil et al., 1990a,b; Vichare and Rajaram, 2011; Rabiu et al., 2017] re-

ported the occurrence of CEJ events around the globe and their characteristics
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were established. Figure 4.1 [based on Patil et al., 1990a] depicts temporal varia-

tion of total number of CEJ events per month during solar minimum periods 1964

- 1965. The criterion for choosing CEJ events was based on the EEJ strength

≤-5 nT. The left and middle panels represent the number of CEJ events during

December (November - December - January - February) and June (May - June -

July - August) solstices while the right panel represent the number of CEJ events

during equinox (March - April, September - October). It is clearly evident from

this figure that the maximum number of CEJ events during afternoon hours occur

in June solstice period.
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Figure 4.2: Temporal variation of monthly averaged values of strength of EEJ

during 1976 [after Rastogi et al., 2014].

Similar conclusion can be arrived based on the work of Rastogi et al. [2014].

Figure 4.2 [based on Rastogi et al., 2014] depicts the temporal variation of monthly

averaged strength of EEJ during 1976. This figure also reveals that the occurrence

of CEJ events is more in June solstice than other seasons. Based on 40 years

of magnetic field observations from the Indian longitudes, Rastogi et al. [2014]

reported a similar feature in every solar cycle. Thus, the frequent occurrence of
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afternoon CEJ is not unique to any particular solar cycle which can be seen from

the observations presented at a later time in this chapter. Further, the day-to-day

variations in EEJ strength for the month of July 1976 [see Figure 4.3, based on

Rastogi et al., 2014] revealed that the afternoon CEJ events occurred on 25 days

in this month.
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Figure 4.3: Variations of EEJ strength on individual days of July 1976 [after Rastogi

et al., 2014].

All the earlier morphological studies [Patil et al., 1990a,b; Rastogi et al., 2014]

strengthen the characteristics of frequent occurrence of afternoon CEJ events

during June solstice in solar minimum years. However, those studies do not

take care of the geomagnetic conditions during the time period of investigation.

Recently, based on vector magnetometer data obtained from CHAMP satellite

on geomagnetically quiet days (Kp ≤ 3) during 2001 - 2010, Singh et al. [2018]

reported the frequent occurrence of afternoon CEJ events during June solstice

over the Indian sector. In order to ascertain that this feature holds good during

magnetically quiet periods also, an exercise is carried out. Figure 4.4 depicts the

percentage of CEJ events that occurred during 15 - 18 LT on geomagnetically
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quiet days of each month. The numbers are based on EEJ strength deduced using

magnetic field observations during descending (1985 - 1987) and ascending (1993

- 1995) phases of solar cycle 22. In addition, percentage of these CEJ events

out of the total geomagnetically quiet days in each month are also depicted in

Figure 4.4. It is to be noted that, seasonally the occurrence of afternoon CEJ

are maximum in June solstice. Therefore, all these investigations strengthen the

fact that occurrence of afternoon CEJ over the Indian longitudes are maximum

during June solstice in solar minimum years.
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Figure 4.4: Percentage of CEJ events that occurred during 15 - 18 LT on quiet

days of each month based on magnetic field observations spanned over six low solar

flux years (F10.7 ≤ 120 sfu) of solar cycle 22.

Many mechanisms were proposed to explain the occurrence of CEJ events.

Gouin and Mayaud [1967] suggested a possible scenario wherein there exists two

counter streaming current systems at two different altitudes and depending on

their relative strengths, the EEJ or CEJ can be generated. However, the exper-

imental support for this hypothesis in the form of a vertical profile of current

density is not available in the literature. The effects of lunar phase variation on

the occurrence of CEJ are extensively studied [Hutton and Oyinloye, 1970; Ras-

togi , 1974; Stening , 1989a]. However, as described earlier (Figure 4.3) occurrence
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of afternoon CEJ on 25 days in a month of July during solar minimum over the

Indian sector [Rastogi et al., 2014] cannot be accounted for by the lunar phase

variation. Raghavarao and Anandarao [1980] showed that large vertical winds

(∼20 ms−1) of gravity wave origin can generate CEJ. However, sustenance of such

winds on daily basis lasting for ∼3 hrs could be difficult [Stening , 1992]. Further,

the effects of zonal wind and its vertical shears were shown to be mostly inef-

fective in altering the polarity of zonal current over the dip-equator [Richmond ,

1973; Anandarao and Raghavarao, 1987]. It is also known that the polarity of the

Sq electric field can be altered [e.g., Chau et al., 2009, 2012; Fejer et al., 2010] by

the winds associated with the significant rise in temperature (known as Sudden

Stratospheric Warming or SSW) in the polar stratosphere in the winter hemi-

sphere [Schoeberl , 1978] owing to disruption of polar vortex of westerly winds.

This can lead to occurrence of CEJ during SSW events [Sridharan et al., 2009].

However, the effects of SSW are pronounced in local winter [Schoeberl , 1978] and

hence, frequent occurrence of CEJ in June solstice is not likely to be of SSW origin.

Therefore, these mechanisms cannot successfully account for the characteristics of

CEJ events in June solstice over the Indian sector. Though space weather events

like disturbance dynamo [Blanc and Richmond , 1980; Pandey et al., 2018], over-

shielding [Kobea et al., 2000] and substorm [Kikuchi et al., 2003] also produce

CEJ, however, the present study is focused on the occurrence of CEJ during geo-

magnetically quiet conditions. The abnormal depressions in horizontal magnetic

field over the dip equatorial stations, similar to the magnetic field signatures of

CEJ events, were correlated with foF2 variation by Onwumechili and Akasofu

[1972]. Although those observations were in another season (December solstice)

and might have a common driver, these authors did not explicitly discuss the

possible role of Sq electric field. In addition, these authors [Onwumechili and

Akasofu, 1972] did not remove off-equatorial magnetic field in their work, which

was shown in later years [Rastogi , 1975] to be essential to ascertain CEJ events.

In another investigation, the possibility of CEJ being part of Sq current system

was discussed by Gurubaran [2002]. However, in the investigation of Gurubaran

[2002], the alteration of Sq electric fields was not explicitly discussed.
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Taking into account of the facts that the Sq electric field pattern changes with

season (as seen in Chapter 3) and the occurrence of CEJ events maximize over

the Indian sector during June solstice in solar minimum years, an investigation is

carried out to establish the connection between polarity change in the temporal

variation of Sq electric field and the occurrence of these CEJ events. This is done

by computing the E-region current densities and the corresponding horizontal

magnetic field induced at ground using electrojet model by Anandarao [1976]

(described in Chapter 2) and providing inputs corresponding to June Solstice in

solar minimum years.

4.2 Datasets used

The datasets utilized to compute magnetic field based on equatorial electrojet

model and the observations used to compare these outputs are described below.

As described in Chapter 2, the E-region current densities along the zonal

direction (Jφ) and the corresponding horizontal component of the magnetic field

induced at ground by this current for local times between 0930 and 1730 hrs

are computed using electrojet-model and inputs corresponding to June solstice

in solar minimum conditions. The model requires zonal Sq electric field, altitude

profiles of E region electron density, neutral atmospheric density and temperature,

in addition to the three dimensional geomagnetic field. The electron density

profile at noon is obtained based on sounding rocket flight experiments [Subbaraya

et al., 1983] conducted over Thumba and at other local times of the day with the

empirical relationship between the electron density and solar zenith angle (χ)

through cos1.31/2(χ) [IRI-90, Bilitza, 1990] (for details see Chapter 2). The input

Sq electric fields are obtained from Fejer et al. [2008a] model drifts over 60°E

longitude corresponding to June solstice in low solar flux levels. It is shown

in Chapter 3 that the zonal electric fields corresponding to Fejer et al. [2008a]

model drifts represent well the Sq electric fields over the Indian sector barring

early morning hours. These input electron density profiles and Sq electric fields at

different local times are depicted in Figure 4.5. The other inputs namely neutral
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atmospheric density and temperature are obtained from NRLMSISE-00 [Picone

et al., 2002] model and the geomagnetic field is taken from IGRF-12 [Thébault

et al., 2015] model.

9 12 15 18
−10

0

10

20

LT (hrs)

V
er

tic
al

 d
rif

t (
m

s−
1 )

−0.25

0

0.25

0.5

0.75

Z
on

al
 e

le
ct

ric
 fi

el
d 

(m
V

m
−

1 )

(a)

10
2

10
3

10
4

10
5

80

100

120

140

160

180

200

Ne (cc−1)
A

lti
tu

de
 (

km
)

 

 

(b)

Noon
1430 LT
1530 LT
1630 LT
1730 LT

Figure 4.5: Inputs to the electrojet model (a) Vertical drifts (left Y-axis) over 60°E

longitude from Fejer et al. [2008a] and the corresponding zonal electric field (right

Y-axis); (b) altitude profiles of electron density at different local times in low solar

activity periods [〈F10.7〉 ≤120 sfu].

In order to compare the computed magnetic field with the observations of

electrojet strength, the EEJ variations obtained using magnetometer observations

are utilized. The hourly EEJ strengths on geomagnetically quiet days during low

solar flux years [〈F10.7〉 ≤ 120 sfu] of solar cycle 22 are considered. The criterion

for a quiet day is that the Kp ≤ 3 and DST ≥ −20, with similar geomagnetic

conditions on previous day to avoid the effects of disturbance dynamo. These

cover 235 days of EEJ observations that are spread over ascending (1985 - 1987)

and descending (1993 - 1995) phases of solar cycle 22.

4.3 Results

The model-generated contours of iso-current densities along the zonal direction

in altitude-dip latitude plane are depicted in Figure 4.6 at various local times.

The strength of zonal current density (Jφ in units of µAm−2) is also shown on

each contour with the maximum value marked at the center.
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Figure 4.6: The contours of iso-current densities (in µAm−2) in the zonal direc-

tion, obtained from electrojet model in altitude-dip-latitude plane corresponding

to inputs at different local times.
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The sensitivity studies carried out with various model inputs were reported in

Chapter 2. Based on this, the uncertainty in current density was found to be less

than 18% [Pandey et al., 2016]. The contours of current density plotted with solid

and dashed lines correspond to the positive (eastward) and negative (westward)

values of current density, respectively. It is to be noted that eastward electrojet

peaks around 1030 LT. The flow of current becomes westward between 1430 LT

and 1530 LT and it remains so till 1730 LT. The peak of westward current density,

in general, is found to be ∼−1 µAm−2 between 1530 LT and 1630 LT.

The horizontal components of magnetic field induced at ground by the elec-

trojet currents are computed based on equation (2.16) of Chapter 2. The compu-

tation is carried out for every 15 min interval from 0930 LT and 1730 LT. Figure

4.7 depicts the computed variations of magnetic field (red curve with dots). The

observed hourly variations of ∆HTRD−∆HABG for 235 quiet days during June

solstice in solar minimum periods are also shown in this Figure 4.7 as the blue

and grey coloured curves corresponding to normal EEJ and afternoon CEJ days,

respectively. Out of these 235 quiet days of observations, CEJ occurred during

1500 - 1800 LT on 194 days. In order to generate a quiet time average variation

of ∆HTRD −∆HABG, all the 235 quiet days (including both normal EEJ and

afternoon CEJ days) are considered. This average curve is depicted in black with

dots indicating hourly intervals. In addition, the 1σ variation for each point is

indicated with vertical bars.

It is evident from the Figure 4.7 that, the model-computed and mean of

observed magnetic fields match well (within 1σ variation) between 0930 LT and

1730 LT. The peak magnetic field values corresponding to eastward electrojet

occur ∼1030 LT in both computed and observed values. On an average, CEJ

events occur between 1500 LT and 1800 LT with peak (∼−10 nT) occurring

around 1600 LT. In spite of using averaged inputs from different sets of data

(refer section 4.2), remarkable similarities are observed between the computed

and mean observed values of magnetic field during CEJ hours (∼1500 - 1730 LT).

The time of commencement and the duration of CEJ obtained from the model

computations closely follow the respective observations. Further, the strength
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of peak CEJ and its time of occurrence obtained from model computations are

almost the same as those from observations. The implications of these results are

discussed in the following section.
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Figure 4.7: The EEJ strength deduced using magnetometer data corresponding

to individual geomagnetic quiet days with normal (blue) and afternoon counter

(gray) electrojet during June solstice in solar minimum years of solar cycle 22. It

consists of 235 quiet days of observations whose mean values are depicted by black

curve. The 1σ variation for each point is also indicated with vertical bars. The

red coloured curve corresponds to the magnetic field strength computed using EEJ

model.

4.4 Discussion

From Figures 4.5a and 4.7 it is clear that the reversal in electrojet current takes

place when the Sq electric field becomes westward. It is to be noted that the

peak of the current density (see Figure 4.6) and the magnetic fields (see Figure

4.7) corresponding to normal electrojet are found to be at the same time (∼1030
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LT) when the zonal Sq electric field from empirical model [Fejer et al., 2008a]

maximizes (see Figure 4.5a). Incidentally, the local time corresponding to the

monthly mean of Sq focii over the Indian sector during June solstice in solar

minimum period was found to be around 1030 LT [Vichare et al., 2017]. However,

in afternoon hours, local time corresponding to the peak of counter electrojet

current (∼1630 hrs) does not coincide with the time when westward Sq electric

field maximizes (∼1730 hrs). This is due to considerable amount of decrease in

electron density with χ variation after 1630 LT (see Figure 4.5b) that results in

a reduction of CEJ strength after ∼1630 LT. Hence, the time of peak westward

current is determined from optimum values of zonal Sq electric field and electron

density.

The average characteristics of CEJ events (strength, duration, peak value and

its time of occurrence) reported by earlier studies [Patil et al., 1990a; Rastogi

et al., 2014] pertain to different solar cycles and are similar to the observations

presented in Figure 4.7. Further, the results obtained in the present work using

electrojet model have exceptional similarities with these observations. However,

on some occasions, the amplitude of CEJ is observed to be substantially larger

than 1σ compared to averaged CEJ strength and commencement of some CEJ

events are at earlier local times (< 1500 LT). These aspects are discussed later.

It is clear from Figure 4.6, that depending on the polarity of the zonal Sq electric

field being eastward or westward, the normal or counter electrojet appears. Thus,

it is important to know the polarity of the zonal Sq electric field in afternoon

hours. Fejer et al. [2008a] model, employed in the present investigation, reveals

westward Sq electric field during 1500 - 1800 LT in June solstice in solar minimum

over Indian longitudes. Considering the smaller values of westward Sq electric

field after ∼1500 LT and the uncertainties (less than 10% particularly during

daytime) associated with the Fejer et al. [2008a] model, additional clues for the

westward Sq electric fields during afternoon hours in this season over the Indian

region are gleaned from the earlier works.
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4.4.1 Earlier observations that indirectly support west-

ward Sq electric field during afternoon hours

Various earlier measurements that indicate to a westward Sq electric field in

afternoon hours over the Indian sector during June solstice in solar minimum

periods are described in the ensuing paragraphs.

The vertical Doppler drifts from the radar echoes due to the presence of plasma

irregularities at 150 km region act as a proxy to zonal Sq electric field [Kudeki

and Fawcett , 1993; Chau and Woodman, 2004]. These measurements have been

extensively used over the Peruvian sector [Hui and Fejer , 2015]. Over the Indian

sector, such measurements of the vertical drifts over Gadanki (13.5°N, 79.2°E,

dip-lat. 6.5°N) are reported by Pavan Chaitanya et al. [2014] and Patra et al.

[2014]. Patra et al. [2014] reported the vertical drifts for four days during July-

August, 2009. The blue coloured curves in Figure 4.8 represent the vertical drifts

measured by Patra et al. [2014] while the red coloured dots correspond to vertical

drifts obtained using Ion Drift Meter (IDM) on board C/NOFS satellite. In

addition, the black coloured curves are overlaid in Figure 4.8 which represent the

hourly variations of EEJ strength on those days. Note that the vertical drifts on

these days indicate downward trend at ∼1500 LT. As the radar observational time

was limited to ∼1500 LT, the westward Sq electric field could not be ascertained

on most of the cases beyond this local time. However, on one occasion (31 July

2009), simultaneous measurements of vertical drifts based on 150 km echo and

in-situ measurements by C/NOFS revealed westward electric field at ∼1400 LT.

On this day, continuous operation of radar revealed westward electric field till the

end of observation (∼1530 LT). On other two days (with exception of 23 July

2009), the vertical drifts during afternoon hours decreased continuously followed

up by the occurrence of afternoon CEJ events. Some of the earlier reversals seen

in Figure 4.7 can be accounted by earlier reversals of electric fields similar to the

observation on 31 July 2009. Further, Pavan Chaitanya et al. [2014] reported

observations of 150 km echoes during five months in 2009 for a few consecutive

days in each month. It is noticed from their observations that, on an average, the

vertical drifts are close to zero or negative ∼1500 LT in June and July months
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and show decreasing trend around this time. Note that, the decreasing trend in

afternoon hours in months other than June solstice (e.g., December month) was

not observed by both Pavan Chaitanya et al. [2014] and Patra et al. [2014]. Thus,

these case studies give credence to the presence of westward Sq electric fields in

afternoon hours during June solstice in solar minimum period.
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Figure 4.8: The vertical drifts measured using ion drift meter on board C/NOFS

(red dots) and temporal variation of vertical drifts measured using 150 km radar

echoes (blue curves) [from Patra et al., 2014]. The hourly variations of EEJ

strength are overlaid with black colour.

The polarity of Sq electric field can also be inferred from the measurements

of E-region electron density profiles and structures in them [Pandey et al., 2017].

Recently, Pandey et al. [2017] have shown that the polarity of zonal Sq electric

field and the limiting values of the drift deduced from such measurements match

well with the empirical model of vertical drift of Fejer et al. [2008a]. A rocket flight

experiment was conducted [Prakash et al., 1976] at 1532 IST on 17 August, 1972

from Trivandrum to measure the E-region electron density profile and structures

in them. Figure 4.9a depicts the profiles of electron density and amplitude of

irregularities measured by Prakash et al. [1976]. In addition, the EEJ variations
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Figure 4.9: (a) Altitude profiles of electron density (black) and irregularity per-

centage (blue) measured by rocket flight experiment conducted at 1532 IST on 17

August 1972 [from Prakash et al., 1976]. (b) The EEJ variations on this day along

with an arrow mark at the time of rocket flight.

on this day are also depicted in Figure 4.9b. The time of rocket flight experiment

is indicated by the red arrow and at that time CEJ was present. Further, the

Two-stream waves are observed around 105-110 km. The presence of irregularities

around 95 km (region of negative gradient in electron density) is noticed. The

amplitude of irregularities at altitudes below 94 km are of the order of non-

geophysical noise level and thus considered by Prakash et al. [1976] as absence

of irregularities. In general, the Gradient-drift waves over the Indian sector are

observed above 87 km. This can be seen from the altitude profiles of irregularity

amplitude and electron density depicted in Figure 4.9c corresponding to a normal
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electrojet day (2 February 1968) that are reported by Prakash et al. [1971b, 1972].

The time of rocket flight experiment is indicated by the red arrow and at that

time normal electrojet was present. It is to be noted that the altitude of initiation

of Gradient-drift waves is shown [Sekar et al., 2014] to depend on the strength of

geomagnetic field. As a result, the Gradient-drift waves over Indian and Peruvian

sector are observed from 87 km and 93 km onwards. Further, around these

altitudes electrojet current is negligible due to low value of R (ratio of Hall to

Pedersen conductivities) [Pandey et al., 2016]. Thus, the absence of Gradient-

drift waves in the positive gradient region at very low altitudes (∼90 km) and the

presence of Gradient-drift waves in the negative gradient region indicate toward

the westward Sq electric field on that day. Further, the presence of Two-stream

waves above 105 km altitude indicates that the downward drift corresponding to

zonal Sq electric field was more than the limiting value of 12 ms−1 [Pandey et al.,

2017]. Thus the Sq electric field can be westward and with large amplitude on

some occasions during afternoon in June solstice under solar minimum periods.

This can account for large deviations (more than 1σ) in the amplitude of CEJ as

observed on some occasions compared to the averaged CEJ strength depicted in

Figure 4.7. Thus, the above set of observations provide another evidence for the

presence of westward Sq electric field during daytime on a CEJ day.

The strength of Sq electric field can also be gauged from the morphology of

the latitudinal location of the peak of ionization. The latitudinal distribution of

ionization in low latitude F-region is controlled by plasma fountain effect. The

equatorial plasma fountain is due to eastward Sq electric field pumping up the

plasma from equatorial region vertically upward which subsequently diffuses along

the geomagnetic field with the modulation due to meridional wind to form ion-

ization crests region over low latitudes [Hanson and Moffett , 1966]. However, the

location of the crest region of equatorial plasma fountain depends on the strength

of zonal electric field [Anderson, 1973]. The stronger eastward electric field shifts

the crest of plasma fountain further away from the dip-equator. Several works re-

ported strong correlation between integrated EEJ strength and the development

of plasma fountain [Rush and Richmond , 1973; Raghavarao et al., 1978; Rama
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Figure 4.10: Temporal variations of TEC over Raipur (mag-lat 11.9°N) during low

solar flux years 2004-2005 [from Rama Rao et al., 2006].

Rao et al., 2006; Aggarwal et al., 2012]. This correlation was also observed in

Total Electron Content (TEC) variations reported by earlier workers [e.g., Iyer

et al., 1976], though seasonal dependence of TEC under different solar epochs are

sparse [Rama Rao et al., 2006; Yadav et al., 2013]. In one such work by Rama Rao

et al. [2006], the monthly mean values of TEC at different latitudes over India

are reported. The crest location of TEC during 2004, which is in the descending

phase of solar cycle 23 [〈F10.7〉 ≤ 110 sfu], is at ∼12°N dip-latitude. It is of

interest to note the temporal variation of TEC at this crest location. Therefore,

the temporal contours of iso-TEC values during different months in 2004 - 2005

over Raipur (geog-lat 21.2°N, geom-lat 11.9°N) are reproduced in Figure 4.10

from the work of Rama Rao et al. [2006]. Note that the TEC values peaked for

a short interval of time around noon and fall off sharply afterwards during June-

July compared to other months. The noontime peak in TEC indicates that zonal

Sq electric field peaks around 1000 - 1030 LT as it takes about 2 hrs [Sanatani ,

1966] to diffuse to the location of 12°N dip-latitude. In addition, sharp reduction
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Figure 4.11: Temporal variation of TEC with latitude on a normal (23 October

2004) and counter (22 June 2004) electrojet days along with EEJ strength on

those days [after Rama Rao et al., 2006].

in TEC after noon indicates sharp decrease in zonal electric field. Further, the

location of peak TEC was shown not to exceed beyond 6°N dip-latitude during

an afternoon day in June solstice, indicating that the zonal Sq electric field was

relatively weak. The TEC variations and EEJ strength on this afternoon CEJ

day and on a normal electrojet day are reproduced in Figure 4.11. Thus, the

morphological variations of TEC over India indicate the decreasing trend of Sq

electric field in the afternoon hours during June solstice in solar minimum peri-

ods. Since the latitudinal extent of EEJ is limited (±3°), the correlation between

EEJ and plasma fountain obtained by previous workers indicate the common role

of Sq electric field in controlling both the phenomena.
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An indirect inference of earlier (afternoon) reversal of Sq electric field can be

obtained from the magnetic field observations at the focii of Sq current system.

Based on geomagnetic field observations using chain of magnetometers during low

solar activity [〈F10.7〉 < 90 sfu] years 2006 - 2010, Vichare et al. [2017] reported

the monthly mean local time corresponding to the focii of Sq current system over

the Indian sector. Figure 4.12 which is reproduced from Vichare et al. [2017]

represents those variations. It is to be noted that the local time corresponding

to monthly mean of focii of Sq current system over the Indian sector during

June solstice occurs earlier (∼1030 LT) compared to other seasons. Interestingly,

the time of maximum eastward electric field corresponding to vertical drifts over

Indian sector reported by Fejer et al. [2008a] model is also earlier (∼1030 LT)

in June solstice compared to other seasons. These observations are consistent

with morphological variations of TEC observations discussed earlier. As the

maximum of Sq current is observed earlier, it is expected that the descending

phase of diurnal tide starts early during this season. Under these conditions, the

contributions from components other than diurnal tides can govern the Sq current

system and hence the zonal electric field depending upon the relative magnitudes

and phases of diurnal and higher order tidal components. These aspects can

result in small or opposite polarity of zonal Sq electric field in afternoon hours

during June solstice compared to other seasons.

Figure 4.12: Monthly variation of the monthly mean local time corresponding to

the focii of Sq current during 2006 - 2010 [from Vichare et al., 2017].
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A chain of magnetic field observations can also provide a clue to the polarity

of the Sq electric field. Based on the principal component analysis of geomagnetic

field variations measured using a chain of magnetometers over Indian region dur-

ing June - July 1995, Gurubaran [2002] reported that the second harmonic plays

a crucial role in the occurrence of CEJ in afternoon hours. The outputs of first

and 2 - 5 components corresponding to a afternoon CEJ day (26 July 1995) are

reproduced from the work of Gurubaran [2002] in top panels of Figure 4.13. It

is to be noted that, a clockwise current system (located ∼20 dip-lat in afternoon

hours) owing to higher harmonics is superposed on the normal counter-clockwise

Sq current vortex (located ∼30 dip-lat at noon) due to primary component. The

author wondered whether CEJ is a part of Sq current system.

Figure 4.13: Top panel: strength of harmonic components obtained based on Sq

current system over the Indian sector on 26 July 1995 [after Gurubaran, 2002].

Bottom panel: vertical plasma drifts over the Indian sector reported by Fejer

et al. [2008a] model.

In bottom panels of Figure 4.13, the vertical drifts from Fejer et al. [2008a]

drift model are juxtaposed. It is to be noted that the time of peak vertical drift

occurs at the time of focus of the first component (see red coloured shaded area
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on left panel). Further, during the time interval of downward vertical drifts (15

- 18 LT) the components 2 - 5 are in opposite direction to the first component

and these 2 - 5 components are stronger than first component (see red coloured

shaded region on right panel). Bhattacharyya and Okpala [2015] applied a sim-

ilar analysis to quiet time geomagnetic field variations between 1999 and 2012

and reported that second and third harmonics contribute to the occurrence of

CEJ events. In recent investigation, Bhardwaj and Subba Rao [2017] showed that

the higher harmonics are associated with clockwise current system in afternoon.

Therefore, the studies by Bhattacharyya and Okpala [2015] can also be taken

to produce clockwise current cell in the afternoon. Thus, the results obtained

from these systematic magnetic field variations measured using a chain of mag-

netometers over Indian region indicate towards formation of a counter-clockwise

current cell in morning and clockwise current cell during afternoon hours on CEJ

days in addition to normal counter-clockwise current cell. This can be taken as a

support for eastward Sq electric field in morning hours and westward Sq electric

field during afternoon hours at least during the periods of June solstice in solar

minimum.

4.4.2 Possible reason for westward Sq electric field in af-

ternoon hours

The subsection 4.4.1 provides alternate evidences for westward Sq electric field

around 1500 - 1800 LT during June solstice in solar minimum periods that are

consistent with the results of Fejer et al. [2008a] for the Indian sector. Possible

reason for this westward Sq electric field is discussed below.

Simultaneous long term (1993 - 2011) observations of mesospheric winds by

MF radar at Tirunelveli (8.7°N, 77.8°E), a station close to the dip-equator over

India, and the strength of EEJ using geomagnetic field observations revealed

that the second principal component acts as proxy for the occurrence of CEJ

with enhanced tidal activities during solar minimum year when the occurrence of

CEJ is more [Gurubaran et al., 2016]. However, the role of relative strengths of

diurnal and semidiurnal tides particularly during June solstice in solar minimum
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periods for the generation of CEJ is not clear from this work. Month-to-month

variations of tidal amplitudes of mesospheric winds over Trivandrum obtained

using a meteor radar from June 2004 to May 2005 (descending phase of solar

cycle 23, 〈F10.7〉 ≤ 110 sfu) are reported by Deepa et al. [2006]. The diurnal and

semidiurnal tidal amplitudes for the meridional wind component are reproduced

in Figure 4.14 from the work of Deepa et al. [2006]. It is observed that during

June solstice months, the semidiurnal amplitudes are larger than corresponding

diurnal amplitude in meridional direction over the altitude region 94 - 98 km.

The phase difference between meridional diurnal and semidiurnal was found to

be around 12 hrs in the altitude region 94 - 98 km in this solstice barring the

month of June.

Figure 4.14: Mesospheric meridional diurnal and semidiurnal amplitudes over In-

dian sector in different months during 2004 - 2005 [after Deepa et al., 2006].
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Possible role of semidiurnal tides on equatorial quiet time vertical ion drifts

measured by C/NOFS satellite was indicated by Stoneback et al. [2011] based on

measurements over the Indian sector during deep solar minimum period (2008 -

2010) of solar cycle-23. Further, when semidiurnal tide is effective and contributes

to the generation of afternoon CEJ, it is expected to cause eastward electric field

influence during midnight hours. This aspect is confirmed by the pre-midnight

ascent of F-layer and upward ion-drift observed by C/NOFS over the Indian

sector during June solstice in deep solar minimum years 2008 - 2009 [Chakrabarty

et al., 2014]. These aspects are in support of role played by the semidiurnal tides

during June solstice.

The theoretical studies [Forbes and Lindzen, 1976; Marriott et al., 1979;

Hanuise et al., 1983] with assumptions of concentric geomagnetic and geographic

equator and reduced amplitude of diurnal components, the features of CEJ are

modeled by combination of symmetric semidiurnal tides. The observational sup-

port for the second assumption was provided by Sridharan et al. [2002] wherein

a reduction in the diurnal tidal component and/or enhancement in semidiurnal

amplitude was reported on afternoon CEJ days during June-July months in 1995

observed over Tirunelveli using MF radar and chain of magnetometers simultane-

ously. On the other hand, Stening [1989b] reproduced many features of CEJ by

introducing antisymmetric semidiurnal tidal components. Numerical simulation

of simultaneous Sq current and CEJ using different combinations of semidiurnal

and diurnal tidal components is beyond the scope of this thesis. However, based

on earlier simulation works discussed above and the observational support on

tidal winds from recent times, it appears that the semidiurnal tides play a crucial

role in altering Sq electric field which is shown by the present investigation to be

essential to cause CEJ during June solstice in solar minimum periods over India.

Finally, the present investigation brings out the important consequence of the

westward Sq electric fields, that were obtained by Fejer et al. [2008a] empiri-

cal model over Indian longitudes during June solstice in solar minimum, in the

generation of CEJ. Though the process appears to be obvious, the present work

reproduces all the observed CEJ characteristics remarkably well. Onwumechili
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and Akasofu [1972] raised the issue of return current that is needed if the re-

verse jet is assumed to be locally generated. In response to this, Stening [1977]

could not find an unambiguous answer and inferred that reverse jet seems to

be associated with the additional imposition of a current system generated by a

semidiurnal tidal mode. Further, a few global models [e.g., Hanuise et al., 1983]

require CEJ to be a part of a bigger current system in order to simulate it us-

ing semidiurnal tides. The inference made in the present investigation that Sq

electric field is responsible for the generation of CEJ is not constrained by the

requirement of a separate return current. If the Sq electric field is responsible

for the generation of CEJ, the requirement of a separate return current becomes

superfluous. Therefore, the present investigation suggests that these CEJ events

are part of a global current system. As the present work is not exhaustive cov-

ering all the seasons and solar epochs, the other suggested mechanisms discussed

in the introduction section are not precluded.

4.5 Summary

An investigation was carried out using an equatorial electrojet model and the

inputs based on measurements and empirical model of vertical drift to understand

frequent occurrence of counter electrojet events in afternoon hours over the Indian

sector during June solstice in solar minimum period. The occurrence of CEJ is

shown to be due to the westward Sq electric field between 1500 LT and 1800

LT. The westward Sq electric field, as reported in the Fejer et al. [2008a] model,

is substantiated by various earlier observations from India. The magnetic field

derived from the electrojet model is compared with the corresponding magnetic

observations from India. The comparison revealed that the strength, duration,

peak value and the occurrence time of CEJ computed by the model match well

with the observation, suggesting the explicit role of westward Sq electric field in

the generation of these CEJ events. Therefore, the present investigation suggests

that afternoon CEJ events over the Indian sector during June solstice in solar

minimum periods are part of the Sq current system.





Chapter 5

Daytime effects of disturbance

dynamo on EEJ

Excerpt

Based on careful analysis of 16 years of hourly variations of the strength of equa-

torial electrojet (EEJ) derived using the ground-based magnetometers over the

Indian sector, the role played by disturbance dynamo electric field on equatorial

ionosphere is identified. It is found that most prominent cases of the effects of

disturbance dynamo occurred during equinoctial months in high solar activity

period. In three extreme cases, the reduction in EEJ strength from quiet time

average values of the respective month is more than twice the standard deviations

for at least 3 hours. Based on the methodology described in Chapter 2, it is found

that the westward electric field perturbations are as large as 0.7± 0.2 to 1.2± 0.3

mVm−1 around noon hours for these three cases. In contrast to the expecta-

tion of disturbance dynamo electric field perturbations over equatorial latitudes

from the earlier models, these values during daytime are significantly larger and

caused counter electrojet events on two occasions. A possible additional source

to augment the reduction in the electric field is indicated.

105
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5.1 Introduction

The general characteristics of electric fields over low-latitude ionosphere under

geomagnetically quiet conditions have been studied at different longitude sectors

[Woodman, 1970; Fejer , 1981; Pandey et al., 2017] in the past and global empiri-

cal models [Scherliess and Fejer , 1999; Fejer et al., 2008a] have been constructed.

During geomagnetically disturbed conditions, additional electric field perturba-

tions modulate the ionospheric electric field. These electric field disturbances can

occur instantaneously or after some delay.

The instantaneous changes in electric field over mid and low latitudes are di-

rectly driven by prompt penetration (PP) or over-shielding (OS) of interplanetary

electric field owing to imbalance between Region 1 and Region 2 Field Aligned

Currents [Kikuchi et al., 1996]. In general, the lifetime of PP/OS electric field

perturbations is less than an hour [Peymirat et al., 2000]. Further, due to the

Joule heating that occurs in the high latitude ionosphere during geomagnetic

storms and/or substorms, the thermospheric circulation changes globally. The

meridional circulation modulated by Coriolis force generates the disturbance dy-

namo effect [Blanc and Richmond , 1980]. Owing to the physical movement of

neutrals with finite velocity, effects of disturbance dynamo are delayed in nature.

After the onset, the effects of Disturbance Dynamo Electric Field (DDEF) can

persist for several hours [Scherliess and Fejer , 1997]. It is observed [Yamazaki

and Kosch, 2015] that for an average storm with minimum Disturbance storm

time (Dst) index ∼−95 nT, DDEF perturbations persist for approximately 24

hrs during the recovery phase of the storm.

Theoretical [e.g., Blanc and Richmond , 1980; Spiro et al., 1988; Richmond

et al., 2003; Huang and Chen, 2008] and empirical [e.g, Fejer and Scherliess ,

1995; Scherliess and Fejer , 1997; Fejer et al., 2008b] models have been devel-

oped to address the general characteristics of DDEF. A recent review paper by

[Fejer et al., 2017] provides an excellent overview of physics of the disturbance

dynamo and its important characteristics. In theoretical models, DDEF pertur-

bations over low latitudes are computed corresponding to step like increase in the

polar cap potential followed by its’ sustenance for varying durations. Similarly,
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in the empirical models, the DDEF perturbations are obtained corresponding

to different time delays after the step like increase in Auroral Electrojet (AE)

followed by sustenance for varying duration. Based on Digisondes/ionosonde,

an HF Doppler radar and magnetometers operated over Brazil and India, Abdu

et al. [1997] showed that the disturbance dynamo drives opposite changes at the

same UT on day and night sides. The eastward electric field of disturbance dy-

namo origin at night are shown [Fejer and Scherliess , 1995; Abdu et al., 1996] to

maximize during post-midnight hour. It is also shown that the daytime DDEF

may significantly reduce the strength of EEJ [e.g., Sastri , 1988] and may even

cause Counter Electrojet (CEJ) [e.g., Rastogi and Chandra, 2012; Chandra et al.,

2016]. Though these CEJ events occurred during the recovery phases of the

geomagnetic storm, the effects due to possible over-shielding [Simi et al., 2012]

and/or substrom [Kikuchi et al., 2003] are not considered in their works [Ras-

togi and Chandra, 2012; Chandra et al., 2016]. Based on these studies, a few

important aspects regarding DDEF emerged out. First, the polarity of DDEF is

opposite to the quiet time polarity of the ionospheric electric field [Abdu et al.,

1997]. Second, DDEF is stronger in night than during daytime and third, the

magnitude of DDEF is less than 0.5 mVm−1 [Huang , 2013] during daytime. Fur-

ther, it is important to rule out other processes for the estimation of effects due

to DDEF alone.

During the recovery phase of a geomagnetic storm, PP/OS and substorm in-

duced prompt electric field perturbations may co-exist with DDEF perturbations.

Hence, isolating the contribution of DDEF in the electric field perturbations over

the equatorial ionosphere remains a challenging job till date. This is an important

issue as it can introduce uncertainty in the derived amplitude of DDEF over equa-

torial latitudes. In order to circumvent this problem, the hourly averaged values

of electric fields are generally considered for the development of empirical mod-

els of disturbance dynamo. This is based on the assumption that the transient

electric field perturbations due to PP/OS electric fields are averaged out owing

to their relatively shorter lifetimes. However, on many occasions, the PP electric

field perturbations are observed to persist for a much longer duration [Huang
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et al., 2005; Wei et al., 2008]. Under such conditions, the estimation of DDEF

can be biased significantly. Therefore, in order to estimate the contributions of

disturbance dynamo electric field over equatorial ionosphere, it is important to

identify distinct cases of disturbance dynamo effects. In the present investigation,

a few distinct cases of DDEF perturbations on day side are identified by utilising

the hourly variation of the strength of equatorial electrojet (EEJ) derived based

on the ground-based magnetometer observations over the Indian sector during

2000 - 2015. Based on the changes in EEJ, the electric field perturbations are

estimated following the method described in Chapter 2.

5.2 Dataset and criteria for selection of events

In the present investigation, the hourly values of ring current index Dst are used to

identify different phases of geomagnetic storm. The Dst index reaches minimum

well before the occurrence of DD events and it remains in the recovery phase of

the geomagnetic storm during the DD. Further, the three-hourly Kp indices are

utilised to categorize the geomagnetically quiet and disturbed days. The values

of Dst and Kp indices are obtained from the WDC, Kyoto.

The hourly values of IMF Bz, time shifted to the terrestrial bow shock nose,

are obtained from NASA CDAWeb. In addition, the hourly values of eastward

(AU) and westward (AL) auroral electrojet indices are also obtained from the

NASA CDAWeb. IMF Bz > 0 (northward IMF Bz) on the event day is taken as

marker for the absence of prompt perturbations driven by interplanetary electric

field. Based on earlier study [Janzhura et al., 2007], AL >−400 nT (insignificant

westward auroral electrojet activity) on the event day is chosen to be a marker

for the absence of magnetospheric substorm. As a consequence, it follows that

prompt electric field perturbations can be considered to be absent if these criteria

are fulfilled during the time periods when DDEFs are evaluated.

The hourly variations of the horizontal component of geomagnetic field dur-

ing 2000 - 2015 at Tirunelveli (TIR: 8.7°N, 77.8°E, Geom. Lat 0.4°S) and Alibag

(ABG: 18.6°N, 72.9°E, Geom. Lat. 9.9°N), obtained from IIG, Mumbai, are used
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to determine the strength of EEJ (= ∆HTIR−∆HABG) during this period follow-

ing the methodology discussed in Chapter 2. The EEJ values on geomagnetically

quiet days of each month are averaged to obtain the quiet time EEJ strength of

the month along with the standard deviation (1σ). In choosing the quiet days,

it is ascertained that Kp ≤ 3 not only on the reference quiet day but also on the

previous day. This is to ascertain that the reference quiet days are truly “quiet”.

The events are selected based on three criteria: (1) the event occurred dur-

ing the recovery phase of geomagnetic storm with Dst <−50 nT, (2) the event

sustained for at least 3 hours with the reduction in EEJ strength on the event

day being more than the standard deviations of the quiet time variations of the

respective month, (3) throughout the event day (06 - 18 IST), IMF Bz > 0 and

AL >−400 nT. On applying these stringent criteria on hourly EEJ variations

during 2000 - 2015, three cases are identified in which the DD effects are found

to be very significant (the reduction in EEJ strength is more than the 2σ level).

These three events occurred on 03 September 2000, 18 September 2000 and 23

October 2003, and will be discussed in detail. The reduction in the EEJ strengths

is between 1σ and 2σ levels for the other 10 cases.

In order to study the effect of DDEF on plasma distribution, the global maps

of Total Electron Content (TEC) on the event days are compared with the mean

quiet time TEC maps for the respective months. These TEC values are obtained

from NASA CDAWeb. Further, the solar EUV flux levels are also evaluated

to examine the possible contribution of changes in EUV flux levels. The daily

averaged values of solar EUV flux are obtained based on the Solar EUV Mon-

itor (26 - 34 nm) on board SOHO satellite (https://dornsifecms.usc.edu/

space-sciences-center/).

5.3 Results

As stated earlier, three events with significant variations in EEJ under the in-

fluence of DDEF are presented in this work. Henceforth, for convenience, the

DD events on 03 September 2000, 18 September 2000 and 23 October 2003 are

https://dornsifecms.usc.edu/space-sciences-center/
https://dornsifecms.usc.edu/space-sciences-center/
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referred to as events 1, 2, 3 respectively. These events are described in sequence

(Figures 5.1 - 5.3) in the following paragraphs. In order to know the history of

the event, figures provide the relevant informations not only on the event day

but also on the previous day. In Figures 5.1 - 5.3, the hourly variations in IMF

Bz, Dst, AE/AU/AL and EEJ (on the day of event and on the previous day) are

plotted sequentially from top to the bottom. The black, orange and dark green

coloured solid lines with dots are used to mark respective variations in IMF Bz,

Dst and AE indices. The AU and AL variations are marked by filled areas above

and below the zero level respectively with the light green colour. The quiet time

average EEJ strength of the month and the 1σ variation for each point are shown

with blue colour shades in the bottom panel of Figures 5.1 - 5.3. Both UT and

IST are given in all the figures.

5.3.1 Event-1 (03 September, 2000)

The DD event on 03 September, 2000 is depicted in Figure 5.1. It may be noted

that, IMF Bz turned southward in the early morning hours of the previous day

(02 September, 2000) and remained so until midnight. During this time, main

phase of a geomagnetic storm is observed with Dst index intensifying up to ∼−55

nT at 2100 IST on 02 September, 2000 which is followed by recovery phase of

the geomagnetic storm. Further, the variations in AU and AL are ∼200 nT and

∼−400 nT since morning till midnight on 03 September, 2000. The EEJ strength

on this day is mostly closer to the quiet time values (within 1σ variations) except

for some time when the EEJ strength decreased below the 1σ level.

Event 1 occurred on the next day during the recovery phase of the geomag-

netic storm. From dawn to dusk hours on this day (03 September), IMF Bz is

continuously northward, and activities in auroral electrojets are negligible (mag-

nitudes of AU/AL and AE are within 100 nT). However, significant reduction in

the EEJ strength is observed compared to the monthly average quiet time level.

The peak value of EEJ remained closer to 35 nT which is almost one-third of

the quiet time peak EEJ level of 105 nT for this month. Interestingly, reduction

in EEJ strength from quiet time level is even beyond the 2σ variations varia-
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tion during 0900 - 1300 IST (highlighted with yellow coloured rectangular box in

Figure 5.1).
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Figure 5.1: The geophysical conditions for event 1 (03 September 2000, on right)

and a day prior to it (02 September 2000, on left). From the top to bottom are:

(a) hourly values of IMF Bz, (b) Dst, (c) AL & AU, and (d) EEJ along with average

quiet time EEJ values of the month with standard deviations (blue coloured shaded

area). The time interval during which reduction in EEJ on the event day is more

than 2σ is marked with yellow rectangular box.
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5.3.2 Event-2 (18 September, 2000)

Figure 5.2 depicts the variations of IMF Bz, Dst, AE/AU/AL and EEJ during

Event 2 and on the previous day (17 September). In this case, IMF Bz turned

southward during 0200 - 0500 IST on 17 September and remained closer to zero

afterwards. During 0200 - 0500 IST on 17 September, auroral electrojet activity

also got enhanced. The EEJ strength on this day exceeded the 1σ variation of

the quiet time level during noon time.
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Figure 5.2: Same as Figure 5.1 but for event 2 (18 September 2000, right panel)

and a day prior to it (17 September 2000, left panel).
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On the event day (i.e. 18 September), IMF Bz turned significantly southward

(∼−25 nT) at 0300 IST. This is accompanied by the main phase of a strong

geomagnetic storm as indicated by the Dst index that got enhanced up to ∼−200

nT at 0500 IST. The variation of the Dst index after this time indicates the onset

of the recovery phase. Importantly, the main phase of the geomagnetic storm was

also accompanied with strong intensification of auroral electrojet activity. During

0200 - 0600 IST, the strengths of AU and AL increased to about 550 nT and−1100

nT. During 0600 - 1800 IST on the event day, IMF Bz was northward, and AL did

not exceed ∼−300 nT. However, the strength of EEJ decreased drastically during

1200 - 1500 IST (yellow coloured rectangular box in Figure 5.2) and went even

below the 2σ variations of the quiet time level. As a consequence, the direction

of electrojet current got reversed during 1300 - 1500 IST giving rise to a CEJ

event. The CEJ in this case was significantly strong and its peak value reached

as high as ∼−50 nT.

5.3.3 Event-3 (23 October, 2003)

On the previous day (i.e. on 22 October, 2003) of the Event 3, IMF Bz was

southward on a number of occasions and during those intervals, IMF Bz was

∼−4 nT. In addition, auroral electrojet activities were significant (AU ∼200 nT

and AL∼−500 nT) throughout this day. A geomagnetic storm was already in

progress as indicated by the Dst index and the recovery phase of this storm started

after mid-day. The EEJ strength on this day is mostly closer to the quiet time

level (within 1σ variation) except for some time during the afternoon hours.

The DD event (Event 3) occurred on the next day (23 October) when IMF

Bz was northward and the auroral electrojet activities were minimal (AU/AL

magnitudes below 100 nT). However, the EEJ strength decreased even below the

2σ variation from the quiet time level of the month during 1000 - 1500 IST (yellow

coloured rectangular box in Figure 5.3) and similar to Event 2, a CEJ occurred

during afternoon hours with its peak strength ∼−20 nT.
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Figure 5.3: Same as Figure 5.1 but for event 3 (23 October 2003, right panel) and

a day prior to it (22 October 2003, left panel).

The temporal changes in the EEJ strengths for events 1 - 3 from the respective

quiet time levels of the month are obtained. It is to be noted that the present

work focuses on reductions in EEJ strength due to disturbance dynamo. In order

to remove the possible contributions of day-to-day variations from the reductions

in EEJ strength, the lower envelope (−1σ level) of quiet time variations (marked

in Figures 5.1 - 5.3) is taken as reference level for calculating the changes in EEJ.

Thus, changes in EEJ, ∆EEJ(t) = EEJEventday(t) − [EEJAvg.quiet(t) − 1σ(t)].
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Temporal changes in the ∆EEJ for events 1 - 3 are depicted in Figure 5.4(a -

c). For events 1 - 3 the maximum strength of ∆EEJ are about −52 nT, −93 nT

and −56 nT at 1100 IST, 1300 IST and 1400 IST, respectively.
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Figure 5.4: Temporal variation of change in EEJ, ∆EEJ(t) = EEJEventday(t) −

[EEJAvg.quiet(t) − 1σ(t)] for Events 1, 2 and 3 are depicted in (a), (b) and (c) re-

spectively.

Yamazaki and Kosch [2015] considered about 1300 geomagnetic storm events

and provided the average values of changes in EEJ strength from quiet time level

over Indian sector. In their study, the reductions in EEJ after about 4 - 5 hrs

(treated predominately due to disturbance dynamo) are found to be within −30

nT. The reductions in EEJ observed on events 1 - 3 are significantly larger. Thus,

these studies indicate that the occurrence of such events is small in number. It

may be noted that as the quiet time reference variations changes with local time,
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the maximum ∆EEJ occur at slightly different local times compared to the time

of minimum in actual EEJ variations depicted in Figures 5.1 - 5.3.

In order to compare with the model estimations of disturbance dynamo elec-

tric field, it is important to know the magnitude of the westward electric field

perturbations for the three events under consideration. Based on the method de-

scribed in Chapter 2, the reductions in the electric fields are estimated for Events

1 - 3 corresponding to the maximum strengths of ∆EEJ . The estimates of zonal

electric field perturbations for events 1, 2 and 3 are −0.7±0.2, −1.2±0.3 and

−0.8±0.2 mVm−1 respectively. It is to be noted that the solar EUV flux on all

three cases remained on the same level (within 5%) as on the quiet days of the

respective months. Therefore, the changes in EEJ are driven by the changes in

electric fields only.

The electric field changes over the dip-equator due to DD are expected to

suppress the plasma fountain affect over low latitudes. In order to verify this

aspect, the global TEC maps are generated corresponding to the time that is ∼2

hrs after the maximum reduction in ∆EEJ for the events 1 - 3. This is to account

for the time associated with plasma diffusion processes [Sanatani , 1966] described

earlier in Chapter 4. For comparison with the event days, the mean quiet time

TEC maps for the respective months are also generated for the same local time

as that of the event day. Figure 5.5 depicts the global TEC maps on the event

day (right panel) and mean quiet time level of the respective months (left panel).

Locations of the dip-equator along with ±10° and ±20° dip-latitudes are drawn

with the black colored solid, dashed and dotted curves, respectively. It can be

noticed that the crests of the plasma fountain are well separated during quiet

periods. However, on the event days, the crests are not well separated indicating

the weakening of plasma fountain effect under the influence of westward DDEF.

This indicates towards the weakening of the plasma fountain effect under the

influence of significant DDEF.
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Figure 5.5: Global TEC maps on event day (right) and mean quiet time level for

the respective months (left). The TEC maps corresponding the time that is about

2 hrs after the maximum changes in ∆EEJ for events 1 - 3 are depicted from top

to the bottom. Locations of the dip-equator along with ±10° and ±20° dip-latitudes

are drawn with the black colored solid, dashed and dotted curves, respectively.

The TEC values are in units of TECU, wherein 1 TECU = 1016 electrons m−2.

5.3.4 Other cases

The three cases presented so far pertain to the equinoctial months and high solar

activity period. By relaxing the selection criterion in which reduction in EEJ is

more than 2σ to a criterion in which reduction in EEJ is between 1σ and 2σ and

keeping the rest of the criteria intact, 10 more cases are identified. These cases

are tabulated in Table 5.1 in which the dates, time interval (IST) during which

reduction in EEJ is between 1σ and 2σ, and the maximum zonal electric field

corresponding to maximum strength of ∆EEJ are shown.
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It can be seen from Table 5.1 that out of 10 cases, 9 cases pertain to the high

solar activity period and 6 cases pertain to the equinoctial months. Therefore, it

is clear that the effects of DD on equatorial ionosphere are more prominent during

equinoctial months in high solar epoch. These cases are not discussed further as

the focus of the present investigation is to address the significant (more than 2σ)

reductions in EEJ strength under the influence of DD. The maximum changes in

electric fields, corresponding to the changes in EEJ, are also listed in Table 5.1.

It is to be noted that, on most of the events, solar EUV flux remained at the

same level (within 5%) as on the quiet days of the respective months barring 24

September 2001, 20 January 2005 and 08 March 2012. Therefore, the changes in

EEJ, on most of the events, are driven by the changes in electric fields only.

Time-interval (IST) during Maximum change in

Date which reduction in EEJ zonal electric field

is between 1σ and 2σ (mVm−1)

13 August 2000 10 - 12 −0.24

25 January 2001 13 - 16 −0.29

14 September 2001 09 - 13 −0.38

24 September 2001 13 - 15 −0.15

25 March 2002 10 - 12 −0.25

05 November 2003 14 - 16 −0.44

20 January 2005 12 - 15 −0.17

08 March 2012 11 - 15 −0.39

18 March 2013 11 - 13 −0.21

31 October 2013 11 - 14 −0.10

Table 5.1: Details of the events in which reduction in EEJ is between 1σ and

2σ. The maximum change in electric field is estimated (with 25% uncertainty)

corresponding to maximum strength of ∆EEJ .
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5.4 Discussion

Three examples are presented in this investigation revealing significant reduction

in the strength of EEJ (occurrence of CEJ in two cases) in the recovery phase of a

geomagnetic storm without any prompt electric field perturbations. Subsequent

to the disturbances in the auroral electrojet at an earlier time, these reductions

in EEJ occurred with varying time delays. This suggests the influence of west-

ward electric field perturbations on the equatorial ionosphere due to DD effect.

Westward electric field influences on the equatorial ionosphere during daytime

can also arise due to overshielding condition [e.g., Wolf et al., 2007; Simi et al.,

2012] wherein IMF Bz suddenly turns northward after being stably southward

for some time. This is not the case here. As there were minimal AE/AU/AL

activities on all the three event days, the role of substorms [Kikuchi et al., 2003]

in causing the reduction in EEJs can also be ruled out.

Recently, it is shown [Rout et al., 2018] that even in absence of a typical

geomagnetic disturbances (i.e., Dst > 0 and AL >−400 nT), significant changes

can occur in EEJ and low latitude electric fields. These perturbations are shown

[Rout et al., 2018] to be driven by Prompt penetration/Overshielding electric

fields due to the passage of the sheath region of Interplanetary Coronal Mass

Ejection (ICME) when the IMF Bz flip-flops between the positive and negative

values in quick successions. In order to rule out this possibility, the IMF Bz

values with 1 minute temporal resolution are looked into. It is found that, during

events 1 - 3, the IMF Bz values with even 1 minute resolution are continuously

northward (except being about −2 nT for two minutes at ∼0930 IST for event

1). Therefore, the role of fast fluctuating IMF Bz to cause electric field changes

over low latitudes in these cases can be ruled out.

It is known that the sudden stratospheric warming (SSW) events can drive

perturbations in the ionospheric electric field [Fejer et al., 2010] and current

[Sridharan et al., 2009]. The list of major SSW events during 1958 - 2013 is

provided by Butler et al. [2017]. It is verified that neither events 1 - 3 nor those

listed in Table 5.1 occurred during the period of SSW events. Therefore, the role

of SSW in causing electric field changes in these cases can be ruled out.
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Sr no. Station Geog. Lat. Geog. Lon. Geom. Lat.

1 Novosibirsk 55.0°N 82.9°E 45.2°N

2 Alam Ata 43.3°N 76.9°E 33.9°N

3 Kashi 39.5°N 76.0°E 30.3°N

4 Golmud 36.4°N 94.9°E 26.0°N

5 Silchar 24.9°N 92.8°E 14.7°N

6 Ujjain 23.2°N 75.8°E 14.1°N

7 Nagpur 21.2°N 79.1°E 11.9°N

8 Alibag 18.6°N 72.9°E 9.9°N

9 Visakhapatnam 17.7°N 83.3°E 8.1°N

10 Pondicherry 11.9°N 79.9°E 2.6°N

11 Tirunelveli 8.7°N 77.8°E 0.4°S

12 Tuntungan 3.5°N 98.6°E 6.8°S

13 Martin De Vivies 37.8°S 77.6°E 46.4°S

14 Port Aux Francais 49.4°S 70.3°E 56.9°S

15 Mawson 67.6°S 62.9°E 73.1°S

Table 5.2: Magnetometer stations used to obtain latitudinal variations in Ddyn.

In order to ascertain that ∆EEJ during events 1 - 3 are associated with

DD caused by global scale disturbed winds, the reductions in the horizontal

component of geomagnetic field from the average quiet time levels at different

latitudes are investigated. As the present investigation pertains to DD effects

over the Indian sector, the changes in horizontal component of magnetic field

[Ddyn = ∆H − SR − Dst × cos(L)] are obtained for stations situated along

the Indian geographic meridian (Geog. Lon. 80° ± 20°E). This method is same

as that used by Le Huy and Amory-Mazaudier [2005], Zaka et al. [2009] and

Amory-Mazaudier et al. [2017] except for the fact that the construction of quiet

time reference curve consists of a number of quiet days instead of a single quiet

day. Following this method, Ddyn is calculated for the magnetometer stations

from geomagnetically high to low latitudes. These stations are listed in Table
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5.2 with geographic coordinates and geomagnetic latitudes. The data for these

stations are obtained from WDC, Kyoto and IIG, Mumbai.

The variations in Ddyn for the events 1 - 3 with geomagnetic latitude are

depicted in Figure 5.6 with blue, red and black colours respectively. These lati-

tudinal profiles correspond to the times when magnitude of ∆EEJ is maximum

(at 1100 IST, 1300 IST and 1400 IST for events 1, 2, and 3 respectively) for each

event. It is to be noted that the positive Ddyn corresponds to southward devi-

ation in geomagnetic field compared to the quiet level. On all three events, the

latitudinal variations are similar to those obtained by Zaka et al. [2009]. The re-

ductions in Ddyn are maximum over geomagnetic equator (Tirunelveli) and have

opposite polarity compared to those for higher magnetic latitudes. This confirms

the flow of an “anti-Sq” current system driven by the disturbance dynamo.
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Figure 5.6: Latitudinal variations of the reduction in magnetic field (Ddyn) for

Events 1 (blue), 2 (red) and 3 (black). The values correspond to the time at which

the strength of ∆EEJ is maximum for Events 1 (1100 IST), 2 (1300 IST) and 3

(1400 IST).



122 Daytime effects of disturbance dynamo on EEJ

In order to compare the estimates of electric fields with earlier modeling stud-

ies on DDEFs, it is worthwhile to discuss the results obtained by the earlier work-

ers [e.g., Blanc and Richmond , 1980; Fejer et al., 2008b]. Based on the empirical

models of DD [Fejer and Scherliess , 1995; Scherliess and Fejer , 1997; Fejer et al.,

2008b], the maximum perturbations in vertical drift were reported to be stronger

during night time (∼20 ms−1) and weaker in daytime (∼−10 ms−1). These val-

ues correspond to electric field perturbations of ∼0.5 mVm−1 during nighttime

and ∼−0.25 mVm−1 in daytime. On the other hand, the investigations based

on the theoretical models of DD [Blanc and Richmond , 1980; Richmond et al.,

2003; Huang et al., 2005; Huang , 2013] revealed that the DDEF perturbations

in daytime are below −0.5 mVm−1. Huang and Chen [2008], based on numer-

ical simulation, obtained the maximum DDEF perturbation to be within −0.5

mVm−1 during daytime over the geomagnetic equator. As discussed in earlier

studies [e.g., Blanc and Richmond , 1980; Fuller-Rowell et al., 2002; Richmond

et al., 2003; Huang et al., 2005], DDEF is generated by the westward and equa-

torward wind systems in both the hemispheres due to the Joule heating over

the auroral regions subsequent to geomagnetic disturbances. The altered circu-

lation patterns in each hemisphere generate an anti-Sq current system over the

low latitude region that positively charges the low latitude ionosphere especially

around the local midnight hours. Therefore, the DDEF effects are usually ex-

pected to be maximum during local midnight hours [Fuller-Rowell et al., 2002].

During daytime, these positive charges that are built up due to the Pedersen and

Hall currents associated with westward and equatorward circulation, get mostly

shorted out by large E-region conductivities [Huang , 2013]. Further, as the dis-

turbance winds over both the hemispheres will experience comparable drag forces

during equinox, competing hemispherical effects will be minimum during equinoc-

tial months. Hence the DDEF effects are expected to be more in equinoctial

months [Huang , 2013]. During solstices, the DDEF effects may get reduced over

the dip equatorial region depending on the strength of the trans-hemispherical

winds. Further, the disturbance DDEF generation is dependent on solar epoch,

with higher magnitude during high solar epoch [Scherliess and Fejer , 1997]. The
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impact of DD is expected to affect the equatorial ionosphere 6 - 15 hrs after the

onset of AE activity [Fejer and Scherliess , 1995; Huang and Chen, 2008].

In the present investigation, events 1 - 3 occurred in equinoctial months during

high solar epoch. In addition to these events, 6 out of 10 events listed in Table

5.1 occurred in equinoctial months and 9 occurred in high solar epoch. Therefore,

the present observations are consistent with the prevalent understanding as far as

the season, solar epoch and the polarity of disturbance dynamo perturbations are

concerned. The magnitude of reduction in electric field for events listed in Table

5.1 are below 0.5 mVm−1. However, for events 1 - 3, the magnitudes of reduction

in electric field are 0.7±0.2, 1.2±0.3 and 0.8±0.2 mVm−1. Therefore, the values

obtained on events 1 - 3 are unusually large compared to the earlier estimates of

daytime DDEF based on theoretical and empirical models. This suggests towards

a possible additional contribution for the reduction of electric field. In order to

investigate this possibility, Figure 5.7 is presented.

Figure 5.7 depicts hourly variations of the strength of EEJ on 147 geomag-

netically quiet days during September-October months under solar maximum

condition. Figure 5.7 does not contain events 1 - 3 and the cases presented in

Table 5.1. In Figure 5.7, the EEJ variations on individual quiet days are depicted

by gray and multi coloured curves. The mean EEJ strength and 1σ variation

are depicted by black coloured curve and vertical bars, respectively. The obser-

vations on most of the days follow the average quiet time pattern of generally

rising from 0700 IST onwards and reaching peak value of 80± 30 nT at 1100 IST

before gradually falling to zero level around 1900 IST. However, on quite a few

days, the EEJ values during afternoon hours are substantially reduced below 1σ

variations and become closer to zero or negative. These are selectively marked

with multicoloured lines in Figure 5.7. It is important to note that the peak EEJ

strength on these days are also less than the 1σ variations and occurred earlier in

local time. This essentially indicates towards the influence of semi-diurnal tides

in generating the quiet time dynamo electric field. Under these circumstances,

the quiet time reference curve may not be truly representative of the processes

occurring on these days and this may bias the estimation of DDEF.
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Figure 5.7: Temporal variations of EEJ on 147 geomagnetically quiet days (gray

and multi-colour) during September-October months under high solar epoch and

it’s average variation (black) with standard deviation (1σ values with vertical bars).

The multi-coloured lines depict the EEJ variations on days in which EEJ values

are continuously below 1σ variations during afternoon hours.

Earlier theoretical [Forbes and Lindzen, 1976; Hanuise et al., 1983; Marriott

et al., 1979; Stening , 1989b] and experimental works [Gurubaran, 2002; Sridharan

et al., 2002; Bhattacharyya and Okpala, 2015] acknowledged the contribution of

semi-diurnal tides in altering the electric fields primarily generated by the diurnal

tides over the equatorial region. Although the influence of semi-diurnal tides is

more prominent during solar minima [Chakrabarty et al., 2014; Pandey et al.,

2018], Figure 5.7 suggests that the influence of sem-diurnal tides during solar

maxima cannot be ruled out on occasions. In fact, in Chapter 4, it is shown that

the high occurrence of CEJ events over India during afternoon hours in June

solstice under low solar epoch are due to westward Sq electric field and argued

that it is due to the influence of semi-diurnal tides. It is evident from Figure 5.7

that the quiet time CEJ events during equinox in solar maximum period occur
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mostly between 1500 IST and 1800 IST. However, the maximum reductions in

EEJ on events 1 - 3 occurred during 1100 - 1400 IST (see Figure 4). Therefore,

it is suggested that the large reductions in electric fields on events 1 - 3 are

probably due to combined effects of DDEF and semi-diurnal tides. In absence

of observations of winds during events 1 - 3, this aspect could not be verified at

present. Future, investigations are needed to confirm this proposition.

5.5 Summary

Based on 16 years of EEJ data over India, three cases of unusually large distur-

bance dynamo events over equatorial latitudes are identified. It is found that

the prominent cases of unusually large disturbance dynamo electric field events

mostly occurred during equinox and high solar activity period. Based on the

reduction in EEJ strength, it is estimated that the westward electric field per-

turbations for these cases lie in the range of 0.7± 0.2 - 1.2± 0.3 mVm−1 during

daytime. These electric field perturbations during daytime are significantly larger

than the existing disturbance dynamo model estimates reported so far [e.g., Fejer

et al., 2008b; Huang and Chen, 2008] and are comparable to nighttime distur-

bance dynamo effects. It is suggested that detailed modeling investigation that

takes into account the role of semi-diurnal tidal influence on equatorial ionosphere

is needed to quantify the role of disturbance dynamo on equatorial ionosphere

during daytime.





Chapter 6

Estimation of nighttime E-region

current density over dip-equator

Excerpt

In previous chapters, the observations of equatorial electrojet are obtained from

the magnetic field measured by ground-based magnetometers after subtracting

the average nighttime values. This is with the assumption that during nighttime

the ionospheric current over low-latitudes is negligibly small. However, existence

of such current and its possible strength is one of the unresolved issues in iono-

spheric physics and geomagnetism. A detailed investigation is carried out to esti-

mate the same over Indian longitudes using rocket borne in-situ measurements of

E-region electron density and zonal current density from Thumba (8.5°, 76.9°E),

empirical plasma drift model [Fejer et al., 2008a] and equatorial electrojet model

developed by Anandarao [1976]. This investigation reveals that the nighttime

E-region current densities vary from ∼0.3 to ∼0.7 µAm−2 during pre-midnight to

early morning hours under geomagnetically quiet conditions. The nighttime cur-

rent densities over the dip equator are estimated using three different methods

involving theoretical model and measurements (discussed in methodology sec-

tion). The values obtained are found to be consistent with one another within

the uncertainty limits. Altitude structures in the E-region current densities are

also noticed which are shown to be associated with those in the electron densi-

127
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ties. The horizontal component of the magnetic field induced by these nighttime

ionospheric currents is estimated to vary between ∼2 and ∼6 nT during geomag-

netically quiet periods. This investigation confirms the existence of nighttime

ionospheric current and opens up a possibility of estimating base line value for

geomagnetic field fluctuations as observed by ground-based magnetometer.

6.1 Introduction

The strengths and variations of EEJ currents during daytime had been derived

in detail using rocket borne magnetometer measurements over Indian [e.g. Sas-

try , 1970; Sampath and Sastry , 1979, and references cited therein], Peruvian [e.g.

Davis et al., 1967; Shuman, 1970] and Brazilian [e.g. Pfaff et al., 1997, and refer-

ences cited therein] longitudes. Systematic observations of the electrojet current

strengths during daytime were obtained by ground-based magnetometers [e.g.

Rastogi and Iyer , 1976]. Satellite borne measurements of these current densities

during daytime [Jadhav et al., 2002; Lühr et al., 2004, etc.] are also available.

However, the existence (or the lack of it) of the possible ionospheric current dur-

ing nighttime and its characteristics over low-equatorial latitudes are not well

understood. This is because of the fact that during nighttime, the ionospheric

E-region plasma density decreases drastically. As a consequence, the midnight

values of Sq current are generally taken as the base line for the overhead equiv-

alent ionospheric current system. However, based on theoretical calculations,

Takeda and Araki [1985] concluded that the ionospheric Sq currents flow west-

ward in the nighttime during high solar activity period and their contribution

to the geomagnetic Sq field is about 1/10 of the maximum Sq variation. On the

other hand, the nocturnal currents are shown to be weak during low solar activity

period and below the detection limit. In addition, Campbell [1973] and Mayaud

[1976] found that the geomagnetic variations during nighttime are not negligible

on many occasions. Campbell [1979] suggested that the ground geomagnetic vari-

ations during nighttime may be present even during apparently quiet conditions.

Matsushita and Maeda [1965] used the daily mean as the base level to be repre-
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sentative of the zero Sq current and showed the presence of significant nighttime

ionospheric current. On the other hand, if the nighttime Sq level is taken as the

base value, as in Matsushita [1968], it would imply zero ionospheric current during

nighttime. Therefore, determination of the base geomagnetic level is important

to determine the nighttime E-region current over low-equatorial latitudes.

Based on only a single rocket flight, Davis et al. [1967] inferred small westward

current in E-region (corresponding to magnetic variation of about 6 nT on the

rocket borne magnetometer) during midnight hours around 100 km altitude over

the Peruvian dip equatorial sector. This inference was derived using the data

obtained from the ascent and descent phases of the rocket flight. After a few

days, under similar geomagnetic conditions, Shuman [1970] did not detect any

significant current over the same place and around the same local time during

the descent phase of the rocket, although the resolution of the magnetic measure-

ments was slightly better (5 nT). It is to be noted here that the magnetometer

measurements are not expected to alter significantly depending on the ascent and

descent phases of the rocket as current integrated over large area is measured.

Thus, considering that rocket wake does not modify the magnetometer measure-

ments, the results of Shuman [1970] is in contradiction with the results of Davis

et al. [1967]. Over the Indian dip equatorial sector (Thumba), in situ measure-

ments of zonal current density at three different times (pre-noon, post-noon and

pre midnight) on 29 August 1968 were reported by Sastry [1970]. Figure 6.1 de-

picts the altitude profiles of zonal current densities obtained from sounding rocket

experiments conducted at 1108 IST, 1415 IST and 2300 IST. Around noon hours,

the strength of current density was ∼9.4 µAm−2. Whereas, at night the mag-

netic field strengths were observed to be within the measurement uncertainties

(∼4 nT) and the nighttime currents were concluded [Sastry , 1970] to be absent.

Onwumechili [1992a] compiled the available in situ measurements of ionospheric

current density over the globe and the nighttime current over the dip equatorial

region was suggested to be absent.
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Figure 6.1: Altitude profiles of zonal current densities measured using sounding

rocket flight experiments conducted at 1108 IST, 1415 IST and 2300 IST on 29

August 1968 [after Sastry , 1970].

The above observations pose an uncertainty on the magnitude of the current

that can be expected to flow through the equatorial E-region during nighttime.

Further, as suggested by Haerendel and Eccles [1992] and Eccles et al. [2015], the

generation of pre-reversal enhancement (PRE) of the equatorial F-region zonal

electric field will depend crucially on the closure of the F-region dynamo current

through the E-region in the low and equatorial latitudes. Therefore, determina-

tion of nighttime E-region current is essential to understand the underlying pro-

cesses that couple E and F regions over low-equatorial latitudes during nighttime.

There was an attempt by Stening and Winch [1987] to estimate the ionospheric

current using the in situ measurements of electron density, obtained over Thumba

[Prakash et al., 1970], and with a fixed zonal Sq electric field of −0.3 mVm−1.

Figure 6.2 depicts the nighttime current density estimated by Stening and

Winch [1987]. The maximum magnitude of current density was found to be up

to 0.28 µAm−2 around 102 km. Thus, based on current density estimate on this



6.1 Introduction 131

0 0.05 0.1 0.15 0.2 0.25 0.3

Current density ( Am-2)

90

100

110

120

130

A
lti

tu
de

 (
km

)

Westward electric field = 0.3 mVm -1

Electron density profile from flight 20.08

Figure 6.2: An altitude profile of nighttime current density estimated by Stening

and Winch [1987].

occasion, Stening and Winch [1987] concluded the flow of a finite ionospheric

current during nighttime. Further, Rastogi et al. [1996] reported that the noctur-

nal variation of horizontal geomagnetic field over Huancayo showed remarkable

similarity with corresponding variation of ionospheric electric field determined by

Doppler radar. This indicates a finite nighttime ionospheric current which can

be inferred by ground-based magnetometer. However, it is difficult to separate

ionospheric and magnetospheric components from these magnetometer measure-

ments in spite of the resolution being 0.1 nT in the present digital magnetometer

systems as their effects are comparable on ground during nighttime. It is not clear

whether the ground-based magnetometer measurements during nighttime, even

in magnetically quiet times, are free from the contributions from magnetosphere.

During geomagnetically disturbed period, many authors [e.g. Matsushita, 1971;

Onwumechili and Ezema, 1977; Chakrabarty et al., 2005] had indicated the non-

ionospheric (magnetospheric) origin of the currents responsible for the magnetic

fluctuations observed at the ground. Therefore, a comprehensive understanding
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on the magnitude of the nighttime E-region current and its variation with time

is missing till date although the nighttime horizontal component of the magnetic

field measured by the magnetometers is being used as base or reference value for

determining the daytime electric fields [Rastogi and Patil , 1986]. These variations

in the reference value during magnetically disturbed period make matters worse

with regard to the determination of the daytime electric fields is concerned.

Given the above background, it is imperative that knowledge about the changes

in nocturnal ionospheric current during geomagnetically quiet time is essential to

comprehensively understand the equatorial electrodynamics. In this context, the

present investigation is important as it provides estimation of the equatorial E-

region current at a few local nighttimes by different methods using experimental

data and modeling investigations.

6.2 Details of observations and other inputs

In the present investigation, electron densities and plasma wave information ob-

tained from six rocket flights containing Langmuir probe system with high fre-

quency response [Prakash and Subbaraya, 1967; Subbaraya et al., 1983, 1985]

conducted over Thumba, during 1967 to 1975, are utilized as inputs. In addi-

tion, in situ measurements of zonal current density [Sastry , 1970; Sampath and

Sastry , 1979] using magnetometer on board two rocket flights over Thumba are

used. Throughout this work, time corresponds to local time (LT) which, for

Thumba (76.9°E) is about 22 min behind the Indian Standard Time, IST (time

corresponding to 82.5°E).

It is important to note here that simultaneous measurements of electron and

current densities were obtained on 29 August 1968 at 1353 LT [Subbaraya et al.,

1972] and 3 March 1973 at 1158 LT [Sampath and Sastry , 1979]. The red and

black coloured curves in Figures 6.3a and 6.3c depict measured current and elec-

tron densities. The zonal plasma drifts, calculated using these simultaneous mea-

surements, are depicted in Figures 6.3b and 6.3d. These zonal drifts are used to

calculate the value of R (= σH/σP ) which is subsequently utilized to estimate the
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nighttime current densities (method discussed in section 6.3.1). Note that these

two rocket flight experiments belong to high (yearly averaged F10.7 index in year

1968 is ∼150 sfu) and low (yearly averaged F10.7 index 1973 is ∼90 sfu) solar

activity periods. Since R is independent of electron densities (to be discussed

later), average values of R are utilized to compute the altitude profiles of night-

time current densities. The validity of using these R values to the nighttime is

discussed in section 6.3.1.
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Figure 6.3: Altitude profiles of current and electron density simultaneously mea-

sured at 1353 LT and 1158 LT [from Subbaraya et al., 1972; Sampath and Sastry ,

1979]. Zonal plasma drifts obtained based on these measurements.
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The observed presence of Two-stream waves in the electron density measure-

ments [e.g. Farley , 2009] is also used to give the physical estimate of minimum

strength of nighttime current density that must be present over the altitude range

wherein Two-stream waves were detected. The generation of Two-stream wave

is shown [Sekar et al., 2013] to be possible only when the dip angle (I)< 1.5°.

The present investigation makes use of the electron density observations from

Thumba during 1967 to 1975 wherein the dip angle was between −1.0° and −1.1°

and thus consistent with the conclusion of Sekar et al. [2013]. Further, as the

objective of the present investigation is to find out the nighttime E-region current

density that is a realistic representative of the nighttime base value during quiet

time, the electron density profiles before 2100 LT are avoided to minimize the

contributions from PRE. The other important input parameters are as follows.

i The altitude profiles of neutral density and temperature are taken from NRLMSISE-

00 [Picone et al., 2002] model.

ii The geomagnetic field in altitude-latitude plane is adopted from International

Geomagnetic Reference Field (IGRF)-12 model [Thébault et al., 2015].

iii The vertical drifts corresponding to quiet time Sq electric fields over the dip

equator are taken from F-region vertical plasma drift model of Fejer et al.

[2008a]. The model values are preferred compared to climatology obtained

using the measurements of F-layer movements as the observations were unable

to explain the presence of Two-stream waves observed in the night (for details

see Chapter 3).

6.3 Methods to estimate nighttime current den-

sity

Three different approaches have been adopted to estimate the nighttime current

density in the dip-equatorial E-region. These methods are described in ensuing

subsections and results obtained from these methods are compared in section 6.5.
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6.3.1 Method-1: Based on the ratio R deduced from ob-

servations

In order to estimate the altitude profiles of nighttime current density, the altitude

profiles of electron density and plasma drifts in the zonal direction are needed.

A few measurements of electron density over Indian sector during nighttime are

available in literature [Subbaraya et al., 1983, 1985; Gupta, 1986, 1990]. However,

measurement of background plasma drift in zonal direction is difficult and such

observations are not available over Indian longitudes. Therefore, a methodology

is evolved based on a few assumptions and a coordinate system in which x, y and

z directions are along zonal (positive eastward), meridional (positive northward)

and vertical (positive upward) directions respectively. The assumptions are as

follows,

i. The zonal solar quiet time (ESq)x field does not vary much within the altitude

region of 100 - 120 km.

ii. The ratio R (= σH/σP where σH and σP are Hall and Pedersen conductivities)

remains the same during day and night in all solar epochs.

In the Chapter 3, it is shown that the Fejer et al. [2008a] model drifts repre-

sent the vertical drifts over the Indian sector well barring early morning hours.

Therefore, estimates of nighttime current density are obtained based on above

assumptions and the (ESq)x values corresponding to Fejer et al. [2008a] empirical

model drifts.

To verify the validity of second assumption, the ratio of the conductivities (R)

is estimated using neutral number density and temperature from the NRLMSISE-

00 model, geomagnetic field values from IGRF-12 model and measured altitude

profiles of electron density. Figure 6.4a depicts the altitude profiles of R during

day and nighttimes in solar maximum and minimum conditions. The ratio R is

essentially independent of electron density variations. The variations of neutral

density during day-night and at different solar epochs are not significant enough

to affect R. It is also verified that the R value does not change much even if one

uses other neutral density models [e.g., Jacchia, 1971] instead of NRLMSISE-00
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model. Hence the assumption (ii) is valid for the present purpose of estimation

of nighttime current.

Figure 6.4a reveals that the peak R value is close to 30 around 100 km.

This is similar to the earlier calculation of Anandarao et al. [1977], which also

reveals that these values of R are nearly same around peak E-region even if one

considers the field line integrated values of conductivities. However, the peak

height determined by these theoretical calculations is well known [Forbes , 1981]

to be lower by about 5 km than the height determined from measurements. This

R is also shown to be equivalent to the ratio of electric fields in vertical (Ez) and

zonal (Ex) directions [Anandarao et al., 1977; Sekar et al., 2013] as follows,

R =
Ez
Ex

=
Vx
Vz

(6.1)

where Vx and Vz are the plasma drifts in zonal and vertical directions respectively.

Therefore, to deduce the altitude profile of R by means of experimental ob-

servations, simultaneous measurements of electron (Ne,day) and current densities

(Jx,day) are used. These values correspond to daytime in high and low solar ac-

tivity periods. In addition, the vertical plasma drift (Vz) corresponding to the

local time of rocket flights have been taken from Fejer et al. [2008a] model.

R =
Vx
Vz

=
1

|e|

(
Jx,day
Ne,day

)
1

Vz
(6.2)

where e is the charge of electron.

Figure 6.4b depicts the altitude profiles of R and its errors in high and low

solar activity periods based on the equation (6.2). It is to be noted here that R

values below 100 km are not shown as the current density measurements in that

altitude region are below the sensitivity limit of the rocket borne magnetometer.

From Figure 6.4b, it is clear that the deduced R values remain the same (within

the error limits) for both solar epochs. By taking clue from the theoretical cal-

culation on the invariance of R values during day and night in all solar epochs,

the average value (Ravg) (shown in Figure 6.4c) along with measured nighttime

electron density (Ne,night) and vertical plasma drift (Vz,night) from Fejer et al.
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[2008a] model at the time of rocket flight experiment are used to estimate night-

time current density. The following expression is used to calculate the nighttime

current density (Jx,night),

Jx,night = |e| Ne,night Ravg Vz,night (6.3)

The observed Ne,night values and the empirical plasma drift model values of

Vz corresponding to that local time are used.
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Figure 6.4: Altitude profiles of ratio R obtained based on (a) Hall to Pedersen

conductivities during day and night at different solar epoch, (b) equation (6.2),

using simultaneous measurements of current and electron density during daytime

at high (dotted) and low (dashed) solar activity conditions and vertical drifts from

Fejer et al. [2008a] model corresponding to the time of rocket flights, (c) The

altitude profile of the average values of R shown in Figure 6.4b.
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6.3.2 Method-2: Based on the observation of Two-stream

waves

As mentioned earlier, the dip equatorial E-region ionosphere is characterized by

the generation of Two-stream waves. These plasma waves are essentially gener-

ated when electrons stream through the background ions with velocity exceeding

ion-acoustic speed [Farley , 2009]. The electron densities measured over Thumba

at different local times on several nights show [Prakash et al., 1970; Gupta, 1986]

the presence of Two-stream plasma wave. The threshold plasma drift in the zonal

direction needed to trigger the Two-stream waves is given [Sudan et al., 1973] by,

Vx,min = (1 + χ)cs (6.4)

where cs is the ion acoustic velocity (330 m/s) of the medium and χ is given by,

χ =
νeνi
ΩeΩi

(6.5)

where ν and Ω represent neutral collision and gyro frequencies respectively and

subscripts e and i are used for electron and ions respectively.

The Vx,min values along with the corresponding electron densities are used to

have the physical estimate of minimum strength of current density (Jx,night,min)

that must be present over the altitude range where presence of Two-stream waves

was observed using following expression.

Jx,night,min = |e| Ne,night (1 + χ)cs (6.6)

The observed Ne,night values are used from those rocket flights that detected

Two-stream waves.
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6.3.3 Method-3: Based on the equatorial electrojet model

The details of a equatorial electrojet developed earlier by Anandarao [1976] are

provided in the Chapter 2. This model is used, without invoking the wind effects,

to calculate the nighttime current density in the zonal direction with the inputs

of previously mentioned electron density profiles and E-region Sq electric field

values. Based on the earlier works [Richmond , 1973; Anandarao, 1976; Anandarao

and Raghavarao, 1987; Raghavarao and Anandarao, 1987] during daytime, the

contributions of horizontal winds and shears in them to the zonal current densities

over the dip equator are not found to be significant and are well within the

estimation uncertainty. In the absence of systematic measurements of vertical

winds in the E-region during nighttime, the contribution of vertical wind to the

current density estimates could not be determined.

The inputs to the model are altitude profile of electron densities and (ESq)x

value at a particular time for which the model calculation is made. Further,

the same electron density profile is used at all the latitudes. These inputs are

taken from the in situ measurements of electron densities during nighttime [Sub-

baraya et al., 1983, 1985; Gupta, 1986, 1990] and the empirical model of plasma

drift [Fejer et al., 2008a] over the dip equator corresponding to Indian longitude.

In addition to these, NRLMSISE-00 model of neutral density and temperature

along with IGRF-12 model of geomagnetic field are used for the evaluation of

ionospheric conductivities.

Based on sensitivity studies performed in Chapter 2, it is found that the

maximum uncertainties in the nighttime zonal current density (Jx) and vertical

polarization electric field (Ez) over the dip-equator are less than 21% and 14%

respectively.

6.4 Estimation of induced magnetic field

The magnetic fields induced at ground by ionospheric currents are computed

based on the method described Chapter 2 (equation 2.16). The uncertainty in

the computed magnetic field is less than 22% (see section 2.1.4 of Chapter 2).
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6.5 Results and discussion

As mentioned in section 6.3.1, Figure 6.4 shows that R does not change signif-

icantly with respect to day and nighttime conditions and solar epochs. This

aspect is used subsequently to derive the nighttime E-region current over the

Indian sector.
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Figure 6.5: Altitude profiles of estimated nighttime current densities (black) using

method 1 and equation (6.3), the measured electron density profiles (blue curves)

and Ravg values (see Figure 6.4c). The altitude profiles of nighttime current den-

sities over the dip equator (red colours) using the electrojet model of Anandarao

[1976]. The minimum current density (green) obtained using method 2 and equa-

tion (6.6) over the altitude wherein presence of Two-stream waves was observed.

Subplots (a, b, c and d) correspond to the profiles at various local times when the

nighttime electron density measurements over Thumba during magnetically quiet

conditions were available.
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Figure 6.5 depicts the altitude profiles of westward current densities during

nighttime for geomagnetically quiet conditions estimated using the deduced Ravg

values (black) using equation (6.3), and electrojet model (red) described in Chap-

ter 2, over the dip-equator. The corresponding electron densities measured over

Thumba at different local times on a few nights are overlaid on this figure (blue

coloured curves). In addition, minimum current densities (Jx,night,min) estimated

using equation (6.6) are also plotted in Figure 6.5 (green coloured curves) over the

altitude range wherever the Two-stream plasma waves were observed. The night-

time current density ranges from ∼0.3 µAm−2 near midnight to ∼0.7 µAm−2

during early morning hours. The electrojet model estimated current densities

match well (within the uncertainty limits) with the deduced current density above

altitude region of 100 km.

The present investigation of the estimation of nighttime current density is

based on the in-situ electron density measurements conducted at different solar

epochs and seasons. Thus, it is rather difficult to bring out the local time variation

of nighttime current density as the electron density (Ne) and Sq electric fields

(ESq) vary with these geophysical conditions. Nevertheless, comparison of these

current densities in the subplots of Figure 6.5 advances our understanding in the

following ways,

1. The peak altitudes (see black curves of subplots 6.5b and 6.5d - f) of the

current density deduced using method 1 lie closer to the altitude of 107 km

corresponding to the peak value of R whenever the altitude profiles of electron

density are devoid of large structures between 100 km and 110 km. Thus, the

values of Ravg remains nearly constant. Therefore, the peak values of current

density (Jx,max) are found to vary, from one case to another, linearly with the

variations of Ne and Vz at the peak altitude. The values given in Table 6.1

(obtained using method 1) are found to be consistent with this inference. For

example, by comparing cases 2 and 5 in Table 6.1, the change in Jx is found

to be almost doubled when Ne is nearly doubled without considerable change

in Vz.
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Time and date

Altitude Ne Ravg Downward Westward

Case of peak Jx (cc−1) at Vz Jx,max

No. hp (km) at hp hp (ms−1) (µAm−2)

1 2142 on 15/03/1975 104 5000 20.1 27.4 0.44

2 2208 on 12/03/1967 108 2540 23.5 33.1 0.32

3 2238 on 29/08/1968 109 5790 20.8 16.4 0.32

4 0013 on 03/02/1973 106 2240 24.8 22.2 0.20

5 0522 on 13/03/1967 107 4880 25.3 34.1 0.67

6 0537 on 09/02/1975 106 7356 24.8 19.1 0.56

Table 6.1: The derived values of westward peak current density (Jx,max) using

method 1, altitude (hp) of Jx,max, measured electron density (Ne) at hp, deduced

Ravg at hp and downward vertical drift (Vz) based on empirical model corresponding

to the six rocket flights under consideration.

2. In the absence of altitudinal structures, the altitude gradients in Jx profiles

(above and/or below Jx,max) obtained using the methods 1 and 3 are found

to be larger whenever the Jx values are more (subplots 6.5e and 6.5f) com-

pared to corresponding gradients whenever the Jx values are small (subplots

6.5b and 6.5d). This is consistent with the work of Onwumechili [1992b]

where the strength and thickness of electrojet current density based on

daytime measurements over the dip-equator were shown to be inversely

proportional. However, it must be noted here that the multiple layers in

current density (subplots 6.5a and 6.5c) are often observed during night-

time and determination of the thickness of the peak current layer is not

unambiguous.

3. In the presence of large structures in Ne profile between 100 km and 110

km (subplots 6.5a and 6.5c), the current density maximizes at the altitude

wherever electron densities and Ravg values are optimum. Thus, the peak

current density need not lie around 107 km (refer cases 1 and 3 of Table

6.1).
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4. In the presence of multiple layers in current density profile whenever the

electron density is structured (subplots 6.5a and 6.5c), the altitude of peak

current density can be identified using method 2, as the Two-stream waves

observed by rocket borne measurements usually appear in the vicinity of

the peak current.

5. The peak altitudes determined by method 3 are lower than those obtained

by the other methods whenever the electron densities are devoid of large

structures. However, the altitude profiles of the current densities obtained

from all the three methods go nearly hand-in-hand with one another when-

ever the altitude structures in Ne are present.
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Figure 6.6: Altitude profile of current density obtained corresponding to 2238 LT

based on Methods-1 (black), 2 (green) and 3 (red), and that estimated by Stening

and Winch [1987] in blue.

The blue coloured curve in Figure 6.6 depicts the altitude profile of current

density estimated by Stening and Winch [1987]. This estimation was based on

westward electric field of 0.3 mVm−1 and electron density profile [Prakash et al.,
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1970] obtained using rocket flight experiment conducted at 2238 LT on 29 Au-

gust 1968 from Thumba. In the present investigation, the estimates of westward

current density based on this electron density profile are estimated using three

methods (see Figure 6.5c). The values obtained using these three methods are

overlaid in Figure 6.6. It is to be noted that, around the electrojet altitudes

(∼105 km) the nighttime current density estimated by Stening and Winch [1987]

are smaller than those obtained in the present investigation. Those estimates are

significantly smaller than the minimum westward current density obtained based

on Two-stream waves criteria (green coloured curve). This is probably because of

smaller value of zonal electric field used by Stening and Winch [1987] to compute

the nighttime current density. The electric field assumed by Stening and Winch

[1987] is insufficient to generate Two-stream waves. However, the observation

revealed the presence of Two-stream wave on this night.

In addition to the altitudinal structure in the current densities, the electrojet

model provides latitudinal extents also. As mentioned earlier the altitude profiles

of electron densities and the (ESq)x from plasma drift model are given as inputs

to the electrojet model. Figure 6.7 represents the contour plots of westward cur-

rent densities over the magnetic latitude-altitude plane. The colourbar in Figure

6.7 corresponds to the strength of current densities. As the sensitivity study re-

vealed that maximum progressive uncertainty in the current density obtained by

combining the individual uncertainties of all input parameters is less than 21%,

the difference between successive contours in each subplot is kept at 30% of the

corresponding peak current density values over the dip equator.

Islands of current density contours are seen in subplots 6.7a and 6.7c. These

distinct islands are missing in subplot 6.7e and 6.7f. They are more conspicuous

only when the input electron densities have altitudinal structures. As a result, the

altitude of peak current densities is not well defined. However, when the input

electron densities have less structures the peak current altitude is well defined

and island structures (in the altitude-latitude plane) disappear (subplots 6.7d -

f). Hence, the effect of electron density structures in nighttime electrojet current

needs further attention.
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Figure 6.7: Contours of iso-current density in zonal direction over magnetic

latitude-altitude region obtained using electrojet model of Anandarao [1976] and

measured electron density profiles (blue) over the dip equator. In this model cal-

culation, zonal Sq electric field is chosen from the empirical model of plasma drift

[Fejer et al., 2008a] over Indian longitude. The colourbar represent strength cur-

rent density (A/km2). Current density contours in each subplot are plotted with

steps of 30% of peak values over the dip equator. Subplots (a, b, c and d) corre-

spond to iso-current contours corresponding to electron density measurement at

different local times on a few nights.

In order to examine this effect, the altitude structures in electron densities

measured at 2238 LT on 29 August, 1968 are gradually smoothed by Savitzky-

Golay method [Savitzky and Golay , 1964] in the altitude range of 90 to 120 km.

These electron density profiles along with a single value of (ESq)x are used as

input to the electrojet model and the corresponding current density profiles are

obtained. Figure 6.8 depicts the resulting iso-current density contours along with

the input electron density values. Without smoothing the electron density profile,

the island structures and larger latitudinal extent are observed (see Figure 6.8a)
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in current density contours. Allowing more than 10 km structures between 90 and

120 km, the gaps between the islands have reduced and the latitudinal extent of

the second island around 100 km has considerably reduced (see Figure 6.8b). On

further smoothing of the electron density, the reduction in the latitudinal extent

of current density and disappearance of island structures are noticed in Figure

6.8c. Therefore, the valley and peak in the altitude profile of electron density

in region of 90 to 120 km appears to decide the gap between the islands and

latitudinal extent of contours representing current density.
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Figure 6.8: (a) High resolution plots of iso-current density contours given in subplot

6.6c. The input electron density profile (blue) is also overlaid. (b) and (c) Iso-

current density profiles after progressively smoothing the electron density profile

shown in subplot a) and using them as the input for current density calculation.

The corresponding input electron density profiles are also shown in each subplot.

Current density contours in each subplot are plotted with steps of 30% of the peak

current values over the dip equator. Note: Colourbar scales are adjusted to bring

out the features in current density contours.
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Based on the current density estimates by the electrojet model, the horizontal

component (H) of the magnetic field induced at ground are calculated (based on

method described in section 2.1.2 of Chapter 2) for all the cases depicted in Fig-

ure 6.7. These calculated magnetic fields with uncertainties (marked in orange

colour within red circles) are shown along with the hourly variations in the elec-

trojet strength (represented by black line), derived on the basis of magnetic field

measurements, in Figure 6.9. The strength of horizontal component of magnetic

field induced at ground by these equatorial currents are estimated based on the

magnetic field measurements over dip-equatorial station Trivandrum (TRD) and

off-equatorial station Alibag (ABG) (for details see section 2.5 of Chapter 2).

The hourly values of observed magnetic field induced by the electrojet current on

these days are depicted with black coloured curves.
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Figure 6.9: Ground-based magnetometer measured hourly variation electrojet

strength over Thumba (∆HTRD − ∆HABG in black). Orange dots correspond to

the calculated horizontal component of magnetic field induced over ground by the

nighttime current densities shown in figure 6.7.
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It is well known [Raghavarao et al., 1984] that during nighttime there is a val-

ley in the altitude profile of the electron density centered around 125 - 130 km.

In order to investigate the effect of this valley region on the polarization field

in vertical direction (Ez), an exercise is carried out using the electrojet model

with varying depth of the valley. For this investigation, the electron density mea-

surement obtained at 2238 LT on 29 August, 1968 is first smoothed and then

used as input to the electrojet model with varying depth in the valley region.

Figure 6.10 depicts the resulting contours of polarization field in vertical direc-

tion (Ez), wherein 20% difference of the peak values are maintained by different

contours. However, there is no appreciable change in current densities around

105 km (not shown). It is found that Ez increases around 125 km when there

is a deep valley while it is progressively decreasing as depth of the valley region

decreases. Further, the minimum strength of polarization electric field in vertical

direction required for the generation of Two-stream waves is about 13.8 mVm−1

(Ez = Vx,min ×B) at 105 km.
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The electrojet model calculated Ez values, near the altitude region wherein the

presence of Two-stream waves was observed during measurements, (as provided

in Table 6.2) are found to be consistent with requirement for generation of Two-

stream waves in those altitude region barring a case during morning hours. This

is probably due to the fact that the Fejer et al. [2008a] model values deviate from

the measurements during sunrise time in winter (as mentioned in section 6.3.1).

Time and date Ex (mVm−1) Ez (mVm−1)

2142 on 15/03/1975 −1.03 −18.7

2238 on 29/08/1968 −0.62 −19.1

0537 on 09/02/1975 −0.72 −13.4

Table 6.2: The values of polarization field in vertical direction (Ez in mVm−1)

obtained using electrojet model closer to the altitude of observation of Two-stream

waves and zonal Sq electric field used in the model calculations for the profiles of Ne

used in this measurement wherein the presence of Two-stream waves was observed.

This investigation suggests that the nighttime base value of the horizontal

component of magnetic field during geomagnetically quiet period over the Indian

dip equatorial sector is well within 6 nT if one considers pre-midnight to early

morning hours. However, during magnetically disturbed periods, the horizontal

magnetic field may change during midnight hours in varying degrees owing to

the alteration of ionospheric electric field or modulation of the magnetospheric

current systems. Under such circumstances, it is important that these aspects

are taken into account before any realistic estimation is made on the nighttime

E-region current over the dip equatorial region.
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6.6 Summary

The salient points that emerged from the present investigation are as follows,

1. The nighttime current density deduced from the available electron density

measurements as well as an electrojet model reveals E-region current in the

range of ∼0.3 - 0.7 µAm−2 during pre-midnight to early morning hours on

geomagnetically quiet days.

2. The nocturnal E-region current density strength seems to decrease from the

post-sunset hours to the midnight hours and then increase during early morn-

ing hours.

3. Altitude structures are seen in the nighttime E-region current density and are

shown to be associated with the altitude structures in the electron density.

4. The trough and crest in the altitude structures of the electron density seem

to decide the latitudinal extent and altitudinal stratification of the nighttime

E-region current density.

5. The dip equatorial polarization field in vertical direction obtained from the

electrojet model is shown to be sufficient to drive the observed Two-stream

waves during nighttime in a limited altitude region around 105 km barring

a case during early morning hours. The current density estimated using the

Two-stream wave criterion is found to be well within the estimated currents.

6. The ground magnetometer observed magnetic field variations during quiet time

are well within 6 nT and match fairly well with the calculated induced magnetic

field deduced from the current density (obtained from electrojet model).

7. The well-known dip equatorial nighttime E-region valley in the electron density

around 130 km is shown to increase the polarization field in vertical direction

near this altitude depending upon the depth of the valley.



Chapter 7

Future scope

In the present thesis work, efforts are made to address a few scientific problems

pertaining to low-latitude ionosphere electric fields under geomagnetically quiet

and disturbed conditions. In addition, scientific understanding has been gained

on some of the unresolved long standing problems on equatorial E-region currents.

During these investigations, a few scientific problems have also emerged which

need critical attention in the future. These problems are briefly discussed below.

Though longitudinal structures in ionospheric parameters have been reported

earlier [e.g. Sagawa et al., 2005; Kil et al., 2007; Alken and Maus , 2010], the

vertical drifts are averaged over 15° or 30° longitude bins to develop the global

empirical models [Scherliess and Fejer , 1999; Fejer et al., 2008a]. Therefore, at

the times of large longitudinal gradients, these models may not efficiently rep-

resent the vertical drifts over a particular region. This is noticed for the Indian

sector during early morning hours. At this local time, it is difficult to obtain

the vertical drifts either by using F-layer movement owing to presence of plasma

production processes or by using electrojet strengths owing their minuscule am-

plitudes. Therefore, further investigations are needed to bring out a clear picture

of vertical drifts during early morning hours.

In general, the pre-reversal enhancement (PRE) is observed in vertical drifts

around sunset hours. However, during June solstice in solar minimum, the PRE

is found to be absent over some of the longitude sectors [Scherliess and Fejer ,

1999; Oyekola, 2006], and even the reversed PRE like signatures are noticed over

151



152 Future scope

the Indian [Subbarao and Krishna Murthy , 1994] and African [Oyekola et al.,

2007] sectors. Simulations of suppressed PRE are available in literature [Fesen

et al., 2000; Millward et al., 2001]. However, the modelling studies are required

to understand the generation of reversed PRE.

In Chapter 4, it is shown that at least the quiet time CEJ events that occur

during afternoon hours over Indian sector in June solstice under solar minimum

are part of the Sq current system. In future, detailed investigations are needed

to addresses this issue for CEJ events that occur during morning hours.

In general, the recovery phase a geomagnetic storm is not free from prompt

penetration events. Therefore, it is challenging job to estimate the reductions

in low latitude electric fields driven by the disturbance dynamo (DD) based on

the observations. The changes in electric fields can be affected by enhanced or

reduced tidal activities or contributions of higher order tides. These changes can

act in tandem with DD or opposite to it, as noticed on some cases presented in

Chapter 5. Therefore, the problem of estimating the DD perturbations becomes

even more complex. Therefore, in order to estimate the DD perturbations, the

detailed modelling investigations are needed to account for changes in electric

field driven by variabilities in tidal activities.

As a follow up of the disturbance dynamo study on three extreme cases dis-

cussed in Chapter 5, the electric field perturbations on can be examined using

ionosonde data from Trivandrum. This will throw light on the effects of dis-

turbance dynamo on the equatorial ionosphere during evening and post-sunset

hours.

Earlier investigations on dip-equatorial E-region current density during night

time were sparse [Davis et al., 1967; Shuman, 1970; Sastry , 1970; Stening and

Winch, 1987]. Its estimates are obtained (see Chapter 6) by making use of the

snapshot measurements of electron density profiles obtained on some geomagnet-

ically quiet nights. Therefore, a detailed investigation is needed to estimate the

dip-equatorial E-region current density throughout the night. In view of avail-

ability of the CHAMP satellite data, further investigations on nighttime current

can be carried out to confirm the results obtained during this doctoral work.
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Though the meridional and zonal winds do not affect the current calculations

over the dip-equator, their contributions may not be negligible at off-equatorial

latitudes. Attempts can be made to estimate these off-equatorial currents and

the corresponding magnetic field can be compared with the ground based mag-

netometer measurements.

In future, investigations are required to understand the ionospheric electro-

dynamics during sunset/sunrise times, the effects due to longitudinal variations

of ionospheric parameters and the nighttime electron density structures using

modified models with appropriate observations.
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Lühr, H., Maus, S., and Rother, M. (2004), Noon-time equatorial electrojet: Its

spatial features as determined by the CHAMP satellite, Journal of Geophysical

Research, 109 (A1), http://dx.doi.org/10.1029/2002JA009656.
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a b s t r a c t

The existence of the possible ionospheric current during nighttime over low-equatorial latitudes is one of
the unresolved issues in ionospheric physics and geomagnetism. A detailed investigation is carried out to
estimate the same over Indian longitudes using in situ measurements from Thumba ( °8.5 N, °76.9 E),
empirical plasma drift model (Fejer et al., 2008) and equatorial electrojet model developed by Anandarao
(1976). This investigation reveals that the nighttime E-region current densities vary from ∼0.3 to ∼
0.7 A/km2 during pre-midnight to early morning hours on geomagnetically quiet conditions. The
nighttime current densities over the dip equator are estimated using three different methods (discussed
in methodology section) and are found to be consistent with one another within the uncertainty limits.
Altitude structures in the E-region current densities are also noticed which are shown to be associated
with altitudinal structures in the electron densities. The horizontal component of the magnetic field
induced by these nighttime ionospheric currents is estimated to vary between ∼2 and ∼6 nT during
geomagnetically quiet periods. This investigation confirms the existence of nighttime ionospheric cur-
rent and opens up a possibility of estimating base line value for geomagnetic field fluctuations as ob-
served by ground-based magnetometer.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that an intense current, commonly referred to
as equatorial electrojet, flows in a narrow altitudinal band (peak
around 105 km) over the dip equatorial regions. The strengths and
variations of these currents during daytime had been derived in
detail using rocket borne magnetometer measurements over In-
dian (e.g. Sastry, 1970; Sampath and Sastry, 1979 and references
cited therein), Peruvian (e.g. Davis et al., 1967; Shuman, 1970) and
Brazilian (e.g. Pfaff et al., 1997 and references cited therein) long-
itudes. Systematic observations of the electrojet current strengths
during daytime were obtained by ground-based magnetometers
(e.g. Rastogi and Iyer, 1976). Satellite borne measurements of these
current densities during daytime (Jadhav et al., 2002; Lühr et al.,
2004, etc.) are also available. However, the existence (or the lack of
it) of the possible ionospheric current during nighttime and its
characteristics over low-equatorial latitudes are not well under-
stood. This is because of the fact that during nighttime, the iono-
spheric E-region plasma density goes down drastically. As a con-
sequence, the midnight values of Sq current are generally taken as

the base line for the overhead equivalent ionospheric current
system. However, based on theoretical calculations, Takeda and
Araki (1985) concluded that the ionospheric Sq currents flow
westward in the nighttime during high solar activity period and
their contribution to the geomagnetic Sq field is about 1/10 of the
maximum Sq variation. On the other hand, the nocturnal currents
are shown to be weak during low solar activity period and below
the detection limit. In addition, Campbell (1973) and Mayaud
(1976) found that the geomagnetic variations during nighttime are
not negligible on many occasions. Campbell (1979) suggested that
the ground geomagnetic variations during nighttime may be
present even during apparently quiet conditions. Matsushita and
Maeda (1965) used the daily mean as the base level to be re-
presentative of the zero Sq current and showed the presence of
significant nighttime ionospheric current. On the other hand, if the
nighttime Sq level is taken as the base value, as in Matsushita
(1968), it would imply zero ionospheric current during nighttime.
Therefore, determination of the base geomagnetic level is im-
portant to determine the nighttime E-region current over low-
equatorial latitudes. Based on only a single rocket flight Davis et al.
(1967) inferred small westward current in E-region (correspond-
ing to magnetic variation of about 6 nT on the rocket borne mag-
netometer) during midnight hours around 100 km altitude over
the Peruvian dip equatorial sector. This inference was derived
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using the data obtained from the ascent and descent phases of the
rocket flight. After a few days, under similar geomagnetic condi-
tions, Shuman (1970) did not detect any significant current over
the same place and around the same local time during the descent
phase of the rocket, although the resolution of the magnetic
measurements was slightly higher (5 nT). It is to be noted here
that the magnetometer measurements are not expected to alter
significantly depending on the ascent and descent phases of the
rocket as current integrated over large area is measured. Thus,
considering that rocket wake does not modify the magnetometer
measurements, the results of Shuman (1970) are in contradiction
with the results of Davis et al. (1967). Over the Indian dip equa-
torial sector (Thumba), Sastry (1970) measured about 9.4 A/km2

peak current density during daytime but concluded the absence of
such current (with uncertainty of 4 nT of magnetic measurements)
during pre-midnight hours on the same day. Onwumechili (1992a)
compiled the available in situ measurements of ionospheric cur-
rent density over the globe and the nighttime current over the dip
equatorial region was suggested to be absent.

The above observations pose an uncertainty on the magnitude
of the current that can be expected to flow through the equatorial
E-region during nighttime. Further, as suggested by Haerendel and
Eccles (1992) and Eccles (2015), the generation of pre-reversal
enhancement (PRE) of the equatorial F-region zonal electric field
will depend crucially on the closure of the F-region dynamo cur-
rent through the E-region in the low and equatorial latitudes.
Therefore, determination of nighttime E-region current is essential
to understand the underlying processes that couples E and F re-
gions over low-equatorial latitudes during nighttime. There was an
attempt by Stening and Winch (1987) to estimate the nighttime
ionospheric current using the in situ measurements of electron
density, obtained over Thumba (Prakash et al., 1970), and with a
fixed zonal Sq electric field of �0.3 mV/m. They concluded that a
finite ionospheric current flows during nighttime. Further, Rastogi
et al. (1996) reported that the nocturnal variation of horizontal
geomagnetic field over Huancayo showed remarkable similarity
with corresponding variation of ionospheric electric field de-
termined by Doppler radar. This indicates a finite nighttime io-
nospheric current which can be inferred by ground-based mag-
netometer. However, it is difficult to separate ionospheric and
magnetospheric components from these magnetometer mea-
surements in spite of the resolution being 0.1 nT in the present
digital magnetometer systems as their effects are comparable on
ground during nighttime. It is not clear whether the ground-based
magnetometer measurements during nighttime, even during
magnetically quiet times, are free from the contributions from
magnetosphere. During geomagnetically disturbed period, many
authors (e.g. Matsushita, 1971; Onwumechili and Ezema, 1977;
Chakrabarty et al., 2005) had indicated the non-ionospheric
(magnetospheric) origin of the currents responsible for the mag-
netic fluctuations observed at the ground. Therefore, a compre-
hensive understanding on the magnitude of the nighttime E-re-
gion current and its variation with time is missing till date al-
though the nighttime horizontal component of the magnetic field
measured by the magnetometers is being used as base or re-
ference value for determining the daytime electric fields (Rastogi
and Patil, 1986). These variations in the reference value during
magnetically disturbed period make matter worse as far as the
determination of the daytime electric fields is concerned. Given
the above background, it is imperative that knowledge about the
changes in nocturnal ionospheric current during geomagnetically
quiet time is essential to comprehensively understand the equa-
torial electrodynamics. In this context, the present investigation is
important as it provides estimation of the equatorial E-region
current at a few local nighttimes by different methods using ex-
perimental data and modeling investigations.

2. Details of observations and other inputs

In the present investigation, electron densities and plasma
wave information obtained from six rocket flights containing
Langmuir probe system with high frequency response (Prakash
and Subbaraya, 1967; Subbaraya et al., 1983, 1985) conducted over
Thumba, during 1967–1975, are utilized as inputs. In addition,
in situ measurements of zonal current density (Sastry, 1970;
Sampath and Sastry, 1979) using magnetometer on board two
rocket flights over Thumba are used. Throughout this work, time
corresponds to local time (LT) which for Thumba ( ° )76.9 E is about
22 min behind the Indian Standard Time, IST (time corresponding
to °82.5 E). It is important to note here that simultaneous mea-
surements of electron and current densities obtained on 29 August,
1968 at 1354 LT (Subbaraya et al., 1972) and 3 March, 1973 at 1159
LT (Sampath and Sastry, 1979) are used to calculate the R values
( σ σ=R /H P , ratio of Hall σ( )H to Pedersen σ( )P conductivities). These
flights correspond to high (yearly averaged sunspot number in
1968 was 150) and low (yearly averaged sunspot number in 1973
was 54) solar activity periods. This R value is used to deduce the
altitude profile of nighttime current densities over the dip equator.
The validity of the extrapolation of R value to the nighttime is
discussed in Section 3.1. Further, the observed presence of
streaming waves (plasma waves generated due to the streaming of
electrons in the dip equatorial E-region with velocity exceeding
ion-acoustic speed) in the electron density measurements (e.g.
Farley, 2009) is also used to give the physical estimate of minimum
strength of nighttime current density that must be present over
the altitude range wherein streaming waves were detected. The
generation of streaming wave is shown (Sekar et al., 2013) to be
possible over Thumba only when the dip angle ( ) < °I 1.5 . The
present investigation makes use of the electron density observa-
tions from Thumba during 1967–1975 wherein the dip angle was
between �1.0° and �1.1° and thus consistent with the conclusion
of Sekar et al. (2013). Further, as the objective of the present in-
vestigation is to find out the nighttime E-region current density
that is a realistic representative of the nighttime base value during
quiet time, the electron density profiles before 2100 LT are avoided
to minimize the contributions from PRE. The other important in-
put parameters are as follows:

(i) The altitude profiles of neutral density and temperature are
taken from Jacchia-71 (Jacchia, 1971) model which is built-in
electrojet model used in this investigation.

(ii) The geomagnetic field in altitude-latitude plane is adopted
from International Geomagnetic Reference Field (IGRF)-11
model (Finlay et al., 2010).

(iii) The vertical drifts corresponding to quiet time Sq electric
fields over the dip equator are taken from F-region vertical
plasma drift model of Fejer et al. (2008).

It is to be noted here that the accuracy of the electron density
measurements is 5% (Subbaraya et al., 1983), the resolution of drift
measurements is 10% (Fejer et al., 2008) and the standard devia-
tion of neutral parameters is 8% (Marcos, 1990). These numbers
determine the maximum uncertainty in the estimated nighttime
current values.

3. Methods to estimate nighttime current density

Three different approaches have been adopted to estimate the
nighttime current density in the equatorial E-region. These are
described and compared in the subsequent sections.
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3.1. Method-1: based on the ratio R deduced from observations

In order to estimate the altitude profiles of nighttime current
density, the altitude profiles of electron density and plasma drifts
in the zonal direction are needed. A few measurements of electron
density during nighttime are available in the literature (Subbaraya
et al., 1983, 1985; Gupta, 1986, 1990). However, measurement of
background plasma drift in the zonal direction is difficult and
systematic observations are not available over Indian longitudes.
Therefore, a methodology is evolved based on a few assumptions
and a coordinate system in which x, y and z directions are along
zonal (positive eastward), meridional (positive northward) and
vertical (positive upward) directions respectively. The assumptions
are as follows:

1. In the present investigation, the electric fields corresponding to
the F-region plasma drifts are taken to represent the E-region Sq
electric field (ESq) as the low latitude E-region dynamo electric
fields get mapped to the equatorial F-region. This assumption
can lead to an uncertainty in drift of ∼2 m/s considering the
altitude of satellite (around 600 km), latitude (75°) binning of
plasma drift measurements, geometry of magnetic field and
typical altitudinal gradient (Pingree and Fejer, 1987) of plasma
drifts (about 0.005 m s�1 km�1) during nighttime over another
dip equatorial station Jicamarca.

2. The zonal solar quiet time ( )ESq x field does not vary much within
the altitude region of 100–120 km.

3. The ratio R σ σ( = )/H P remains the same during day and night in
all solar epochs.

Based on these assumptions, the empirical model (Fejer et al.,
2008) of F-region vertical plasma drift corresponding to ( )ESq x over
Indian longitude sector is utilized. This model is compared with
vertical plasma drifts estimated using measurements by various
techniques. This comparison revealed that the model values and
polarities of the plasma drifts match well (within the experimental
uncertainties) with the inferred drifts from individual case studies
except on a few occasions. This aspect is not directly relevant for
the present work and will be addressed in a separate commu-
nication. To verify the validity of third assumption, the ratio of the
conductivities (R) is estimated using neutral number density and
temperature from the Jacchia-71 model (Jacchia, 1971), geomag-
netic field values from IGRF-11 model and measured altitude
profiles of electron density. Fig. 1a depicts the altitude profiles of R
during day and night times in solar maximum and minimum
conditions. The ratio R is essentially independent of electron
density variations. The variations of neutral density during day-
night and at different solar epochs are not significant enough to
affect R. It is also verified that the R value does not change much
even if one uses other neutral density models (e.g. NRLMSISE-00)

Fig. 1. (a) Altitude profiles of ratio (R) of the Hall to Pedersen conductivities during day and night at different solar epoch estimated using Jacchia-71 model values of neutral
density and temperature along with geomagnetic fields from IGRF-11 model. (b) Deduced altitude profiles of R values, based on Eq. (2), using simultaneous measurements of
current and electron densities during daytime at high (dotted) and low (dashed) solar activity conditions. In this estimation the plasma drift in vertical direction (corre-
sponding to Sq electric field) at the time of measurement is obtained from the empirical model of Fejer et al. (2008). (c) The altitude profile of the average values of R shown
in (b). (For interpretation of the references to color in this figure, the reader is referred to the web version of this paper.)
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instead of Jacchia-71 model. Hence the assumption (3) is valid for
the present purpose of estimation of nighttime current.

Fig. 1a reveals that the peak R value is close to 30 around
100 km. This is similar to the earlier calculation of Anandarao et al.
(1977), which also reveals that these values of R are nearly same
around peak E-region even if one considers the field line in-
tegrated values of conductivities. However, the peak height de-
termined by these theoretical calculations is well known (Forbes,
1981) to be lower than the height determined from measurements
by more than 5 km. This R is also shown to be equivalent to the
ratio of electric fields in vertical ( )Ez and zonal ( )Ex directions
(Anandarao et al., 1977; Sekar et al., 2013) as follows:

= =
( )
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E
E

V
V 1

z

x

x

z

where Vx and Vz are the plasma drifts in zonal and vertical di-
rections respectively. Therefore, to deduce the altitude profile of R
by means of experimental observations, simultaneous measure-
ments of electron ( )Ne day, and current densities ( )Jx day, are used.
These values correspond to daytime in high and low solar activity
periods. In addition, the vertical plasma drift ( )Vz corresponding to
the local time of rocket flights have been taken from Fejer et al.
(2008) model:
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where e is the charge of electron. Fig. 1b depicts the altitude
profiles of R and its errors in high and low solar activity periods
based on Eq. (2). It is to be noted here that R values below 100 km
are not shown as the current density measurements in that alti-
tude region are below the sensitivity limit of the rocket borne
magnetometer. From Fig. 1b, it is clear that the deduced R values
remain the same (within the error limits) for both solar epochs. By
taking clue from the theoretical calculation on the invariance of R
values during day and night in all solar epochs, the average value
( )Ravg (shown in Fig. 1c) along with measured nighttime electron
density ( )Ne night, and vertical plasma drift ( )Vz night, from Fejer et al.
(2008) model at the time of rocket flight experiment is used to
estimate nighttime current density. The following expression is
used to calculate the nighttime current density ( )Jx night, :

= | | ( )J N R Ve 3x night e night avg z night, , ,

The observed Ne night, values and the empirical plasma drift model
values of Vz corresponding to that local time are used.

3.2. Method-2: based on the observation of streaming waves

As mentioned earlier, the dip equatorial E-region ionosphere is
characterized by the generation of streaming waves. These plasma
waves are essentially generated when electrons stream through
the background ions with velocity exceeding ion-acoustic speed
(Farley, 2009). The electron densities measured over Thumba at
different local times on several nights show (Prakash et al., 1970;
Gupta, 1986) the presence of streaming plasma wave. The
threshold plasma drift in the zonal direction needed to trigger the
streaming waves is given (Sudan et al., 1973) by,

χ= ( + ) ( )V c1 4x min s,

where cs is the ion-acoustic speed (330 m/s) of the medium and χ
is given by,

χ ν ν
Ω Ω

=
( )5

e i

e i

where ν and Ω represent neutral collision and gyro frequencies
respectively and subscripts e and i are used for electron and ions

respectively. The Vx min, values along with the corresponding elec-
tron densities are used to have the physical estimate of minimum
strength of current density ( )Jx night min, , that must be present over
the altitude range where the presence of streaming waves was
observed using the following expression:

χ= | | ( + ) ( )J N ce 1 6x night min e night s, , ,

The observed Ne night, values are used from those rocket flights that
detected streaming waves.

3.3. Method-3: based on the equatorial electrojet model

A physics based model for equatorial electrojet was developed
earlier by Anandarao (1976) and important results on the effect of
winds during daytime electrojet current system (Anandarao, 1976,
1977; Anandarao and Raghavarao, 1987; Raghavarao and Ana-
ndarao, 1987, etc.) obtained using this model are available in the
literatures. In the present study this model is used, without in-
voking the wind effects, to calculate the nighttime current density
in the zonal direction with the inputs of previously mentioned
electron density profiles and E-region Sq electric field values.
Based on the earlier works (Richmond, 1973; Anandarao, 1976;
Anandarao and Raghavarao, 1987; Raghavarao and Anandarao,
1987) during daytime, the contributions of horizontal winds and
shears in them to the zonal current densities over the dip equator
are not found to be significant and are well within the estimation
uncertainty. In the absence of systematic measurements of vertical
winds in the E-region during nighttime, the contribution of ver-
tical wind to the current density estimates could not be
determined.

In this model, the ionospheric current density ( )J is expressed
in terms of Ohm's law and the current conservation equa-
tion (∇· =J 0 which implies = ∇ ×J A , where A is the vector po-
tential) is solved along with Maxwell's equation for electrostatic
condition in geocentric co-ordinate system θ ϕ( )r, , where r is the
radial distance from the center of the earth, θ is the magnetic co-
latitude and ϕ is the longitude. A current function ψ is defined as
ψ θ= − ϕr Asin where ϕA is the component of vector potential A
in ϕ direction. The following second order elliptic partial differ-
ential equation is derived by solving the electrodynamic equa-
tions:
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The coefficients –f f1 6 are functions of ionospheric conductivities
and the zonal electric fields (Sugiura and Poros, 1969; Anandarao,
1977; Anandarao and Raghavarao, 1987; Raghavarao and Ana-
ndarao, 1987). Eq. (7) is numerically solved in the region encom-
passing 80–200 km altitude and magnetic co-latitude between 75°
and 105° with the boundary conditions ψ = 0 at all the boundaries
(i.e. ψ =− ° ° 0at km km80 ,200 , 75 ,105 ). In deriving Eq. (7), variations in all
physical parameters along the longitudinal direction are neglected.
Thus this equation is numerically solved in two dimensions along
the vertical and latitudinal directions. The grid sizes of Δ =r 1 km
and θΔ = °0.25 are employed for the present investigation. Further
details of this model can be found in Anandarao and Raghavarao
(1987) and Raghavarao and Anandarao (1987). The inputs to the
model are altitude profile of electron densities and ( )ESq x value at
the particular time for which the model calculation is made. Fur-
ther, the same electron density profile is used at all the latitudes.
These inputs are taken from the in situ measurements of electron
densities during nighttime (Subbaraya et al., 1983, 1985; Gupta,
1986, 1990) and the empirical model of plasma drift (Fejer et al.,
2008) over the dip equator corresponding to Indian longitude. In
addition to these, Jachhia-71 model of neutral density and
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temperature along with IGRF-11 model of geomagnetic field are
used for the evaluation of ionospheric conductivities. The equa-
tions for vertical polarization electric field ( )Er and current density
in the zonal direction, without wind effects, can be written (Su-
giura and Poros, 1969; Raghavarao and Anandarao, 1987) as fol-
lows:

σ
σ σ σ σ σ

= + + − −
( )

ϕ θ
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where σ0 is the direct conductivity; θE E,r and ϕE are electric fields
along θr, and ϕ directions respectively; θJ J,r and ϕJ are current
densities along θr, and ϕ directions respectively. Over the dip
equator, the radial ( )r and azimuthal ϕ( ) directions used in this
section are same as vertically up ( )z and zonal ( )x directions used
in the previous subsections. A sensitivity study of the model is
performed by considering previously mentioned maximum un-
certainties in the electron density, electric field, neutral density
and temperature individually and the changes in peak current
density over the dip equator are noted. The changes in current
densities are found to be linear with changes in electron density
and electric field. However, the changes with the neutral para-
meters yield a nonlinear response with maximum deviation less

than 3%. Combining the errors in the inputs and variations in
neutral parameters, the maximum uncertainties in current density
(Jx) and polarization electric field (Ez) over the dip equator are
found to be less than 20% and 12% respectively.

4. Estimation of induced magnetic field

In order to estimate the magnetic field induced at ground by
ionospheric current, a method described by Anandarao (1977) is
adopted. In this method, the magnetic field potential (V) induced
by an infinitely long line of current is defined based on Biot–Sa-
vart's law as

μ
π

θ
θ

=
( ) − ( )

−
⎛
⎝⎜

⎞
⎠⎟V

C
r a2

tan
cos

/ sin 10
0 1

where μ0 and C are the permeability of free space and line current
(in Amperes) respectively. The line current C is obtained from
current density Jx using ∫ ∫ θ=

θ
C J dr d

r x . The symbols a and r

denote the earth's radius and distance of the line of current from
the center of earth respectively. Further, the horizontal (north-
ward) component of magnetic field (H) induced due to ionospheric
current is given by,

Fig. 2. Altitude profiles of estimated nighttime current densities (black) using method 1 and Eq. (3), the measured electron density profiles (blue curves) and Ravg values (see
Fig. 1(c)). The altitude profiles of nighttime current densities over the dip equator (red colors) using the electrojet model of Anandarao (1976). The minimum current density
(green) obtained using method 2 and Eq. (6) over the altitude wherein the presence of streaming waves was observed. Subplots (a–d) correspond to the profiles at various
local times when the nighttime electron density measurements over Thumba during magnetically quiet conditions were available. (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of this paper.)
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The numerical simulation plane is divided into 1°(in θ)�4 km
(in r) blocks and induced H is calculated. H of each blocks are
added up to get the net induced values at ground. The maximum
uncertainty in H is found to be less than 20%.

5. Results and discussion

As mentioned in Section 3.1, Fig. 1 shows that R does not change
significantly with respect to day and night time conditions and solar
epochs. This aspect is used subsequently to derive the nighttime
E-region current over the Indian sector. Fig. 2 depicts the altitude
profiles of westward current densities during nighttime for geo-
magnetically quiet conditions estimated using the deduced Ravg

values (black) using Eq. (3), and electrojet model (red) using Eq. (9),
over the dip equator. The corresponding electron densities measured
over Thumba at different local times on a few nights are overlaid on
this figure (blue). In addition, minimum current densities ( )Jx night min, ,
estimated using Eq. (6) are also plotted in Fig. 2 (with green color)
over the altitude range wherever the streaming plasma waves were
observed. The nighttime current density ranges from ∼0.3 A/km2

near midnight to ∼0.7A/km2 during early morning hours. The
electrojet model estimated current densities match well (within the
uncertainty limits) with the deduced current density above altitude
region of 100 km.

The present investigation of the estimation of nighttime cur-
rent density is based on the in situ electron density measurements
conducted at different solar epochs and seasons. Thus, it is rather
difficult to bring out the local time variation of nighttime current
density as the electron density (Ne) and Sq electric fields (ESq) vary
with these geophysical conditions. Nevertheless, comparison of

Table 1
The derived values of westward peak current density ( )Jx max, using method 1, altitude (hp) of Jx max, , measured electron density (Ne) at hp, deduced Ravg at hp and downward

vertical drift (Vz) based on empirical model corresponding to the six rocket flights under consideration.

Case no. Time and date Altitude, hp (km) of Jx max, Ne (cc�1) at hp Ravg at hp Downward Vz (m/s) Westward Jx max, (A/km2)

1 2142 on 15/03/1975 104 5000 20.1 27.4 0.44
2 2208 on 12/03/1967 108 2540 23.5 33.1 0.32
3 2238 on 29/08/1968 109 5790 20.8 16.4 0.32
4 0013 on 03/02/1973 106 2240 24.8 22.2 0.20
5 0522 on 13/03/1967 107 4880 25.3 34.1 0.67
6 0537 on 09/02/1975 106 7356 24.8 19.1 0.56

Fig. 3. Contours of iso-current density in zonal direction over magnetic latitude-altitude region obtained using electrojet model of Anandarao (1976). In this model cal-
culation the electron densities are taken from in situ rocket measurements and zonal Sq electric field is chosen from the empirical model of plasma drift (Fejer et al., 2008)
over Indian longitude. The color-bar represent strength current density (A/km2). Current density contours in each subplot are plotted with steps of 30% of peak values over
the dip equator. Subplots (a–d) correspond to iso-current contours corresponding to electron density measurement at different local times on a few nights. (For inter-
pretation of the references to color in this figure the reader is referred to the web version of this paper.)
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these current densities in the subplots of Fig. 2 gives rise to the
following points:

1. The peak altitudes (see black curves of subplots 2b, d, e and f) of
the current density deduced using method 1 lie closer to the
altitude of 107 km corresponding to the peak value of R
whenever the altitude profiles of electron density are devoid
of large structures between 100 km and 110 km. Thus, the
values of Ravg at the altitude of peak current density remain
nearly constant. Therefore, the peak values of current density
( )Jx max, are found to vary, from one case to another, linearly with
the variations of Ne and Vz at the peak altitude. The values given
in Table 1 (obtained using method 1) are found to be consistent
with this inference. For example, by comparing cases 2 and 5 in
Table 1, the change in Jx is found to be almost doubled when Ne

is nearly doubled without considerable change in Vz.
2. In the presence of large structures in Ne profile between 100 km

and 110 km (subplots 2a and c), the current density maximizes
at the altitude wherever electron densities and Ravg values are
optimum. Thus, the peak current density need not lie around
107 km (refer cases 1 and 3 of Table 1).

3. In the absence of altitudinal structures, the altitude gradients in
Jx profiles (above and/ or below Jx max, ) obtained using the
methods 1 and 3 are found to be larger whenever the Jx values
are more (subplots 2e and f) compared to corresponding
gradients whenever the Jx values are small (subplots 2b and

d). This is consistent with the work of Onwumechili (1992b)
where the strength and thickness of electrojet current density
based on daytime measurements over the dip-equator were
shown to be inversely proportional. However, it must be noted
here that multiple layers in current density (subplots 2a and c)
are often observed during nighttime and determination of the
thickness of the peak current layer is not unambiguous.

4. In the presence of multiple layers in current density profile
whenever the electron density is structured (subplots 2a and c),
the altitude of peak current density can be identified using
method 2, as the streaming waves observed by rocket borne
measurements usually appear in the vicinity of the peak current.

5. The peak altitudes determined by method 3 are lower than
those obtained by the other methods whenever the electron
densities are devoid of large structures. However, the altitude
profiles of the current densities obtained from all the three
methods go nearly hand-in-hand with one another whenever
the altitude structures in Ne are present.

In addition to the altitudinal structure in the current densities,
the electrojet model provides latitudinal extents also. As men-
tioned earlier the altitude profiles of electron densities and the
( )ESq x from plasma drift model are given as inputs to the electrojet
model. Fig. 3 represents the contour plots of westward current
densities over the magnetic latitude-altitude plane. The color-bar
in Fig. 3 corresponds to the strength of current densities. As the

Fig. 4. (a) High resolution plots of iso-current density contours given in subplot 3(c). The input electron density profile (blue) is also overlaid. (b) and (c) Iso-current density
profiles obtained after progressively smoothing the electron density profile shown in subplot (a) and using them as the input for current density calculation. The corre-
sponding input electron density profiles are also shown in each subplot. Current density contours in each subplot are plotted with steps of 30% of the peak current values
over the dip equator. Note: Color-bar scales are adjusted to bring out the features in current density contours. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)
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sensitivity study revealed that maximum progressive uncertainty
in the current density obtained by combining the individual un-
certainties of all input parameters is less than 20%, the difference
between successive contours in each subplot is kept at 30% of the
corresponding peak current density values over the dip equator.

Islands of current density contours are seen in subplots 3a and
c. These distinct islands are missing in subplot 3b. They are more
conspicuous only when the input electron densities have altitu-
dinal structures. As a result, the altitude of peak current densities
is not well defined. However, when the input electron densities
have less structures the peak current altitude is well defined and
island structures (in the altitude–latitude plane) disappear (sub-
plots 3d–f). Hence, the effect of electron density structures in
nighttime electrojet current needs further attention. In order to
examine this effect, the altitude structures in electron densities
measured at 2238 LT on 29 August, 1968 are gradually smoothed by
Savitzky–Golay method (Savitzky and Golay, 1964) in the altitude
range of 90–120 km. These electron density profiles along with a
single value of ( )ESq x are used as input to the electrojet model and
the corresponding current density profiles are obtained. Fig. 4a–c
depicts the resulting iso-current density contours along with the
input electron density values. Without smoothing the electron
density profile, the island structures and larger latitudinal extent
are observed (see Fig. 4a) in current density contours. Allowing
more than 10 km structures between 90 and 120 km, the gaps
between the islands have reduced and the latitudinal extent of the
second island around 100 km has considerably reduced (see
Fig. 4b). On further smoothing of the electron density, the reduc-
tion in the latitudinal extent of current density and disappearance
of island structures are noticed in Fig. 4c. Therefore, the valley and

peak in the altitude profile of electron density in region of 90–
120 km appears to decide the gap between the islands and lati-
tudinal extent of contours representing current density.

Based on the current density estimates by the electrojet model,
the horizontal component (H) of the magnetic field induced at
ground is calculated using Eq. (11) for all the cases depicted in
Fig. 3. These calculated magnetic fields with uncertainties (marked
in orange within red circles) are shown along with the hourly
variations in the electrojet strength (represented by black line),
derived on the basis of magnetic field measurements, in Fig. 5. It is
known that strength of equatorial electrojet can be estimated
based on the magnetic field measurements over a dip equatorial
and an off-equatorial stations. Over the Indian sector, this can be
done using magnetic measurements from Thumba and Alibag
(18.6°N, 72.9°E, Dip angle 23.5°), a dip equatorial and off-equa-
torial stations respectively. It is known (e.g. Rastogi and Patil, 1986)
that Δ − ΔH HTRD ABG represents strength of equatorial electrojet
where ΔH is calculated by subtracting nighttime base value from
the instantaneous H value (where ΔHTRD and ΔHABG represent the
ΔH values over Thumba and Alibag respectively). The nighttime
base value is calculated by taking average of the five hourly values
starting from 2300 h to 0300 h. The H values calculated from the
nighttime currents obtained from the electrojet model are found
to be consistent with the magnetic measurements.

It is well known that during nighttime there is a valley in the
altitude profile of the electron density centered around 125–130 km.
In order to investigate the effect of this valley region on the polar-
ization field in the vertical direction (Ez), an exercise is carried out
using the electrojet model with varying depth of the valley. For this
investigation, the electron density measurement obtained at 2238 LT

Fig. 5. Ground-based magnetometer measured hourly variation of electrojet strength over Thumba (Δ − ΔH HTRD ABG in black). Orange dots correspond to the calculated
horizontal component of magnetic field induced at ground by the nighttime current densities shown in Fig. 3 using Eq. (11). (For interpretation of the references to color in
this figure caption, the reader is referred to the web version of this paper.)
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on 29 August, 1968 is first smoothed and then used as input to the
electrojet model with varying depth of the valley region. Fig. 6 de-
picts the resulting contours of polarization field in the vertical di-
rection ( )Ez , wherein 20% difference of the peak values are main-
tained by successive contours. However, there is no appreciable
change in current densities around 105 km (not shown). It is found
that Ez increases around 125 kmwhen there is a deep valley while it
progressively decreases as depth of the valley region reduces. Fur-
ther, the minimum strength of polarization electric field in the ver-
tical direction required for the generation of streaming waves is
about 13.8 mV/m ( = × )E V Bz x min, at 105 km. The electrojet model
calculated Ez values, near the altitude regionwherein the presence of
streaming waves was observed during measurements (as provided
in Table 2), are found to be consistent with requirement for gen-
eration of streaming waves in those altitude region barring a case

during morning hours. This is probably due to the fact that the Fejer
et al. (2008) model values deviate from the measurements on a few
occasions (as mentioned in Section 3.1).

This investigation suggests that the nighttime base value of the
horizontal component of magnetic field during geomagnetically
quiet period over the Indian dip equatorial sector is well within
6 nT if one considers pre-midnight to early morning hours. How-
ever, during magnetically disturbed periods, the horizontal mag-
netic field may change during midnight hours in varying degrees
owing to the alteration of ionospheric electric field or modulation
of the magnetospheric current systems. Under such circumstances,
it is important that these aspects are taken into account before any
realistic estimation is made on the nighttime E-region current over
the dip equatorial region. This is beyond the scope of the present
work and will be attempted in future.

6. Summary

The salient points that emerged from the present investigation
are as follows:

1. The nighttime current density deduced using method 1 and the
available electron density measurements as well as with an

Fig. 6. Effects of the depth of the valley region on the polarization electric field in vertical direction (Ez in mV/m) for (a) maximum, (b) medium, (c) shallow depth and (d) no
valley region. Iso-electric field contours in each subplot are plotted with steps of 20% of peak values over the dip equator. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this paper.)

Table 2
The values of polarization electric field in vertical direction (Ez in mV/m) obtained
using electrojet model closer to the altitude of observation of streaming waves and
zonal Sq electric field used in the model calculations.

Time and date Ex (mV/m) Ez (mV/m)

2142 on 15/03/1975 �1.03 �18.7
2238 on 29/08/1968 �0.62 �19.1
0537 on 09/02/1975 �0.72 �13.4
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electrojet model reveals E-region current in the range of ∼
0.3–0.7 A/km2 during pre-midnight to early morning hours on
geomagnetically quiet days.

2. The nocturnal E-region current density strength seems to de-
crease from the post-sunset hours to the midnight hours and
then increase during early morning hours.

3. Altitude structures are seen in the nighttime E-region current
density and are shown to be associated with the altitude
structures in the electron density.

4. The trough and crest in the altitude structures of the electron
density seem to decide the latitudinal extent and altitudinal
stratification of the nighttime E-region current density.

5. The dip equatorial polarization electric field in the vertical di-
rection obtained from the electrojet model is shown to be suf-
ficient to drive the observed streaming waves during nighttime
in a limited altitude region around 105 km baring a case during
early morning hours. The current density estimated using the
streaming wave criterion is found to be well within the esti-
mated currents.

6. The ground magnetometer observed magnetic field variations
during quiet time are well within 6 nT and match fairly well
with the calculated induced magnetic field deduced from the
current density (obtained from electrojet model).

7. The well-known dip equatorial nighttime E-region valley in the
electron density around 130 km is shown to increase the po-
larization electric field in the vertical direction near this altitude
depending upon the depth of the valley.
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A B S T R A C T

The threshold vertical plasma drifts and their polarities are inferred from E-region irregularities reported earlier
using different experiments conducted from India during geomagnetically quiet time. In addition, the hourly
variations of magnetometer data sets are used in conjunction with an equatorial electrojet model (Anandarao,
1976) to deduce the vertical drifts around noon time (10:00–140:00 LT). These results are then compared with
the vertical drifts presented by empirical models (Scherliess and Fejer, 1999; Fejer et al., 2008a) corresponding
to the E60° longitude sector. In general, the vertical drifts presented by empirical models are consistent with
those inferred from snapshot measurements of E-region irregularities at different local times of the day except
around sunrise hours. Further, the vertical drifts presented by Fejer et al. (2008a) model match fairly well with
seasonally averaged vertical drifts deduced (within σ1 variation) using magnetometer data. A time difference is
noticed between occurrence of pre-reversal enhancement in vertical drifts over India reported earlier using
different techniques and Scherliess and Fejer (1999) model. Probable reason for the time difference is discussed.
The occurrence characteristic of afternoon equatorial counter electrojet in June solstice during low solar epoch
is consistent with the drifts obtained from empirical models. The seasonally averaged vertical drifts during
nighttime reported earlier using ionosonde/HF radar experiments are not consistent with the presence of
streaming plasma waves on a few occasions. Further, nocturnal vertical drifts are systematically under-
estimated and probable reason for this is discussed.

1. Introduction

It is well known that the solar quiet (Sq) time electric field (E) is
generated in the E-region of ionosphere by dynamo action. Sq electric
fields over low latitude regions are mapped to the dip-equatorial F-
region where they cause electrodynamic drifts of the plasma, V =

B
E B×

2 ,
B being the strength of the geomagnetic field. Therefore, the E-region
zonal electric field (Ex) is treated as driving agency for the vertical drift
(Vz) in the F-region. The vertical drifts are known (Fejer, 1981) to be
upward during daytime and downward in nocturnal hours under
geomagnetically quiet periods. The diurnal variations of vertical drifts
in different seasons over the Peruvian sector had been presented (e.g.,
Woodman, 1970) in the past using highly accurate (better than 2 ms−1)
measurements of Vz obtained with Incoherent Scatter Radar (ISR) at
Jicamarca.

The low latitude ionosphere is characterized by several large scale
plasma processes, like equatorial electrojet, plasma irregularities
(streaming and gradient drift waves) associated with it, plasma
fountain, plasma bubbles, etc. The generation and evolution of all

these processes depend on the strength and/or polarity of Sq electric
field. Hence, in order to address the low latitude ionospheric processes
in a comprehensive manner, it is important to know the variations in
Sq electric field in different seasons and solar cycles. In absence of ISR
over the Indian sector, the vertical drifts or zonal electric fields had
been traditionally deduced (refer Section 2) based on ionosonde, phase
path sounder, HF Doppler radar and magnetometer measurements.
Considering the fact that each of these techniques come with its own
limitations and uncertainties (discussed later), it is important to
evaluate the consistency of the vertical drifts derived from different
techniques with those obtained from global empirical models already
available. This will help not only to understand the merits and demerits
of individual techniques in a better way but also to evaluate the
applicability of global models of vertical drifts to accurately capture the
ionospheric processes over the Indian sector.

As already stated, each technique used to derive the vertical drift
comes with its own limitation(s). For example, in an ionosonde
experiment the recorded movement of ionospheric F-layer along the
vertical direction can be due to production by photo-ionization and/or
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loss by chemical recombination and/or by electrodynamic processes.
The presence of all the three processes during daytime makes it difficult
to compute the vertical drifts from the recorded layer movements. But,
during nighttime, when plasma production is negligible in absence of
solar ionizing radiation, the vertical drifts are deduced from the
temporal movement of F-layer (apparent drift) after correcting for
the layer movement due to chemical loss. Further, for layer movements
above 300 km altitude the difference between electrodynamic and
apparent vertical drifts arising due to recombination processes is
shown (Bittencourt and Abdu, 1981; Krishna Murthy et al., 1990) to
be negligible.

The measurements of Vz during twilight time and their nocturnal
variations have been reported earlier (refer Section 2) using several
experiments conducted from Trivandrum (TRD, N8.5° , E76.9° ). In
addition, the threshold value and polarity of vertical drift can be
deduced from the presence/absence of E-region irregularities (stream-
ing and gradient drift waves) reported earlier (refer Section 2) at
different local times of the day using sounding rocket flight and VHF
radar experiments over TRD.

A number of works reported in the past provided snap-shot as well
as seasonally averaged vertical drifts. In the present work, an attempt is
made to consolidate the measurements of vertical drifts made by a few
techniques from the Indian dip-equatorial stations and compare them
with the drifts presented by global empirical models of Scherliess and
Fejer (1999) and Fejer et al. (2008a) (henceforth Scherliess-99 and
Fejer-08), to investigate their consistencies over the Indian sector.
Further, considering the fact that in empirical models the vertical drifts
have been averaged over at least ± 5° dip-latitude, the vertical drifts
presented earlier using ionosonde and HF radar techniques over
Kodaikanal (KDK, N E10.3° , 77.5° ), whose dip-latitude is less than
1.5°, are also used for this comparison. In addition, the vertical drifts
around noon hours are deduced using seasonally averaged hourly
variation of magnetometer data in conjunction with an equatorial
electrojet model (Anandarao, 1976) and used for this comparison.

2. Details of the dataset

In the present investigation, the average F-region vertical drifts
measured during nighttime from ionosonde (Sastri, 1984; Subbarao
and Krishna Murthy, 1994; Krishna Murthy and Hari, 1996; Madhav
Haridas et al., 2015), phase path sounder (Ramesh and Sastri, 1995;
Sastri, 1996) and HF Doppler radar (Nair et al., 1993) experiments are
used. Further, the electric fields deduced from E-region irregularities
during day and night are also utilized. As the equatorial vertical drifts
are sensitive to geomagnetic conditions (Fejer et al., 2008b), the
present work pertains to only the quiet time conditions with Ap < 30
and/or Kp ≤ 3. The available observational data sets span over five
decades (1957–2008) involving solar flux variations during several
solar cycles. The solar flux levels of F sfu< 13010.7 and F sfu> 16010.7 are
respectively considered to represent the low and high solar epochs
similar to those considered by the empirical models.

The observations with different time axes are converted into a
single time format corresponding to the local time (LT) at TRD
(longitude E76.9° ). The observations are classified into three seasons,
namely, December solstice (November–December–January–
February), equinox (March-April, September-October) and June sol-
stice (May–June–July–August) similar to the seasonal classifications
followed in Scherliess-99 and Fejer-08.

The ionosonde observations of F layer movement reported by
Subbarao and Krishna Murthy (1994) are converted into vertical
plasma drift after correcting for chemical recombination effects based
on their work. Further, apparent drifts reported by Sastri (1984) using
ionosonde observations over KDK during 1957–1959 can be treated as
electrodynamic drifts since the layer heights are well above 300 km
during solar maximum.

The vertical drifts have been reported using phase path sounder

over KDK (Ramesh and Sastri, 1995; Sastri, 1996) and Doppler radar
over TRD (Nair et al., 1993) operated at 4 MHz and 5.5 MHz respec-
tively. As the altitudes of reflecting layers, corresponding to these high
operative frequencies, were considered to be well above 300 km during
pre-midnight hours, no explicit corrections for the recombination
losses were made in those results.

The presence of streaming and gradient drift waves was reported
using back scatter radars operated from TRD in HF (18 MHz) (Tiwari
et al., 2003) and VHF (54.95 MHz) (Prakash and Muralikrishna, 1976)
frequencies. The limiting values of plasma drifts using threshold
condition of streaming waves (refer Section 3) and their polarities
from Doppler shift are deduced. The plasma drifts deduced from the E-
region structures (e.g., Reddy et al., 1987; Viswanathan et al., 1987)
are not considered in the present work, as the calibration factors to
convert them to ambient plasma drifts are not available.

The in-situ measurements (e.g., Prakash et al., 1971; Gupta, 2000)
of electron density profiles and structures in them had been obtained
using high frequency Langmuir probes (Prakash and Subbaraya, 1967;
Subbaraya et al., 1983, 1985) on board rocket flight experiments.
Those were conducted over TRD at different local times of the day
covering different seasons under high and low solar epochs. The
generation processes of electron density structures depend on the
ambient electric fields. As mentioned earlier, the limiting plasma drifts
are deduced from the presence of streaming waves. In addition, the
observed gradient in the altitude profile of electron densities and the
presence/absence of gradient drift waves are used to deduce the
polarity of vertical electric field from which the direction of zonal
electric field is inferred, as these two components are related over the
dip-equator.

The vertical drifts deduced from the observations of E-region
structures, mentioned above, under high and low solar epochs are
summarized in Tables 1 and 2 respectively. The Tables provide limiting
values of vertical drift for the presence of streaming waves (> + 12 ms−1

during daytime, < − 12 ms−1 during nighttime) while the inverse
conditions are taken for their absence. Further, for the time interval
when streaming waves have been detected on some days and found
absent on some other days the vertical drift are indicated with
∼ ± 12 ms−1. The observations of streaming waves spanned from 1967
to 1999 when the dip angle over TRD was between −0.9° and +1.2°
(IGRF-12, Thébault, 2015). Hence, the existence of streaming waves is
consistent with the conclusion of Sekar et al. (2013).

Barium vapour cloud release experiments provide in-situ measure-
ments of plasma drifts associated with ambient electric field. The
vertical drifts around twilight time measured with these experiments
over TRD (e.g., Anandarao et al., 1977) and Sriharikota (SHK, N13.7° ,

E80.2° , a station close to the dip-equator) (e.g., Sekar, 1990) are used in
the present work.

In the present work, a methodology (see Appendix) is adopted to
derive the quiet time vertical drifts during 10:00–14:00 LT using
magnetometer datasets. The parameter H H∆ − ∆equator off equator− (where
H is the horizontal component of geomagnetic field and H∆ is
calculated by subtracting nighttime base value from the instantaneous
H values), derived using ground based magnetometer data, is con-
ventionally (Rastogi and Patel, 1975) used as a proxy for the strength of
equatorial electrojet. Assuming that the variations in ionospheric
conductivities are not significant during 10:00–14:00 LT, variations
in H H∆ − ∆equator off equator− during this period can be treated as varia-
tions in the zonal electric fields.

Finally, the empirical models Scherliess-99 and Fejer-08 provide
the dip-equatorial vertical plasma drifts at different local times and
seasons during geomagnetically quiet periods. In order to compare
with the vertical drifts derived based on measurements by different
techniques mentioned earlier, the model drifts corresponding to E60°
longitude which is closest to Indian-dip equator are reproduced from
Figure 8 of Scherliess-99 and Figure 7 of Fejer-08.
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3. Results

Fig. 1 depicts the diurnal variations of vertical drift (black colored
solid curves) presented by Scherliess-99 model for high solar epoch.
Subplots 1(a), 1(b) and 1(c) show the vertical drifts in December
solstice (November–December–January–February), equinox (March–
April, September–October) and June solstice (May–June–July–
August) respectively.

In subplot 1(a), the blue and green colored (solid, dash and dash-
dot) curves portray the average nocturnal variations of Vz obtained
using ionosonde/radar experiments from TRD and KDK respectively.
The blue colored dash curve represents Vz computed using the average
nocturnal variations of h F′ presented by Subbarao and Krishna Murthy
(1994); and blue colored dash-dot curve portrays the average Vz
variation during nighttime presented by Madhav Haridas et al.
(2015). The green colored dashed and solid curves depict the average
vertical drifts during dusk-midnight hours presented by Sastri (1984)
and Ramesh and Sastri (1995) respectively. The σ1 variation in vertical
drift at prereversal enhancement (PRE) time, as provided by Ramesh
and Sastri (1995), is reproduced with green colored solid vertical bar
on the top right corner of subplot 1(a) as well as in subplots 1(b-c). It
must be noted that σ1 variation will be provided subsequently in this
work wherever it is available in the literature under consideration here.

The twilight time in-situ measurements of vertical drifts reported
by Anandarao et al. (1977) and Sekar (1990) are shown with magenta
colored dots at the particular LT of the experiments. The average
nocturnal variation of vertical drifts corresponding to the zonal electric
fields presented by Krishna Murthy and Hari (1996) is shown with the
dark magenta colored solid curve. In addition, average variation of
vertical drift around noon hours deduced from magnetometer records
is portrayed with the maroon colored solid curve. The standard
deviation (σ) of these deduced vertical drifts, estimated based on the
variations in H H∆ − ∆TRD ABG (see Appendix), is shown as vertical bars
on the curve.

The vertical arrows (at the bottom of subplot) are drawn at the
particular LT corresponding to the sounding rocket experiments, listed
in Tables 1 and 2, in which the streaming waves have been observed.
Similarly, the solid horizontal lines (at the bottom of subplot) are
drawn for the particular time interval during which the streaming
waves have been observed using VHF radar experiments, listed in
Tables 1 and 2. The presence or absence of streaming waves is
respectively portrayed with teal or red colors. It is to be noted that
teal and red colored horizontal lines are simultaneously used for
certain durations when presence of streaming waves were detected
on some days and found absent on some other days.

In subplots 1(b) and 1(c) the same notations which have been used
in subplot 1(a) are followed to present the vertical drifts corresponding
to equinox and June solstice respectively. An additional green colored
dotted curve in subplot 1(c) depicts the vertical drift presented by
Sastri (1996). The σ1 variation in vertical drifts at PRE time, as
provided by Sastri (1996), is reproduced with green colored dotted
vertical bar on top right corner in subplot 1(c).

Fig. 2 depicts the diurnal variations of vertical drift (black solid
curves) presented by Scherliess-99 model corresponding to different
seasons under low solar epoch. The values of Vz obtained using
experiments conducted from TRD, KDK, SHK and magnetometer
records are overlaid in respective subplots with same notations as in
Fig. 1. Note that, if the ionosonde/radar derived average nocturnal
vertical drifts are not available from the same works that are used to
construct Fig. 1, the respective color codes and pattern of the curves are
not utilized in Fig. 2 to maintain uniformity and avoid ambiguity. The
additional blue colored solid curves in Fig. 2 portray the average
nocturnal Vz variations presented by Nair et al. (1993). The nighttime
averaged σ1 variation in vertical drifts, as provided by Nair et al.
(1993), is reproduced with blue colored solid vertical bars in respective
subplots of Fig. 2.

Figs. 3 and 4 depict the diurnal variations of vertical drifts (black
curves) presented by Fejer-08 model corresponding to different
seasons under high and low solar epochs respectively. The vertical
drifts obtained using experiments conducted over TRD, KDK, SHK and
magnetometer records under high and low solar epochs are overlaid in
Figs. 3 and 4 with same notations and color codes as in Figs. 1 and 2
respectively.

The gray colored horizontally shaded region in each subplot marks
the range of vertical drift values in which presence of streaming waves
can be expected. The reasoning for this demarcation is as follows. The
generation of streaming waves is known (Farley, 2009) to get triggered
whenever magnitude of zonal drift (Vx) of electrons exceeds the ion-
acoustic speed of the medium, which is about 370 ms−1 at ~105 km
altitude over the Indian sector. The plasma drifts along the zonal (Vx)
and vertical (Vz) directions are known (Anandarao et al., 1977; Sekar
et al., 2013) to be connected, over the dip-equator, by a relation
Vx=RVz, where R is equal to the ratio of Hall to Pedersen conductiv-
ities. Recently, R is shown (Pandey et al., 2016) to remain nearly same,
irrespective of local time of the day and solar epoch, with it's value
about 30 at ~105 km altitude. Hence, whenever the streaming waves
are present the magnitude of vertical drift must be greater than12 ms−1.
The above inference of limiting plasma drift of ∼ ± 12 ms−1 gets the
support from the occurrence of streaming waves on some days and
absence on some other days (see subplots 1b, 2a-2c, 3b, 4a-4c). It is
expected that the vertical drifts would lie within or outside this gray
colored shaded region whenever the streaming waves are present (teal
colored vertical arrows/horizontal lines) or absent (red colored vertical
arrows/horizontal lines) respectively.

As stated earlier, Tables 1 and 2 summarize the results from
sounding rocket flights (e.g. Prakash et al., 1969, 1970, 1974;
Prakash and Pal, 1985; Gupta and Prakash, 1979; Gupta, 1986,
1997) and VHF/HF radar (e.g. Sastri et al., 1991; Ravindran and
Krishna Murthy, 1997a, 1997b; Krishna Murthy et al., 1998) experi-
ments. The necessary vertical drift for the observed presence
(> + 12 ms−1 or < − 12 ms−1), absence (≤+12 ms−1 or ≥−12 ms−1) or
some days present and some days absent (∼ ± 12 ms−1) of streaming
waves is also provided in the respective entries of Tables 1 and 2. In
addition, the vertical drifts obtained from Scherliess-99 and Fejer-08
models at respective LT, season and solar epoch corresponding to the
rocket flights are also given in Tables 1 and 2. Further, the vertical
drifts obtained from both the empirical models corresponding to the
starting time of the respective VHF radar experiments are also
provided in Tables. Note that, if the magnitude of vertical drift obtained
from empirical model deviates from the criterion of deduced V| |z given
above, the value is highlighted with red color. Further, if direction of
this vertical drift differs from that deduced from observation, the cell is
highlighted with gray color. This notation is not followed for cases
wherein deduced V| | ∼ 12 msz

−1.
On comparing the vertical drifts given in Tables 1 and 2 it is

observed that in general, vertical drifts presented by both the
empirical models are consistent with the criterion for presence or
absence of streaming waves, though some deviations are also
observed. The amplitudes of vertical drifts obtained from
Scherliess-99 and Fejer-08 models are found to deviate from the
deduced threshold values of V| |z on six and five occasions respectively
(see the red colored entries in Tables 1 and 2). The deviations in Vz
with respect to Fejer-08 model drifts are within the uncertainly
limits of measurements (about 10%) for Fejer-08 model, barring two
durations 13:38–14:38 LT in December solstice under high solar
epoch and 09:23–10:23 LT in June solstice under low solar epoch.
However, in case of Scherliess-99 model, except an occasion during
14:08–14:38 LT in equinox under high solar epoch, all the devia-
tions in Vz are beyond the uncertainty limits of measurements
(relative precision of about 2 ms−1). Even in the cases when stream-
ing waves are present on some days and absent on some other days
(implying amplitude of vertical drifts closer to 12 ms−1), the Fejer-08

K. Pandey et al. Journal of Atmospheric and Solar–Terrestrial Physics 157–158 (2017) 42–54

44



Table 1
Comparison of vertical plasma drifts in high solar epoch deduced from experimental observations (rocket/radar)
with global empirical model (Scherliess-99 and Fejer-08) drifts. Positive and negative values indicate upward and
downward drift respectively. The red colored entries denote the instances when the magnitudes of the model drifts
are different from the threshold drifts deduced from E-region irregularity observations whereas the gray boxes
identify the instances when the polarity of the model drifts are not in accordance with the inferred polarities.
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model drifts seem to be more consistent with deduced vertical drifts
than Scherliess-99 model drifts. This is clearly visible during 08:00–
10:00 LT and 13:00–16:00 LT. Hence, Fejer-08 model is found to
represent the vertical drifts over the Indian sector better compared
to Scherliess-99 model. However, it is observed that both the
empirical models fail to capture the polarity of vertical drift during
early morning hours (around 06:00 LT), see gray colored cells in
Tables 1 and 2, though in June solstice the Scherliess-99 model
seems to predict better compared to Fejer-08 model. The probable
reasons for deviations in amplitude and polarity of the vertical drifts
presented by empirical models from the deduced Vz on a few
occasions are discussed in Section 4.

Around noon hours (10:00–14:00 LT), the average variations of
vertical drifts deduced from magnetometer records match (within σ1
variation) with the corresponding variations presented by both
Scherliess-99 and Fejer-08 models in equinox and June solstice under
high solar epoch, see maroon and black colored solid curves in Figs. 1
and 3. However, the vertical drift deduced in these seasons during low
solar epoch match (within σ1 variation) with the corresponding
variations presented by Fejer-08 model better compared to
Scherliess-99 model, see Figs. 2 and 4. In December solstice (when
1σ variations are largest) the deduced values of Vz match (within σ1
variation) with the corresponding variations presented by both the
empirical models irrespective of solar epoch. In general, the average
values of deduced Vz match fairly well with both the empirical models
during high solar epoch while these values match well with Fejer-08
model during low solar epoch. This is probably due to better long-
itudinal resolution used in Fejer-08 model (refer Section 4). Further,
the values of Vz deduced from magnetometer data are observed to
capture the presence or absence of streaming waves. Interestingly, the
deduced vertical drifts are ∼12 ms−1 during the time intervals wherein
streaming waves were detected on some days and found absent on
some other days.

During nighttime, the average values of Vz obtained using
ionosonde/radar experiments are not sufficient for the generation
of streaming waves in low solar epoch (see Figs. 2 and 4) on a few
occasions. In high solar epoch, the pre-midnight vertical drifts in
both the solstices are (in general) sufficient for the presence of
streaming waves (see subplots 1a, 3a and 1c, 3c), though during
post-midnight hours the vertical drifts are sufficient for the presence
of streaming waves on some occasions only (see subplots 3a and 3c).
However, during equinox in high solar epoch some of the average
vertical drifts are sufficient to capture the presence of streaming
waves. Further, it is observed that the ionosonde/radar deduced
vertical drifts are always smaller than those presented by empirical
models in different seasons (e.g., see subplots 3a, 3b and 3c) and
solar flux levels (e.g., see subplots 3a and 4a). In general, the
differences are about 10 ms−1 or greater with the maximum devia-
tion occurring in equinoctial months (e.g., notice the difference in Vz
of middle panel compared to top or bottom panel in any figure). It is
to be noted that considering typical height resolution of 3 km (Patra
et al., 2005) and the temporal resolution of 15 min in ionosonde
experiments (Sastri, 1984; Krishna Murthy and Hari, 1996; Madhav
Haridas et al., 2015), the typical uncertainty in vertical drift is
∼5 ms−1. The uncertainty in the vertical drifts deduced using HF
phase path sounder or Doppler radars is less than 1 ms−1

(Prabhakaran Nayar and Sreehari, 2004). Therefore, the observed
differences between the measured vertical drifts (derived using
ionosonde/Phase path sounder/Doppler radar) and the model drifts
are larger than the typical uncertainties of the measurements
involved. The probable reasons for significant difference are dis-
cussed in Section 4. In addition, it is observed that during nighttime
Scherliess-99 model values of Vz are smaller compared to Fejer-08
model. The probable reasons for this are also discussed in Section 4.

During PRE hours, the peak amplitude of Vz is known to vary day-
to-day (Balan et al., 1992) and also dependent on the solar flux level

Table 2
Same as Table (1) but corresponds to low solar epoch.

(continued on next page)
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(Ramesh and Sastri, 1995; Sastri, 1996). However, the time of PRE
over the Indian sector have been shown (Namboothiri et al., 1989; Nair
et al., 1993) to be same within a solar epoch and hence the occurrence
times of PRE are compared. Incidentally, it is found that the vertical

drifts presented using ionosonde/radar experiments maximize around
the time of Barium vapour cloud experiments (the solid blue, green and
magenta colored curves in subplots 3(a), 3(b) and 4(a) peak around the
time of magenta colored solid circles). It is also to be noted that the

Table 2 (continued)
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time of PRE observed in Vz presented by Scherliess-99 model is later in
LT compared to these times (e.g., see Fig. 1). A probable reason for this
difference in time is discussed in Section 4.

4. Discussion

As mentioned in Section 3, Fejer-08 model is found to be more
consistent with the reported presence or absence of streaming waves
than Scherliess-99 model. Further, the vertical drift provided by Fejer-
08 model also seem to represent the measured drifts better during low

Fig. 1. Vertical drift variations during high solar epoch over the Indian sector provided by Scherliess and Fejer (1999) model (black) and experiments conducted from TRD and KDK
(blue, dark magenta and green colored curves respectively) along with the σ1 variation in them (wherever available) with the same notation shown on the top right corner. Vertical drifts
measured using vapour release experiments are shown with magenta colored dots and those deduced from magnetometer records is shown with maroon colored curves. The presence or
absence of streaming waves observed using sounding rocket flights (vertical arrows) and VHF Doppler radars (horizontal lines) are portrayed with teal or red colors respectively. The
durations when streaming waves were detected on some days and found absent on some other days are depicted with simultaneous horizontal lines in teal and red colors. (See text for
more details). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Same as Fig. Fig. 1 but corresponds to low solar epoch. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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solar epoch as far as the PRE and daytime deduced drifts are
concerned. To investigate the probable reasons for Fejer-08 model
being more consistent than Scherliess-99 model, the data sets and
methodology used to develop these empirical models are looked into.

It is to be noted that empirical models were developed based on the
in-situ observations of plasma drifts at the altitude of satellite. The

techniques employed to measure the plasma drifts are entirely different
from the experimental techniques adopted to get these observations
over the Indian sector. In Scherliess-99 model, the input for vertical
drifts were obtained from Ion Drift Meter (IDM, on board AE-E
satellite) measurements over ± 7.5° dip-latitude ranges around the
globe during 1977–1979 and Jicamarca ISR measurements from 1968

Fig. 3. Same as Fig. 1 but comparison is with the Fejer et al. (2008a) model drifts. (For interpretation of the references to color in this figure, the reader is referred to the web version of
this article.)

Fig. 4. Same as Fig. 2 but comparison is with the Fejer et al. (2008a) model drifts. (For interpretation of the references to color in this figure, the reader is referred to the web version of
this article.)
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to 1992. On the other hand, in Fejer-08 model the input for vertical
drifts were obtained from Ionospheric Plasma and Electrodynamics
Probe Instrument (IPEI, on board ROCSAT-1 satellite) measured
vertical drifts over ± 5° dip-latitude ranges around the globe from
1999 to 2004. These vertical drifts were binned over 60° and 30°
longitudes in Scherliess-99 and Fejer-08 models respectively. Further,
different methodologies were adopted to develop both the empirical
models. In Scherliess-99 model, the Vz values around the globe were
constrained with different statistical weights to make electric field curl-
free (∮ dE l· = 0). However, in Fejer-08 model, the vertical drifts were
not constrained to satisfy for irrotational electric field, though, this
condition was used to estimate the accuracy of this model. As
mentioned in Scherliess and Fejer (1999), satellite measurements of
Vz during nighttime (that have more uncertainty compared to daytime)
were given less statistical weight compared to daytime measurements
and whenever the highly accurate daytime vertical drifts were available
from Jicamarca ISR, those data sets were given even higher statistical
weight (about 75%). Under this scenario, the Vz values provided by
Scherliess-99 model over the Indian sector, which is nearly at antipodal
point of the Peruvian sector, could become uncertain.

The occurrence of afternoon equatorial counter electrojet (CEJ) had
been shown (Rastogi et al., 2014) to be highest during June solstice
under low solar epoch. Interestingly, the Fejer-08 model drift values
reveal downward drifts in the afternoon hours which is consistent with
the observations of Rastogi et al. (2014). The presence of downward
drift in June solstice during solar minimum years also gets credence
from the works of Gurubaran (2002) and Bhattacharyya and Okpala
(2015). It was shown that equatorial CEJ under similar conditions was
due to additional contribution from global current system that gets
superimposed on the Sq current system. Further, the small afternoon
upward drifts in this season given by Scherliess-99 model are also
favorable for the generation of CEJ with a little help from additional
external agency. Therefore, both the models support the morphological
feature of occurrence of CEJ during this season. As far as the high solar
epoch is concerned, negligible vertical plasma drift obtained from
Fejer-08 model in the afternoon hours during the June solstice is
consistent with the occurrence characteristic of partial CEJ at this local
time reported by Rastogi et al. (2014). This feature is not efficiently
captured by Scherliess-99 model. In view of these outcomes, in the
forthcoming discussion on vertical drifts during different times of the
day, barring evening hours, Vz presented by experimental observations
are compared with Fejer-08 model only. During PRE time a discussion
based on both the models is presented.

4.1. Vertical drifts in morning hours

The vertical drifts presented using ionosonde/radar experiments
are insufficient for the generation of streaming waves observed around
06:00 LT. Their presence is supported by Fejer-08 model, although the
polarity of vertical drifts presented by this model is not consistent with
the respective observation on a few occasions during 06:00–08:00 LT,
as mentioned in Section 3. To investigate the probable reasons for this
inconsistency with the empirical model, the diurnal variations of Vz
over the dip-equatorial longitudes presented in Fig. 4 of Fejer-08
become important. It is observed from their work that, though the
vertical drifts are small during 06:00–08:00 LT around the Indian
sector, they show variation in polarity with longitude even for a
particular LT. Therefore, the longitudinal averaging of Vz used in
Fejer-08 model (given above) could result in loss of polarity informa-
tion. Therefore, it is rather difficult to bring out the clear picture of Vz
during morning hours.

4.2. Vertical drifts during daytime

In general, the daytime vertical drifts presented by Fejer-08 model
and those deduced using magnetometer data sets around noon hours
(10:00–14:00 LT) match within σ1 variation. In general, the magnet-
ometer deduced Vz capture the presence or absence of streaming
waves, suggesting that the magnetometer data can be effectively used to
gauge the vertical drift/zonal electric field variations from 10:00 LT to
14:00 LT.

4.3. Vertical drifts in evening hours

It is noticed that the time of occurrence of PRE, as predicted by
Scherliess-99 model, is slightly later than the corresponding times
observed by most of the ionosonde/HF radar experiments during high
solar epoch. In this regard, Fejer-08 model is closer with Indian
observations. This may be partly due to the better longitudinal
resolution of the Fejer-08 model in comparison with the Scherliess-
99 model. More importantly, the Indian stations are east of E60°
longitude and the model drifts have been presented corresponding to

E60° with finite longitudinal averaging. As the local sunset will occur
over the Indian sector earlier than that over E60° , the model drifts can
occur at a later time than what Indian observations suggest. During low
solar epoch, the PRE feature itself is more conspicuous in Fejer-08
model (particularly during solstices) than in Scherliess-99 model and
the Indian observations are reasonably consistent with the Fejer-08
model outputs in all the seasons except in June solstice as far as the
time of occurrence of PRE is concerned.

It is interesting to note here that in June solstice under low solar
epoch, PRE was found to be present (e.g., Ramesh and Sastri, 1995) on
some occasions, absent (e.g., Scherliess-99) on other occasions and
reverse PRE (e.g., Subbarao and Krishna Murthy, 1994; Chakrabarty
et al., 2014) was also observed. Therefore, the occurrence of PRE in
June solstice under low solar epoch is ambiguous. The suppression of
PRE in June solstice under low solar epoch was also reported over
Peruvian (Scherliess and Fejer, 1999) and African (Oyekola, 2006)
sectors. Further, the occurrence of reverse PRE is also noticed in the
vertical drifts over African sector that was presented in Fig. 1(a) of
Oyekola et al. (2007) corresponding to June solstice in low solar epoch.
In general, the occurrence of reverse PRE is found in June solstice
when solar flux level is low. The modeling studies of reverse PRE are
not found, though simulation results for suppressed PRE are available
(Fesen et al., 2000; Millward et al., 2001). The observed variability on
the occurrence of PRE during June solstice in low solar epoch needs to
be investigated in detail to arrive at a bigger picture. There are
differences, of course, between the magnitude of Vz during PRE time
given by Indian observations and the model values on some occasions.
It is known that the peak values of Vz during PRE hours depend on
solar flux level (Fejer et al., 1996; Sastri, 1996; Madhav Haridas et al.,
2015) and change on a day-to-day basis (Woodman, 1970; Balan et al.,
1992). In absence of significant recombination effect (as the layer
height is generally more than 300 km) during PRE time and unlikely
occurrence of equatorial spread-F before PRE, ionosonde/HF radar
measurements can be used to infer Vz on a day-to-day basis.

4.4. Vertical drifts during nighttime

The vertical drifts presented by Fejer-08 model capture the
observed presence/absence of streaming waves during nighttime.
However, the vertical drifts presented using ionosonde/HF radar
experiments are not sufficient, on most of the occasions, to capture
the observed presence of streaming waves and differ from vertical drifts
presented by Fejer-08 model by 10 ms−1 or more in general. The
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sources of these deviations could be improper correction of βH ,
gradients in vertical drifts, instrumental bias and/or inaccurate deter-
mination of height of plasma layer, etc. To delineate the probable
causes of these large differences the contributions that can arise from
these factors are looked into.

As the vertical drifts (used in the present work) are, in general,
obtained only for the duration when altitude of plasma layers remains
above km300 , the contribution due to chemical recombination would
be negligible (Bittencourt and Abdu, 1981). Even otherwise, it is shown
(Kakad et al., 2012; Subbarao and Krishna Murthy, 1994) that
contribution due to recombination process can be about 2 ms−1 or
4 ms−1 corresponding to the movement of plasma layer above or below
300 km respectively.

The altitude variation of vertical drifts over the Indian sector around
PRE hours have been reported earlier (Raghavarao et al., 1987; Sastri
et al., 1995; Prabhakaran Nayar and Sreehari, 2004). However, the
altitude gradient in vertical drifts during nighttime over the Indian sector
are not known. Therefore, a typical (Pingree and Fejer, 1987) altitude
gradient in the vertical drift over the dip-equatorial station (Jicamarca) is
taken as a representative value. The altitude averaged gradient in
nocturnal Vz was shown by Pingree and Fejer (1987) to be around
0.005 ms−1 km−1 (averaged nighttime value). As the altitudes probed by
the ionosonde/radar experiments (bottom side of F-layer, i.e. around
300 km) and the ROCSAT-1 satellite (used in Fejer-08 model) are
separated by about 300 km, Vz values could differ by about 2 ms−1.
Further, if the altitude gradient in vertical drifts are assumed to follow the
opposite pattern above and below F-layer peak as observed by Fejer et al.
(2014) and simulated by models (Klimenko et al., 2012; Qian et al., 2015),
the difference in Vz would be even less than 2 ms−1.

Finally, the accuracy of vertical drifts deduced using ionosonde/radar
experiments depends (to the first order) on how accurately the altitude of
plasma layer is determined. This is particularly difficult during equatorial
spread-F (ESF) events. Therefore, to investigate a possible relationship, if
any, between the percentage occurrence of ESF (Subbarao and Krishna
Murthy, 1994) over TRD and difference between Vz, obtained using
ionosonde/radars experiments and Fejer-08 model, the two parameters
are looked together. In general, the differences in Vz are found to follow
the percentage of occurrence of ESF. For e.g., under high solar epoch, the
occurrence of ESF was higher (Subbarao and Krishna Murthy, 1994)
during pre-midnight than post mid-night hours in all the seasons; and the
corresponding differences in vertical drifts are observed to follow the
similar pattern (see Fig. 3). Under low solar epoch, the ESF occurrence in
June solstice was higher (Subbarao and Krishna Murthy, 1994) during
post-midnight than pre-midnight hours; and corresponding differences in
vertical drifts are observed to follow this pattern (see subplot 4b). Further,
under high solar epoch the occurrence of ESF during pre-midnight hours
was maximum in equinox; and the differences in vertical drifts are also
maximum during pre-midnight hours in equinox (see subplot 3b). Under
low solar epoch, the occurrence of ESF during post-midnight was
maximum in June solstice; and the difference in vertical drifts during
post-midnight is also maximum in June solstice (see subplot 4c).

From the above discussion, it appears that the seasonal Vz
presented using ionosonde/radar experiments might have suffered
from an uncertainty arising out of the inaccurate determination of
ionospheric height parameter in the presence of ESF events. It is
important to note that the plasma irregularities associated with ESF
move upward and thus can result in systematic underestimation of the
downward drifts, which is seen in Figs. 1–4. Therefore, presence of ESF
is probably the most important reason for the underestimation of
ionosonde/HF radar derived vertical drifts. Further, with appropriate
(without ESF traces) choice of ionograms and proper correction for

recombination loss, the ionosonde/HF radar experiments can be used
to deduce the vertical drifts during nighttime. Another interesting
feature in vertical drifts during June solstice under low solar epoch was
reported by Chakrabarty et al. (2014). They had shown that the vertical
drifts increase and become upward during midnight hours, which is not
observed in vertical drifts presented by the empirical models but
confirmed by C/NOFS observations.

5. Summary

The vertical plasma drifts obtained or deduced with several
techniques over the Indian sector are compared with those presented
by the global empirical models (Scherliess and Fejer, 1999; Fejer et al.,
2008a). The salient points that have emerged from this study are as
follows:

1. In general, the vertical drifts presented by Fejer et al. (2008a) model
represent vertical drifts over the Indian sector better than Scherliess
and Fejer (1999) model and other average nocturnal vertical drifts
deduced using ionosonde/radar experiments.

2. The empirical models fail to capture the direction of vertical drifts in
morning hours (around 06:00 LT). This is probably due to long-
itudinal averaging that results in loss of polarity information.

3. The vertical drifts (corresponding to zonal electric fields) deduced
around noon hours (10:00–14:00 LT) from magnetometer records
match with vertical drifts presented by Fejer et al. (2008a) model
and capture the presence/absence of streaming waves in general.

4. For distinctive drift features like PRE, the time difference between
occurrence of PRE reported by the empirical models and the ground-
based observations is found on some occasions and this can be due
to the different longitudinal averaging schemes used in the models.

5. The seasonally averaged nocturnal vertical drifts deduced using
ionosonde/HF radar experiments are not sufficient, on most of the
occasions, to capture the observed presence of streaming waves. The
deviations of vertical drifts obtained using ionosonde/HF radar
experiments from the Fejer et al. (2008a) model drift values closely
follow the percentage occurrence of ESF indicating inaccuracy in the
determination of vertical drifts based on ionospheric height varia-
tions in the presence of ESF.

6. Both the empirical models Scherliess and Fejer (1999) and Fejer
et al. (2008a) support the occurrence characteristic of afternoon
equatorial CEJ in June solstice under low solar epoch.
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Appendix A

A model was developed by Anandarao (1976) to obtain the ionospheric current density and details of the model can be obtained from the earlier
works of Anandarao and Raghavarao (1987) and Raghavarao and Anandarao (1987). The inputs required to the model are altitude profiles of
electron density (Ne), neutral density, temperature and dip-equatorial zonal electric field. In addition, a methodology to obtain the horizontal
component (H) of magnetic field induced at ground by the electrojet current along zonal direction was described by Anandarao (1977) using,

H
μ C

πr
r a θ

r a r a θ
=

2
( / )sin − 1

( / ) + 1 − 2( / )sininduced
0

2 (1)

where C is line current obtained from zonal current density (Jϕ or Jx), ∫ ∫C J drdθ=
r θ x . Here r and θ denote the distance and magnetic co-latitude of

the line current respectively and a denotes the Earth's radius. Note that Jx values, integrated in the altitude and dip-latitude ranges of 80 to 130 km
and−5° to +5° respectively, are used to derive Hinduced. The Hinduced is taken as the representative of the H component of magnetic field induced
at ground due to the equatorial electrojet.

In present work, the problem is reversed in pursuit of zonal electric field from the magnetometer observations. This is done by computing Jx
with varying zonal electric field input to the electrojet model till the derived Hinduced value becomes equal to the observed H HΔ − Δequator off equator− .
Further, it is noticed that the Ne profiles, measured using sounding rocket flight experiments (Subbaraya et al., 1983; Gupta, 2001), over the
equatorial electrojet region (90–110 km) did not reveal any significant temporal variation during 10:00–14:00 LT irrespective of solar epoch,
though the absolute values of Ne are larger (about 40%) during solar maximum. Hence, the average Ne profile corresponding to the particular solar
epoch and typical profiles of neutral parameters, as their effects on Jx are negligible (Pandey et al., 2016), are used in the electrojet model
(Anandarao, 1976) to evaluate Hinduced for different zonal electric field values. The sensitivity studies (Pandey et al., 2016) were carried out by
varying different parameters. This suggests ∼5% uncertainty in the estimated zonal electric field.

The hourly magnetometer measurements from a dip-equatorial station Trivandrum (TRD, N8.5° , E76.9° , dip-lat. S1° ) and an off-equatorial
station Alibag (ABG, N18.6° , E72.9° , dip-lat. N10° ) during 1985–1995 are used to obtain H HΔ − Δequator off equator− on geomagnetically quiet days
(Kp ≤ 3 and Dst ≥−20, on the selected day and also on the previous day). The observed values of H HΔ − ΔTRD ABG on individual quiet days (gray) and
their seasonally averaged (red) values along with σ1 variation during high (left panel) and low (right panel) solar epochs are depicted in Fig. 5. Based
on these seasonally averaged values of H HΔ − ΔTRD ABG, the vertical drifts corresponding to zonal electric fields are obtained during 10:00–14:00 LT.

Fig. 5. Hourly variations of individual quiet days (gray colored lines) and seasonally averaged (red colored line) H HΔ − ΔTRD ABG values along with σ1 variation during high (left panel)

and low (right panel) solar epochs. The upper, middle and lower subplots represent variations in December solstice, equinox and June solstice respectively. The number of days used for
seasonal average are also mentioned in each subplot. (The hourly values of magnetic field measurements are obtained from the World Data Center for Geomagnetism, Kyoto).
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Abstract Studies made earlier using ground-based observations of geomagnetic field over the Indian
longitudes revealed that the occurrence of equatorial counter electrojet (CEJ) events in afternoon hours
is more frequent during June solstice (May-June-July-August) in solar minimum than in other periods.
In general, the June solstice solar minimum CEJ events occur between 1500 local time (LT) and 1800 LT
with peak strength of about −10 nT at around 1600 LT. In order to understand the frequent occurrence
of these CEJ events, an investigation is carried out using an equatorial electrojet model (Anandarao,
1976, https://doi.org/10.1029/GL003i009p00545) and the empirical vertical drift model by Fejer et al.
(2008, https://doi.org/10.1029/2007JA012801). The strength, duration, peak value, and the occurrence
time of CEJ obtained using electrojet model match remarkably well with the corresponding observation
of average geomagnetic field variations. The occurrence of CEJ is found to be due to solar quiet (Sq)
electric field in the westward direction which is manifested as downward drift in Fejer et al. (2008,
https://doi.org/10.1029/2007JA012801) model output during 1500–1800 LT. Further, the occurrence of
afternoon reversal of Sq electric field in this season is shown to be consistent with earlier studies from Indian
sector. Therefore, this investigation provides explicit evidence for the role of westward Sq electric field
on the generation of afternoon CEJ during June solstice in solar minimum periods over the Indian sector
indicating the global nature of these CEJ events.

1. Introduction

A strong eastward current is driven in the E region over the magnetic dip equator owing to the orthogonal
orientation of the solar quiet (Sq) electric field and the horizontal component of geomagnetic field. This cur-
rent flows within±3∘ dip latitude at around 105 km and is well known as equatorial electrojet (EEJ). In order to
characterize the EEJ, a large number of studies were extensively conducted using ground-based (Egedal, 1947;
Rastogi & Patil, 1986; Venkatesh et al., 2015), rocket-borne (Davis et al., 1967; Sastry, 1970), and satellite-based
magnetometers (Cain & Sweeney, 1973; Jadhav et al., 2002; Lühr et al., 2004; Onwumechili & Agu, 1981).
Modeling efforts were also made to simulate different characteristics of EEJ (Anandarao, 1976; Forbes &
Lindzen, 1976; Richmond, 1973; Stening, 1985; Sugiura & Poros, 1969). Excellent reviews on this topic are avail-
able in the literature (Forbes, 1981; Raghavarao & Anandarao, 1987; Reddy, 1989; Stening, 1992; Yamazaki &
Maute, 2017). The electrojet region is also known to host different types of plasma irregularities as recorded
comprehensively by earlier workers (Fejer & Kelley, 1980; Gupta, 2000; Kelley, 2009; Prakash et al., 1971).
Further, the geomagnetic field variations due to electrojet current can be taken as a proxy for electric field
variations (Rastogi & Patel, 1975) on a time scale shorter than the time scale associated with ionospheric
conductivity variation. These electric fields during magnetically quiet times are referred to as solar quiet
(Sq) electric field generated essentially by a dynamo action driven by tidal winds and hence associated with
global current system. The dip equatorial vertical plasma drifts driven by Sq electric fields are measured
directly using radar (e.g., Fejer, 1981; Woodman, 1970), Barium vapor cloud (e.g., Haerendel et al., 1967), and
ion drift meter (e.g., Hanson & Heelis, 1975) techniques. A few methodologies were described in the litera-
ture (e.g., Anderson et al., 2004; Pandey et al., 2017) to derive the zonal Sq electric field from geomagnetic
field observations.

In general, as mentioned earlier, the EEJ is eastward during daytime. On many occasions, however, the
flow was observed to be westward during the afternoon periods (Gouin & Mayaud, 1967). This is generally
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referred to as the equatorial counter electrojet (CEJ). A number of studies (Bhargava & Sastri, 1979; Patil et al.,
1990; Vichare & Rajaram, 2011; Rabiu et al., 2017) reported the occurrence of CEJ events around the globe,
and their characteristics were established. Patil et al. (1990) showed that the afternoon CEJ events over the
Indian sector occurred on a total of 110 days during the months of May-June-July-August (henceforth referred
to as June solstice) in 1964–1965 which fall under solar minimum period. This gets credence from the work
of Rastogi et al. (2014) wherein 40 years of ground-based geomagnetic field observations over Indian sector
also brought out the maximum occurrence of afternoon CEJ during June solstice in low sunspot years.

Many mechanisms were proposed to explain the occurrence of CEJ events. Gouin and Mayaud (1967) sug-
gested a possible scenario wherein there exist two counter streaming current systems at two different
altitudes, and depending on their relative strengths, the EEJ or CEJ can be generated. However, the experimen-
tal support for this hypothesis in the form of a vertical profile of current density is not available in the literature.
The effects of lunar phase variation on the occurrence of CEJ are extensively studied (Hutton & Oyinloye,
1970; Rastogi, 1974; Stening, 1989a). However, occurrence of afternoon CEJ on 25 days in a month of July dur-
ing solar minimum over the Indian sector (see Rastogi et al., 2014, for details) cannot be accounted for by the
lunar phase variation. Raghavarao and Anandarao (1980) showed that large vertical winds (∼20 ms−1) of grav-
ity wave origin can generate CEJ. However, sustenance of such winds on daily basis lasting for ∼3 h could be
difficult (Stening, 1992). Further, the effects of zonal wind and its vertical shears were shown to be mostly inef-
fective in altering the zonal current over the dip equator (Anandarao & Raghavarao, 1987; Richmond, 1973).
It is also known that the polarity of the Sq electric field can be altered (e.g., Chau et al., 2009; Fejer et al., 2010)
by the winds associated with the significant rise in temperature (known as sudden stratospheric warming or
SSW) in the polar stratosphere in the winter hemisphere (Schoeberl, 1978) owing to disruption of polar vortex
of westerly winds. This can lead to occurrence of CEJ during SSW events (Sridharan et al., 2009). However, the
effects of SSW are pronounced in local winter (Schoeberl, 1978), and hence, frequent occurrence of CEJ in June
solstice is not likely to be of SSW origin. Therefore, these mechanisms cannot successfully account for the char-
acteristics of CEJ events in June solstice over the Indian sector. Though space weather events like disturbance
dynamo (Blanc & Richmond, 1980), overshielding (Kobea et al., 2000), and substorm (Kikuchi et al., 2003) also
produce CEJ, however, the present study is focused on the occurrence of CEJ during geomagnetically quiet
conditions. The abnormal depressions in horizontal magnetic field over the dip equatorial stations, similar to
the magnetic field signatures of CEJ events, were correlated with f oF2 variation by Onwumechili and Akasofu
(1972). Although those observations were in another season (December solstice) and may have a common
driver, these authors did not explicitly discuss the possible role of Sq electric field. In addition, these authors
(Onwumechili & Akasofu, 1972) did not remove off-equatorial magnetic field in their work, which was shown
in later years (Rastogi, 1975) to be essential to ascertain CEJ events. In another investigation, the possibility of
CEJ being part of global current system was discussed by Gurubaran (2002). However, in the investigation of
Gurubaran (2002), the alteration of Sq electric fields was not explicitly discussed.

Taking into account of the facts that the Sq electric field pattern changes with season and the occurrence of
CEJ events maximizes over the Indian sector during June solstice in solar minimum years, an investigation is
carried out to establish the connection between polarity change in diurnal variation of Sq electric field and the
occurrence of these CEJ events. This is done by computing the E region current densities and the correspond-
ing horizontal magnetic field induced at ground using electrojet model by Anandarao (1976) (methodology
described in section 2) providing inputs (described in section 2.1) corresponding to June Solstice in solar min-
imum years. Details of magnetic field observations used to compare with the magnetic field computed from
model results are described in section 3. The results obtained are presented in section 4 and discussed in
detail in section 5.

2. Methodology

A first principle model to compute the E region current densities was developed by Anandarao (1976) by solv-
ing generalized Ohm’s law, current conservation equation along with curl-free electric field condition. These
equations were reduced to a differential equation involving a current function and its derivatives in spheri-
cal polar coordinate system. This differential equation was solved numerically to compute the components
of electric fields to obtain the zonal current density (J𝜙) using the following equation.

J𝜙 = 𝜎H

(
Er cos I − E𝜃 sin I

)
+ 𝜎PE𝜙 (1)
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Figure 1. Inputs to the electrojet model (a) Vertical drifts (left Y axis) over 60∘E longitude from Fejer et al. (2008) and the
corresponding zonal electric field (right Y axis). (b) Altitude profiles of electron density (Ne) at different local times.
The solid bold line represents the averaged electron density profile based on the measurements conducted from
Trivandrum during 1000–1400 local time (LT) under low (⟨F10.7⟩ ≤ 120 sfu) solar activity periods. The other profiles are
generated based on the solar zenith angle (𝜒 ) variation (see text for details).

where 𝜎H, 𝜎P , Er , E𝜃 , E𝜙, and I are conductivities in Hall and Pedersen directions; electric fields in radial, merid-
ional, and zonal directions; and dip angle, respectively. The details of the model can be obtained from the
earlier works of Anandarao and Raghavarao (1987) and Raghavarao and Anandarao (1987). In the present
work, the average values of zonal current densities between 0930 local time (LT) and 1730 LT during June
solstice in solar minimum years over the Indian sector are computed based on equation (1).

A method to evaluate the horizontal component of magnetic field induced (Hind) at ground by this current
system is described by Anandarao (1977) based on Biot-Savart’s law.

Hind =
𝜇0C

2𝜋r

[
(r∕a) sin 𝜃 − 1

(r∕a)2 + 1 − 2(r∕a) sin 𝜃

]
, (2)

where C represents the line current obtained by integrating the current density J𝜙 over the radial distance r
and the magnetic colatitude 𝜃 in a geocentric coordinate system (C = ∫r ∫𝜃 J𝜙 dr d𝜃). The symbol “a” denotes
the radius of Earth. Using the above equation, the average horizontal component of the induced magnetic
field is computed for LT between 0930 and 1730 h during June solstice in solar minimum period over the
Indian sector.

2.1. Inputs to the Electrojet Model
The inputs to the electrojet model are zonal Sq electric field, altitude profiles of E region electron density, neu-
tral atmospheric density, and temperature, in addition to the three-dimensional geomagnetic field. The neu-
tral atmospheric density and temperature are obtained from Naval Research Laboratory Mass Spectrometer
Incoherent Scatter Extension-00 (NRLMSISE-00; Picone et al., 2002) model, and the geomagnetic field is taken
from International Geomagnetic Reference Field-12th generation (IGRF-12; Thébault et al., 2015) model.

The systematic ground-based measurements of Sq electric field over India covering all local times and seasons
are not available because of the absence of incoherent scatter radar in this sector. Based on in situ measure-
ments of vertical drifts obtained using ion drift meters onboard AE-E and ROCSAT-1 satellites, Scherliess and
Fejer (1999) and Fejer et al. (2008), respectively, developed global empirical models of vertical drifts. Recently,
based on the scattered data that were available, Pandey et al. (2017) showed that the vertical drifts reported
by Fejer et al. (2008) model corresponding to 60∘E longitude (with ±15∘ longitude and ±5∘ dip latitude bin)
represent the vertical drifts over the Indian sector fairly well at different local times of the day barring early
morning hours. Therefore, the Sq electric fields at different local times are obtained based on climatological
vertical drifts of Fejer et al. (2008) model. Figure 1a depicts these vertical drifts during June solstice in low solar
flux conditions (F10.7 ≈ 130 sfu). This is based on Figure 7 of Fejer et al. (2008) empirical model correspond-
ing to 60∘E longitude sector. The input zonal Sq electric field is then obtained by taking the cross product of
vertical drift with and Earth’s horizontal magnetic field (∼37,400 nT) over Trivandrum (TRD).
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Figure 2. The contours of isocurrent densities (in μAm−2) in the zonal direction, obtained from electrojet model in
altitude dip latitude plane corresponding to inputs at different local times. Note that the solid and dashed whorls
represent the positive (eastward) and negative (westward) values of current density, respectively. The current density
values are shown on each contour with the maximum value marked at the center. LT = local time.

The input of E region electron densities to the model is based on the in situ measurements (Gupta, 2000;
Subbaraya et al., 1983) that have been obtained using high-frequency Langmuir probe (Prakash & Subbaraya,
1967) onboard rocket experiments, conducted over TRD at different local times between 1968 and 1982. It
is noticed that electron density profiles over the electrojet altitudes (90–110 km) do not reveal significant
temporal variation during 1000–1400 LT for a given solar epoch. Therefore, electron density profiles mea-
sured between this time interval under low solar epoch (⟨F10.7⟩ ≤ 120 sfu, where ⟨F10.7⟩ stands for annually
averaged F10.7) are averaged and used as representative profile at noon (shown in Figure 1b). Since in situ
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Figure 3. The hourly variations of equatorial electrojet (EEJ) strength
deduced using magnetometer data corresponding to individual
geomagnetic quiet days with normal (blue) and afternoon counter (gray)
electrojet during June solstice in solar minimum years of solar cycle 22. It
consists of 235 quiet days of observations whose mean values are depicted
by black curve. The 1𝜎 variation for each point is also indicated with vertical
bars. The red curve corresponds to the magnetic field strength computed
using EEJ model. LT = local time.

electron density profiles are not available at all local times, the empiri-
cal relationship between the electron density and solar zenith angle (𝜒 )
through cos1.31∕2(𝜒) (IRI-90, Bilitza, 1990) is used along with the measured
averaged noontime density profile to generate electron density profiles
during 0930–1730 LT (see Figure 1b).

3. Details of Ground-Based Magnetic Field Observations
Used for Comparison With Model Results

In order to compare the computed magnetic field (based on equation (2))
with the observations of electrojet strength, the ground-based mag-
netic field observations over India are utilized. The observations of hor-
izontal component of geomagnetic field (H) from an equatorial (eq)
and off-equatorial (off-eq) stations are conventionally used to extract
the strength of EEJ (Rastogi & Patel, 1975). This is done by computing
ΔHeq − ΔHoff-eq where ΔH is obtained by subtracting average values of H
at nighttime from instantaneous H values. The geomagnetic field obser-
vations from an equatorial station TRD (8.5∘N, 76.9∘E, dip latitude 1∘S)
and off-equatorial station Alibag (ABG, 18.6∘N, 72.9∘E, dip latitude 10∘N)
are utilized to compute the strength of electrojet. The hourly variations of
geomagnetic fields on quiet days (Kp≤ 3 and DST ≥−20, with similar con-
ditions on previous day to avoid the effects of disturbance dynamo), are
obtained from World Data Center Kyoto (http://wdc.kugi.kyoto-u.ac.jp/).
For the present study, the differential horizontal geomagnetic field vari-
ations on 235 quiet days covering 6 years during June solstice months

in solar minimum periods (⟨F10.7⟩ ≤ 120 sfu) are considered. These 235 days are spread over ascending
(1985–1987) and descending (1993–1995) phases of solar cycle 22.

4. Results

The model-generated contours of isocurrent densities along the zonal direction in altitude dip latitude plane
are depicted in Figure 2 at various local times. The strength of zonal current density (J𝜙 in units ofμAm−2) is also
shown on each contour with the maximum value marked at the center. Based on the sensitivity studies carried
out with various model inputs, the uncertainty in current density was found to be less than 18% (Pandey et al.,
2016). The contours of current density plotted with solid and dashed lines correspond to the positive (east-
ward) and negative (westward) values of current density, respectively. It is to be noted that eastward electrojet
peaks around 1030 LT. The flow of current becomes westward between 1430 LT and 1530 LT, and it remains
so till 1730 LT. The peak of westward current density in general is found to be ∼−1 μAm−2 between 1530 LT
and 1630 LT.

The horizontal components of magnetic field induced at ground by the electrojet currents are computed
based on equation (2). The computation is carried out for every 15 min interval from 0930 LT and 1730 LT.
Figure 3 depicts the computed variations of magnetic field (red curve with dots). The observed hourly varia-
tions of ΔHTRD − ΔHABG for 235 quiet days during June solstice in solar minimum periods are also shown in
the figure as the blue and gray curves corresponding to normal EEJ and afternoon CEJ days, respectively. Out
of these 235 quiet days of observations, CEJ occurred during 1500–1800 LT on 194 days. In order to generate
a quiet time average variation of ΔHTRD −ΔHABG, all the 235 quiet days (including both normal EEJ and after-
noon CEJ days) are considered. This average curve is depicted in black with dots indicating hourly intervals.
In addition, the 1𝜎 variation for each point is indicated with vertical bars.

It is evident from Figure 3 that the model computed and mean of observed magnetic fields match well (within
1𝜎 variation) between 0930 LT and 1730 LT. The peak magnetic field values corresponding to eastward elec-
trojet occur ∼1030 LT in both computed and observed values. On an average, CEJ events occur between
1500 LT and 1800 LT with peak (∼ −10 nT) occurring around 1600 LT. In spite of using averaged inputs
from different sets of data (see section 2), remarkable similarities are observed between the computed and
mean observed values of magnetic field during CEJ hours (∼1500–1730 LT). The time of commencement
and the duration of CEJ obtained from the model computations closely follow the respective observations.
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Further, the strength of peak CEJ and its time of occurrence obtained from model computations are almost
the same as those from observations. The implications of these results are discussed in the following section.

5. Discussion

From Figures 1a and 2 it is clear that the reversal in electrojet takes place when the Sq electric field becomes
westward. It is to be noted that the peak of the current density (see Figure 2) and the magnetic fields
(see Figure 3) corresponding to normal electrojet are found to be at the same time (∼1030 LT) when the zonal
Sq electric field from empirical model (Fejer et al., 2008) maximizes (see Figure 1a). Incidentally, the local time
corresponding to the monthly mean of Sq focii over the Indian sector during June solstice in solar minimum
period was found to be around 1030 LT (Vichare et al., 2017). However, in afternoon hours, local time corre-
sponding to the peak of CEJ current (∼1630 LT) does not coincide with the time when westward Sq electric
field maximizes (∼1730 LT). This is due to considerable amount of decrease in electron density with 𝜒 varia-
tion after 1630 LT (see Figure 1b) that results in reduction of CEJ strength after ∼1630 LT. Hence, the time of
peak westward current is determined from the optimum values of zonal Sq electric field and electron density.

The average characteristics of CEJ events (strength, duration, peak value, and its time of occurrence) reported
by earlier studies (Patil et al., 1990; Rastogi et al., 2014) pertain to different solar cycles and are similar to
the observations presented in Figure 3. Further, the results obtained in the present work using electrojet
model have exceptional similarities with these observations. However, on some occasions, the amplitude of
CEJ is observed to be substantially larger than 1𝜎 compared to averaged CEJ strength and commencement
of some of CEJ events is at earlier local times (<1500 LT). These aspects are discussed later. It is clear from
Figure 2 that depending on the polarity of the zonal Sq electric field being eastward or westward, the EEJ
or CEJ appears. Thus, it is important to know the polarity of the zonal Sq electric field in afternoon hours.
Fejer et al. (2008) model, employed in the present investigation, reveals westward Sq electric field during
1500–1800 LT in June solstice in solar minimum over Indian longitude. Considering the smaller values of
westward Sq electric field after ∼1500 LT and the uncertainties (less than 10% particularly during daytime)
associated with the Fejer et al. (2008) model, additional clues for the westward Sq electric fields during after-
noon hours in this season over the Indian region are gleaned from the earlier works and discussed in the
ensuing subsection.

5.1. Earlier Observations That Indirectly Support Westward Sq Electric Field During Afternoon Hours
Various earlier measurements that indicate the westward Sq electric field in afternoon hours over the Indian
sector during June solstice in solar minimum periods are described in the ensuing paragraphs.

The vertical Doppler drifts from the radar echoes due to the presence of plasma irregularities at 150 km region
act as a proxy to zonal Sq electric field (Chau & Woodman, 2004; Kudeki & Fawcett, 1993). These measurements
have been extensively used over the Peruvian sector (Hui & Fejer, 2015). Over the Indian sector, such measure-
ments of the vertical drifts over Gadanki (13.5∘N, 79.2∘E, dip latitude 6.5∘N) are reported by Pavan Chaitanya
et al. (2014) and Patra et al. (2014). Patra et al. (2014) reported the vertical drifts for 4 days during July–August
2009 that indicate downward trend at ∼1500 LT. As the radar observational time was limited to ∼1500 LT, the
westward Sq electric field could not be ascertained on most of the cases beyond this local time. However, on
one occasion, simultaneous measurements of vertical drifts using in situ measurements by Communication/
Navigation Outage Forecast System (C/NOFS) satellite and 150 km echo revealed westward electric field at
∼1400 LT. On this CEJ day, continuous operation of radar revealed westward electric field till the end of the
observation (∼1530 LT). Some of the earlier reversals seen in Figure 3 can be accounted by westward elec-
tric field similar to this measurement. Further, Pavan Chaitanya et al. (2014) reported observations of 150 km
echoes during 5 months in 2009 for a few consecutive days in each month. It is noticed from their observa-
tions that, on an average, the vertical drifts are close to 0 or negative ∼1500 LT in June and July months and
show decreasing trend around this time. Note that the decreasing trend in afternoon hours in months other
than June solstice (e.g., December month) was not observed by both Pavan Chaitanya et al. (2014) and Patra
et al. (2014). Thus, these case studies give credence to the presence of westward Sq electric fields in afternoon
hours during June solstice in solar minimum period.

The polarity of Sq electric field can also be inferred from the measurements of E region electron density pro-
files and structures in them (Pandey et al., 2017). Recently, Pandey et al. (2017) have shown that the polarity
of zonal Sq electric field and the limiting values of the drift deduced from such measurements match well
with the empirical model of vertical drift (Fejer et al., 2008). Based on a rocket flight experiment conducted
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at 1554 LT on 17 August 1972 from TRD, Prakash et al. (1976) reported that the streaming waves were present
on a CEJ day around 105–110 km and amplitudes of irregularities at altitudes below 100 km were found to
be of the order of nongeophysical noise level (∼0.5%) and thus considered by them as absence of irregulari-
ties. However, over the Indian region, the gradient drift waves are in general observed above 87 km in positive
gradient region (Sekar et al., 2014), where electrojet current is negligible due to low value of R (ratio of Hall to
Pedersen conductivities) (Pandey et al., 2016). Thus, the absence of gradient drift waves in the positive gradi-
ent region at very low altitudes (∼90 km) indicates toward the westward Sq electric field on that day. Further,
the presence of streaming waves above 105 km altitude indicates that the downward drift corresponding to
zonal Sq electric field was more than the limiting value of 12 ms−1 (Pandey et al., 2017). Thus, the Sq elec-
tric field can be westward and with large amplitude on some occasions during afternoon in June solstice
under solar minimum periods. This can account for large deviations (more than 1𝜎) in the amplitude of CEJ
as observed on some occasions compared to the averaged CEJ strength depicted in Figure 3. Thus, the above
set of observations provides another evidence for the presence of westward Sq electric field during daytime
on a CEJ day.

The strength of Sq electric field can also be gauged from the morphology of the latitudinal location of the peak
of ionization. The latitudinal distribution of ionization in low-latitude F region is controlled by plasma foun-
tain effect. The equatorial plasma fountain is due to eastward Sq electric field pumping up the plasma from
equatorial region vertically upward, which subsequently diffuses along the geomagnetic field with the mod-
ulation due to meridional wind to form a crest region over low latitudes (Hanson & Moffett, 1966). However,
the location of the crest region of equatorial plasma fountain depends on the strength of zonal electric field
(Anderson, 1973). The stronger eastward electric field shifts the crest of plasma fountain further away from the
dip equator. Several works reported strong correlation between integrated EEJ strength and the development
of plasma fountain (Aggarwal et al., 2012; Raghavarao et al., 1978; Rama Rao et al., 2006; Rush & Richmond,
1973). This correlation was also observed in total electron content (TEC) variations reported by earlier workers
(e.g., Iyer et al., 1976), though seasonal dependence of TEC under different solar epochs is sparse (Rama Rao
et al., 2006; Yadav et al., 2013). In one such work by Rama Rao et al. (2006), the monthly mean values of TEC at
different latitudes over India are reported. The crest location of TEC during 2004, which is in the descending
phase of solar cycle 23 (⟨F10.7⟩ ≤ 110 sfu), is found to be at∼12∘N dip latitude. It can be noticed from Figure 7
of their work that the TEC values peaked for a short interval of time around noon and fall off sharply after-
ward during June–July compared to other months. The noontime peak in TEC indicates that zonal Sq electric
field peaks around 1000–1030 LT as it takes about 2 h (Sanatani, 1966) to diffuse to the location of 12∘N dip
latitude. In addition, sharp decrease in TEC after noon indicates sharp decrease in zonal electric field. Further,
the location of peak TEC was shown not to exceed beyond 6∘N dip latitude during afternoon hours in June
solstice, indicating that the zonal Sq electric field was relatively weak. Thus, the morphological variations of
TEC over India indicate the decreasing trend of Sq electric field in the afternoon hours during June solstice in
solar minimum periods. Since the latitudinal extent of EEJ is limited (±3∘), the correlation between EEJ and
plasma fountain obtained by these workers indicates the common role of Sq electric field in controlling both
the phenomena.

An indirect inference of earlier (afternoon) reversal of Sq electric field can be obtained from the magnetic field
observations at the focii of Sq current system. Based on geomagnetic field observations using chain of mag-
netometers during low solar activity (⟨F10.7⟩ < 90 sfu) years 2006–2010, Vichare et al. (2017) reported that
the local time corresponding to monthly mean of focii of Sq current system over the Indian sector during June
solstice occurs earlier (∼1030 LT) compared to other seasons. Interestingly, the time of maximum eastward
electric field corresponding to vertical drifts over Indian sector reported by Fejer et al. (2008) model is also
earlier (∼1030 LT) in June solstice compared to other seasons. These observations are consistent with mor-
phological variations of TEC observations discussed earlier. As the maximum of Sq current is observed earlier,
it is expected that the descending phase of diurnal tide starts early during this season. Under these conditions,
the contributions from components other than diurnal tides can govern the Sq current system and hence
the zonal electric field depending upon the relative magnitudes and phases of diurnal and higher-order tidal
components. These aspects can result in small or opposite polarity of zonal Sq electric field in afternoon hours
during June solstice compared to other seasons.

A chain of magnetic field observations can also provide a clue to the polarity of the Sq electric field. Based
on the principal component analysis of geomagnetic field variations measured using a chain of magnetome-
ters over Indian region during June–July 1995, Gurubaran (2002) reported that the second harmonic plays
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a crucial role in the occurrence of CEJ in afternoon hours. The author (Gurubaran, 2002) also showed that
on days of afternoon CEJ, a clockwise current system (located ∼20 dip latitude in afternoon hours) owing to
higher harmonics is superposed on the normal counterclockwise Sq current vortex (located ∼30 dip latitude
at noon) due to primary component. The author wondered whether CEJ is a part of global current system.
Bhattacharyya and Okpala (2015) applied a similar analysis to quiet time geomagnetic field variations
between 1999 and 2012 and reported that second and third harmonics contribute to the occurrence of CEJ
events. In recent investigation, Bhardwaj and Subba Rao (2017) showed that the higher harmonics are associ-
ated with clockwise current system in afternoon. Therefore, the studies by Bhattacharyya and Okpala (2015)
can also be taken to produce clockwise current cell in the afternoon. Thus, the results obtained from these
systematic magnetic field variations measured using a chain of magnetometers over Indian region indicate
toward formation of a counterclockwise current cell in morning and clockwise current cell during afternoon
hours on CEJ days in addition to normal counterclockwise current cell. This can be taken as a support for east-
ward Sq electric field in morning hours and westward Sq electric field during afternoon hours at least during
the periods of June solstice in solar minimum.

5.2. Possible Reason for Westward Sq Electric Field in Afternoon Hours
Section 5.1 provides alternate evidences for westward Sq electric field around 1500–1800 LT during June
solstice in solar minimum periods that are consistent with the results of Fejer et al. (2008) for the Indian sector.
Possible reason for this westward Sq electric field is discussed below.

Simultaneous long-term (1993-2011) observations of mesospheric winds by medium frequency (MF) radar
at Tirunelveli (8.7∘N, 77.8∘E), a station close to the dip equator over India, and the strength of EEJ using geo-
magnetic field observations revealed that the second principal component acts as proxy for the occurrence of
CEJ with enhanced tidal activities during solar minimum year when the occurrence of CEJ is more (Gurubaran
et al., 2016). However, the role of relative strengths of diurnal and semidiurnal tides particularly during June
solstice in solar minimum periods for the generation of CEJ is not clear from this work. Month-to-month vari-
ations of tidal amplitudes of mesospheric winds over TRD obtained using a meteor radar from June 2004 to
May 2005 (descending phase of solar cycle 23, ⟨F10.7⟩ ≤ 110 sfu) are reported by Deepa et al. (2006). It is
observed from Figures 9 to 14 of their work that the semidiurnal amplitudes are found to be larger than corre-
sponding diurnal amplitude in meridional direction in the altitude region 94–98 km during the June solstice
months. The phase difference between meridional diurnal and semidiurnal tides was found to be around 12 h
in the altitude region 94–98 km in this solstice barring the month of June. Possible role of semidiurnal tides
on equatorial quiet time vertical ion drifts measured by C/NOFS satellite was indicated by Stoneback et al.
(2011) based on measurements over the Indian sector during deep solar minimum period (2008–2010) of
solar cycle 23. Further, when semidiurnal tide is effective and contributes to the generation of afternoon CEJ,
it is expected to cause eastward electric field influence around midnight hours. This aspect is confirmed by
the premidnight ascent of F layer and upward ion drift observed by C/NOFS over the Indian sector during
June solstice in deep solar minimum years 2008–2009 (Chakrabarty et al., 2014). These aspects are in support
of role played by the semidiurnal tides during June solstice.

In theoretical studies (Forbes & Lindzen, 1976; Hanuise et al., 1983; Marriott et al., 1979) with assumptions
of concentric geomagnetic and geographic equator and reduced amplitude of diurnal components, the fea-
tures of CEJ are modeled by combination of symmetric semidiurnal tides. The observational support for the
second assumption was provided by Sridharan et al. (2002) wherein a reduction in the diurnal tidal compo-
nent and/or enhancement in semidiurnal amplitude was reported on afternoon CEJ days during June–July
months in 1995 observed over Tirunelveli using MF radar and chain of magnetometers simultaneously. On
the other hand, Stening (1989b) reproduced many features of CEJ by introducing antisymmetric semidiur-
nal tidal components. Numerical simulation of simultaneous Sq current and CEJ using different combinations
of semidiurnal and diurnal tidal components is beyond the scope of this manuscript. However, based on
earlier simulation works discussed above and the observational support on tidal winds from recent times,
it appears that the semidiurnal tides play a crucial role in altering Sq electric field, which is shown by the
present investigation to be essential to cause CEJ during June solstice in solar minimum periods over the
Indian region.

Finally, the present investigation brings out the important consequence of the westward Sq electric fields
that were obtained by Fejer et al. (2008) empirical model over Indian longitudes during June solstice in solar
minimum in the generation of CEJ. Though the process appears to be obvious, the present work reproduces
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all the observed CEJ characteristics remarkably well. Further, if the Sq electric field is responsible for the gen-
eration of CEJ, the requirement (Stening, 1977) of a separate return current becomes superfluous. Therefore,
the present investigation suggests that these CEJ events are part of a global current system. As the present
work is not exhaustive covering all the seasons and solar epochs, the other suggested mechanisms discussed
in section 1 are not precluded.

6. Summary

An investigation was carried out using an EEJ model and the inputs based on measurements and empirical
model of vertical drift to understand frequent occurrence of CEJ events in afternoon hours over the Indian
sector during June solstice in solar minimum period. The occurrence of CEJ is shown to be due to the west-
ward Sq electric field between 1500 LT and 1800 LT. The empirical model-based westward Sq electric field is
substantiated by various earlier observations from India. The magnetic field derived from the electrojet model
is compared with the corresponding magnetic observations from India. The comparison revealed that the
strength, duration, peak value, and the occurrence time of CEJ computed by the model match well with the
observation, suggesting the explicit role of westward Sq electric field in the generation of these CEJ events.
Therefore, the present investigation suggests that afternoon CEJ events over the Indian sector during June
solstice in solar minimum periods are part of the global current system.
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Abstract Based on careful analysis of 16 years of hourly variations of the strength of equatorial electrojet
(EEJ) derived using the ground-based magnetometers over the Indian sector, the role played by disturbance
dynamo electric field disturbances on equatorial ionosphere is identified. It is found that most prominent
cases of the effects of disturbance dynamo occurred during equinoctial months in high solar activity period.
In three extreme cases, the reduction in EEJ strength from quiet time average values of the respective
month is more than twice the standard deviations for at least 3 hr. Based on the methodology described in
Pandey et al. (2017, https://doi.org/10.1016/j.jastp.2017.03.012), it is found that the westward electric field
perturbations are as large as 0.7 ± 0.2 to 1.2 ± 0.3 mV/m around noon hours for these three cases. In contrast
to the expectation of disturbance dynamo electric field perturbations over equatorial latitudes from the
earlier models, these values during daytime are significantly larger and even caused reversals of EEJ on two
occasions. A possible additional source to augment the reduction in the electric field is indicated.

1. Introduction

Ionospheric electric fields play crucial roles in the distribution of plasma and generation of plasma irreg-
ularities. The general characteristics of electric fields over low-latitude ionosphere under geomagnetically
quiet conditions have been studied at different longitude sectors (Fejer, 1981; Pandey et al., 2017; Woodman,
1970) in the past and global empirical models (Fejer et al., 2008a; Scherliess & Fejer, 1999) have been con-
structed. During geomagnetically disturbed conditions, additional electric field perturbations modulate the
ionospheric electric field. These electric field disturbances can occur instantaneously or after some delay. The
instantaneous changes in electric field over middle and low latitudes are directly driven by prompt pene-
tration (PP) or overshielding (OS) of interplanetary electric field owing to imbalance between Region 1 and
Region 2 Field Aligned Currents (Kikuchi et al., 1996). In general, the lifetime of PP/OS electric field pertur-
bations is less than an hour (Peymirat et al., 2000; Senior & Blanc, 1984). During disturbed geomagnetic
conditions, the auroral electrojets (AEs) are intensified and causes Joule heating of the thermosphere. This
sets off equatorward wind circulation (Mazaudier & Venkateswaran, 1990). At midlatitudes, due to Coriolis
force, the equatorward flow turns westward which drives a part of ionized fluid. The westward movement
of ionized plasma, in combination with downward component of Earth’s magnetic field, produces an equa-
torward Pedersen current. The result is accumulation of positive charges toward the equator (and electrons
toward poles). The poleward electric field, thus generated, gives rise to a large eastward Hall current and a
poleward Pedersen current. This physical process is called the ionospheric disturbance dynamo (DD; Blanc &
Richmond, 1980). The eastward current dominates roughly between 35∘ and 55∘ latitude and is interrupted
at the dawn and dusk terminators owing to the strong conductivity gradients. The diverted currents close
via two vortices that get formed poleward and equatorward of the strong eastward current flow region. The
equatorward vortex resembles an anti-Sq current system (Le Huy & Amory-Mazaudier, 2005; Zaka et al., 2009),
flowing essentially opposite to the quiet day currents and, therefore, driving westward electric field perturba-
tions during daytime. The DD causes global scale magnetic disturbances (Fambitakoye et al., 1990) which have
been characterized by latitudinal profile of Ddyn (Amory-Mazaudier et al., 2017; Le Huy & Amory-Mazaudier,
2005) that is defined as follows,

Ddyn = ΔH − SR − SYMH, (1)

wherein ΔH, SR, and SYMH are overall fluctuations in the horizontal geomagnetic field above various com-
ponents of Earth’s internal magnetic field magnetic field, magnetic field fluctuations due to quiet time
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ionospheric dynamo, and magnetic field induced by the ring current (and corrected for magnetic latitude),
respectively. In this mathematical relationship, the contributions from the other ionospheric (DP2) and mag-
netospheric currents (e.g., Chapman-Ferraro and Tail currents) are assumed to be negligible during the
recovery phase of the storm.

The effects of DD electric field (DDEF) are delayed in nature, but it can persist for several hours (Scherliess &
Fejer, 1997). It is observed (Yamazaki & Kosch, 2015) that for an average storm with minimum Disturbance
storm time (Dst) index ∼ −95 nT, DDEF perturbations persist for approximately 24 hr during the recovery
phase of the storm. The DDEF perturbations on low-latitude ionosphere have been extensively observed
using both ground- (Fambitakoye et al., 1990; Fejer et al., 1983; Mazaudier & Venkateswaran, 1990; Sastri, 1988;
Zaka et al., 2009) and space-based (Xiong et al., 2016; Zhang et al., 2017) experiments around the globe. The-
oretical (e.g., Blanc & Richmond, 1980; C. M. Huang & Chen, 2008; Richmond et al., 2003; Spiro et al., 1988)
and empirical (e.g., Fejer & Scherliess, 1995; Fejer et al., 2008b; Scherliess & Fejer, 1997) models have been
developed to address the general characteristics of DDEF. A recent review paper by Fejer et al. (2017) pro-
vides an excellent overview of physics of the DD and its important characteristics. In theoretical models, DDEF
perturbations over low latitudes are computed corresponding to step-like increase in the polar cap potential
followed by sustenance for varying durations. Similarly, in the empirical models, the DDEF perturbations are
obtained corresponding to different time delays after the step-like increase in AE followed by sustenance for
varying durations. Based on Digisondes/ionosonde, an HF Doppler radar and magnetometers operated over
Brazil and India, Abdu et al. (1997) showed that the DD drives opposite changes at the same UT on day and
night sides. The eastward electric field of DD origin at night are shown (Abdu et al., 1996; Fejer & Scherliess,
1995) to maximize during postmidnight hour. It is also shown (e.g., Chandra et al., 2016; Rastogi & Chandra,
2012; Sastri, 1988) that the daytime DDEF may significantly reduce the strength of equatorial electrojet (EEJ).
However, during the recovery phases of the geomagnetic storm, the effects due to possible OS (Simi et al.,
2012) and/or substrom (Kikuchi et al., 2003) may also be present and need careful scrutiny. Based on these
studies, a few important aspects regarding DDEF emerged out. First, the polarity of DDEF is opposite to that
of the quiet time ionospheric electric field (Abdu et al., 1997). Second, DDEF is stronger in night than during
daytime, and third, the magnitude of DDEF is less than 0.5 mV/m (C. M. Huang, 2013) during daytime. Further,
it is important to rule out other processes for the estimation of effects due to DDEF alone.

During the recovery phase of a geomagnetic storm, PP/OS and substorm induced prompt electric field per-
turbations may coexist with DDEF perturbations. Hence, isolating the contribution of DDEF in the electric field
perturbations over the equatorial ionosphere remains a challenging job till date. This is an important issue as
it can introduce uncertainty in the derived amplitude of DDEF over equatorial latitudes. In order to circum-
vent this problem, the hourly averaged values of electric fields are generally considered for the development
of empirical models of DD. This is based on the assumption that the transient electric field perturbations due
to PP/OS electric fields are averaged out owing to their shorter lifetimes. Similar assumption is followed (Fathy
et al., 2014; Nava et al., 2015) to separate the DDEF from PP/OS electric fields based on the wavelet analysis.
However, on many occasions, the PP electric field perturbations are observed to persist for a much longer
duration (C. S. Huang et al., 2005; Wei et al., 2008). Under such conditions, the estimation of DDEF can be uncer-
tain significantly. Therefore, in order to estimate the contributions of DDEF over equatorial ionosphere, it is
important to identify distinct cases of DD effects. In the present investigation, such cases are identified by uti-
lizing the hourly variation of the EEJ strength over the Indian sector during 2000–2015. Based on the changes
in EEJ, the minimum reductions in ionospheric electric fields during daytime are estimated. The estimates of
DDEF based on magnetic field measurements are not available though attempts have been made (Le Huy
& Amory-Mazaudier, 2005; Zaka et al., 2009) to deduce the geomagnetic field perturbations associated with
DD. This is a step forward as it opens up possibilities to compare the DDEF with earlier estimates based on
theoretical and empirical models (e.g., Blanc & Richmond, 1980; Fejer et al., 2008b; Fejer & Scherliess, 1995).

2. Data Set and Criteria for Selection of Events

In the present investigation, the hourly values of ring current index Dst are used to identify different phases of
geomagnetic storm. The Dst index reaches minimum well before the occurrence of DD events and it remains
in the recovery phase of the geomagnetic storm during the DD. Further, the 3-hourly Kp indices are utilized
to categorize the geomagnetically quiet and disturbed days. The values of Dst and Kp indices are obtained
from the World Data Center, Kyoto (http://wdc.kugi.kyoto-u.ac.jp/index.html).
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The hourly values of north-south component of interplanetary magnetic field (IMF Bz), time shifted to the
terrestrial bow shock nose, are obtained from NASA CDAWeb (https://cdaweb.sci.gsfc.nasa.gov). In addition,
the hourly values of eastward (AU) and westward (AL) AE indices are also obtained from the NASA CDAWeb.
IMF Bz > 0 (northward IMF Bz) on the event day is taken as marker for the absence of prompt perturbations
driven by interplanetary electric field. Based on earlier study (Janzhura et al., 2007), AL>−400 nT (insignificant
westward AE activity) on the event day is chosen to be a marker for the absence of magnetospheric substorm.
As a consequence, it follows that prompt electric field perturbations can be considered to be absent if these
criteria are fulfilled during the time periods when DDEFs are evaluated.

The hourly variations of the horizontal component (H) of geomagnetic field during 2000–2015 at Tirunelveli
(TIR: 8.7∘N, 77.8∘E, Geom. Lat. 0.4∘S) and Alibag (ABG: 18.6∘N, 72.9∘E, Geom. Lat. 9.9∘N), obtained from Indian
Institute of Geomagnetism, Mumbai (http://iigm.res.in/), are used to determine the strength of EEJ (= ΔHTIR −
ΔHABG) during this period following the methodology suggested by Rastogi and Patil (1986). TheΔH values of
each station are obtained by subtracting the nighttime base value. The nighttime base values are calculated
by averaging the hourly horizontal magnetic field values during 2300-0300 IST. IST is the Indian Standard Time
which is 5.5 hr ahead of Universal time (IST = UT + 5.5 hr). The EEJ values on geomagnetically quiet days of each
month are averaged to obtain the quiet time EEJ strength of the month along with the standard deviation
(1𝜎). In choosing the quiet days, it is ascertained that Kp ≤ 3 not only on the reference quiet day but also on
the previous day. This is to ascertain that the reference quiet days are truly quiet.

The events are selected based on three criteria: (1) the event occurred during the recovery phase of geomag-
netic storm with Dst < −50 nT, (2) the event sustained for at least 3 hr with the reduction in EEJ strength on
the event day being more than the standard deviations of the quiet time variations of the respective month,
(3) throughout the event day (06–18 IST), IMF Bz > 0 and AL > −400 nT. On applying these stringent criteria
on hourly EEJ variations during 2000–2015, three cases are identified in which the DD effects are found to be
very significant (the reduction in EEJ strength is more than the 2𝜎 level). These three events occurred on 03
September 2000, 18 September 2000, and 23 October 2003, and will be discussed in detail. The reduction in
the EEJ strengths is between 1𝜎 and 2𝜎 levels for the other 10 cases, and EEJ variations are within 1𝜎 level for
16 other cases.

The essence of aforementioned criteria are grossly (with a few small differences) similar to that used by Le Huy
and Amory-Mazaudier (2005) to identify the cases of DD. In the present work, an additional condition of IMF
Bz > 0 on the event day is imposed. In addition, the reference quiet level is constructed based on a number of
quiet days, unlike a single quiet day used in earlier studies (Le Huy & Amory-Mazaudier, 2005; Zaka et al., 2009).
Further, only those events are considered in which the EEJ reductions exceeding the 1𝜎 variation persist for at
least 3 hr. It is to be noted that, although both Ddyn and reduction in EEJ are driven by the DDEF perturbations,
these are not identical parameters. Ddyn is obtained based on magnetic field measurements at a single station
and removes the ring current contributions by subtracting SYMH, corrected for magnetic latitude. On the
other hand, EEJ is deduced based on magnetic field data from dip-equatorial and off-equatorial stations with
the assumption that the ring current contributions over both the stations remain the same. Therefore, in this
work, terminologies like reduction in EEJ or reversal in EEJ are used when the effect of DDEF on EEJ is addressed,
whereas the term Ddyn is used when the effect of DDEF on the H variation for a single station is addressed.

In order to study the effect of DDEF on plasma distribution, the global maps of Total Electron Content (TEC)
on the event days are compared with the mean quiet time TEC maps for the respective months. These
TEC values are obtained from NASA CDAWeb. Further, the solar EUV flux levels are also evaluated to exam-
ine the possible contribution of changes in EUV flux levels. The daily averaged values of solar EUV flux
are obtained based on the Solar EUV Monitor (26–34 nm) on board SOHO satellite (https://dornsifecms.
usc.edu/space-sciences-center/).

3. Method to Estimate Reduction in Zonal Electric Field

In order to estimate the reduction in zonal electric field corresponding to the reduction in EEJ strength driven
by DDEF, the temporal changes in the EEJ strengths from the respective quiet time levels of the month are
obtained. In order to remove the possible contributions of day-to-day variations from the reductions in EEJ
strength, the lower envelope (−1𝜎 level) of quiet time variations is taken as reference level. Mathematically,
this can be represented as follows,
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Figure 1. The geophysical conditions for event 1 (03 September 2000, on right) and a day prior to it (02 September
2000, on left). From the top to bottom are (a) the hourly values of north–south component of IMF Bz, (b) Dst index, (c)
hourly variations of maximum AU and AL AE, and (d) hourly strength of EEJ along with average quiet time EEJ values of
the month with standard deviations (blue-colored shaded area). The time interval during which reduction in EEJ on the
event day is more than 2𝜎 is marked with yellow rectangular box. IMF = interplanetary magnetic field; Dst = disturbance
storm time; AE = Auroral Electrojet; EEJ = equatorial electrojet; AL = westward; AU = eastward; IST = Indian Standard
Time.

ΔEEJ(t) = EEJEventday(t) − [EEJAvg.quiet(t) − 1𝜎(t)], (2)

wherein the EEJEventday(t), EEJAvg.quiet(t), and 1𝜎(t), respectively, represent the instantaneous EEJ value on the
event day, the mean EEJ value of the quiet days of the month, and their standard deviation, all corresponding
to time t.

Based on this ΔEEJ(t) and using the EEJ model of Anandarao (1976), the reductions in zonal electric field are
estimated. The electrojet model computes the E-region current over the altitude (r) and colatitude (𝜃) ranges
of 80–200 km and 75∘–105∘. The horizontal component (Hind) of magnetic field induced at ground by the
computed line current (C) is obtained based on Biot-Savart’s law as follows,

Hind =
𝜇0C

2𝜋r
(r∕a) sin 𝜃 − 1

(r∕a)2 + 1 − 2(r∕a) sin 𝜃
, (3)

where a is radius of the Earth.

Pandey et al. (2017) developed an inverse method to estimate the ionospheric electric field using the electro-
jet model of Anandarao (1976). In this method, a reasonable input electric field (E𝜙0) is assumed to compute
the E-region current and magnetic field induced by it for a particular time, season, and solar epoch. The com-
puted Hind value is then compared with the value of EEJ strength deduced using magnetometer observations
and the difference is minimized (to within 0.1 nT) by varying the input zonal electric field. The uncertainty
in the estimated zonal electric field is less than 25%. This method has been successfully employed by
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Figure 2. Same as Figure 1 but for event 2 (18 September 2000, right panel)
and a day prior to it (17 September 2000, left panel). IMF = interplanetary
magnetic field; Dst = disturbance storm time; AE = Auroral Electrojet;
EEJ = equatorial electrojet; AL = westward; AU = eastward; IST = Indian
Standard Time.

Pandey et al. (2017) to estimate the quiet time electric fields during dif-
ferent seasons and solar epochs over India and the values obtained were
shown to match well with the empirical models of Scherliess and Fejer
(1999) and Fejer et al. (2008a) over the Indian longitudes. In the present
investigation, this method is used to estimate the minimum reduction in
zonal electric field corresponding to ΔEEJ.

4. Results

As stated earlier, three events with significant variations in EEJ under the
influence of DDEF are presented in this work. Henceforth, for convenience,
the DD events on 03 September 2000, 18 September 2000, and 23 Octo-
ber 2003 are referred to as events 1, 2, 3, respectively. These events are
described in sequence (Figures 1–3) in the following paragraphs. In these
three figures, the hourly variations in IMF Bz, Dst, AE/AU/AL, and EEJ (on
the day of event and on the previous day) are plotted sequentially from top
to the bottom. The black, orange, and dark green-colored solid lines with
dots are used to mark respective variations in IMF Bz, Dst, and AE indices.
The AU and AL variations are marked by filled areas above and below the
zero level, respectively, with the light green color. The quiet time average
EEJ strength of the month and the 1𝜎 variation for each point are shown
with blue color shades in the bottom panel of Figures 1–3. Both UT and
IST are given in all the figures.
4.1. Event 1 (03 September 2000)
The DD event on 03 September 2000 is depicted in Figure 1. It may be
noted that IMF Bz turned southward in the early morning hours of the
previous day (02 September 2000) and remained so until midnight. Dur-
ing this time, main phase of a geomagnetic storm is observed with Dst
index intensifying up to ∼ −55 nT at 2100 IST which is followed by recov-
ery phase of the geomagnetic storm. Further, the variations in AU and AL
are ∼200 nT and ∼ −400 nT since morning till midnight. The EEJ strength
on this day is mostly closer to the quiet time values (within 1𝜎 variations)
except for some time when the EEJ strength decreased below the 1𝜎 level.

Event 1 occurred on the next day during the recovery phase of the geomagnetic storm. On this day (03
September), from dawn to dusk hours, IMF Bz is continuously northward, and activities in AEs are negligi-
ble (magnitude of AU/AL and AE is within 100 nT). However, significant reduction in EEJ strength is observed
compared to the monthly average quiet time level. The peak value of EEJ remained closer to 35 nT which is
almost one thirds of the quiet time peak EEJ level of 105 nT for this month. Interestingly, the reduction in EEJ
strength from the quiet time level is even beyond the 2𝜎 variations during 0900–1300 IST (highlighted with
yellow-colored rectangular box in Figure 1).
4.2. Event 2 (18 September 2000)
Figure 2 depicts the variations of IMF Bz, Dst, AE/AU/AL, and EEJ during event 2 and on the previous day (17
September). In this case, IMF Bz turned southward during 0200–0500 IST on 17 September and remained
closer to zero afterward. During 0200–0500 IST on 17 September, AE activity also got enhanced. The EEJ
strength on this day exceeded the 1𝜎 variation of the quiet time level during noon time.

On the event day (i.e., 18 September), IMF Bz turned significantly southward (∼ −25 nT) at 0300 IST. This
is accompanied by the main phase of a strong geomagnetic storm as indicated by the Dst index that got
enhanced up to ∼ −200 nT at 0500 IST. The variation of the Dst index after this time indicates the onset of the
recovery phase. Importantly, the main phase of the geomagnetic storm was also accompanied with strong
intensification of AE activity. During 0200–0600 IST, the strengths of AU and AL increased to about 550 and
−1,100 nT. During 0600–1800 IST on the event day, IMF Bz was northward, and AL did not exceed ∼ −300 nT.
However, the strength of EEJ decreased drastically during 1200–1500 IST (yellow-colored rectangular box
in Figure 2) and went even below the 2𝜎 variations of the quiet time level. As a consequence, the direction
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Figure 3. Same as Figure 1 but for event 3 (22 October 2003, right panel)
and a day prior to it (23 October 2003, left panel). IMF = interplanetary
magnetic field; Dst = disturbance storm time; AE = Auroral Electrojet;
EEJ = equatorial electrojet; AL = westward; AU = eastward; IST = Indian
Standard Time.

of electrojet current got reversed during 1300–1500 IST. The strength of
reversed electrojet in this case was significantly strong and its peak value
reached as high as ∼ −50 nT.
4.3. Event 3 (23 October 2003)
On the previous day (i.e., on 22 October 2003) of the event 3, IMF Bz was
southward on a number of occasions and during those intervals, IMF Bz
was ∼ −4 nT. In addition, AE activities were significant (AU ∼200 nT and
AL ∼ −500 nT) throughout this day. A geomagnetic storm was already on
as indicated by the Dst index and the recovery phase of this storm started
after midday. The EEJ strength on this day is mostly closer to the quiet
time level (within 1𝜎 variation) except for some time during the afternoon
hours.

The DD event (event 3) occurred on the next day (23 October) when IMF
Bz was northward and the AE activities were minimal (AU/AL magnitudes
below 100 nT). However, the EEJ strength decreased even below the 2𝜎
variation from the quiet time level of the month during 1000–1500 IST
(yellow-colored rectangular box in Figure 3) and similar to event 2, the
reversal of electrojet took place during afternoon hours with its peak
strength ∼ −20 nT.

The minimum reductions in EEJ on events 1–3 are obtained based on
equation (2) which represents the change in EEJ strength from the lower
envelope of quiet time variations (marked with blue-colored shade in
Figures 1–3). The temporal changes in ΔEEJ on these events are depicted
in panels (a)-(c) of Figure 4. The maximum strength of ΔEEJ on events 1–3
are about−52,−93, and−56 nT at 1100, 1300, and 1400 IST, respectively. It
may be noted that as the quiet time reference variations changes with local
time, the maximum ΔEEJ occur at slightly different local times compared
to the time of minimum in actual EEJ variations depicted in Figures 1–3.
Further, the EUV flux during events 1–3 remained at the same level (within
5%) as on the quiet days of the respective months. Therefore, these per-
turbations in EEJ are solely driven by the electric field and not due to
changes in conductivity. The zonal electric fields corresponding to maxi-

mum strengths of ΔEEJ for events 1–3 are estimated based on method described in section 3. It is found that
the perturbations in zonal electric fields for events 1, 2, and 3 are −0.7±0.2, −1.2±0.3, and −0.8±0.2 mV/m,
respectively.

As the dip-equatorial electric field plays an important role in the development of plasma fountain (Aggarwal
et al., 2012; Raghavarao et al., 1978; Rama Rao et al., 2006; Rush & Richmond, 1973), the westward electric
field perturbations obtained on events 1–3 are expected to suppress the F-region plasma fountain over low
latitudes. In order to verify this aspect, the global TEC maps are generated corresponding to the time that is
∼2 hr after the maximum reduction in ΔEEJ for the events 1–3. This is to account for the time associated with
plasma diffusion processes (Sanatani, 1966). For comparison with the event days, the mean quiet time TEC
maps for the respective months are also generated for the same local time as that of the event day. Figure 5
depicts the global TEC maps on the event days (right panel) and mean quiet time level of the respective
months (left panel). Locations of the dip-equator along with ±10∘ and ±20∘ dip-latitudes are drawn with the
black-colored solid, dashed, and dotted curves, respectively. It can be noticed that the crests of the plasma
fountain are well separated during quiet periods. However, on the event days, the crests are not well separated
indicating the weakening of plasma fountain effect under the influence of westward DDEF.
4.4. Other Cases
The three cases presented so far pertain to the equinoctial months and high solar activity period. By relaxing
the selection criterion in which reduction in EEJ is more than 2𝜎 to a criterion in which reduction in EEJ is
between 1𝜎 and 2𝜎 and keeping the rest of the criteria intact, 10 more cases are identified. These cases are
tabulated in Table 1 in which the dates, time interval (IST) during which reduction in EEJ is between 1𝜎 and
2𝜎, and the maximum zonal electric field corresponding to maximum strength of ΔEEJ are shown. It can be
seen from Table 1 that out of 10 cases, 9 cases pertain to the high solar activity period and 6 cases pertain
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Figure 4. Temporal variation of change in equatorial electrojet EEJ, ΔEEJ(t) = EEJEventday(t) − [EEJAvg.quiet(t) − 1𝜎(t)] for
events 1, 2, and 3 are depicted in (a), (b), and (c), respectively. EEJ = equatorial electrojet; IST = Indian Standard Time.

Figure 5. Global TEC maps on event days (right) and mean quiet time level for the respective months (left). The TEC
maps corresponding the time that is about 2 hr after the maximum changes in ΔEEJ for events 1–3 are depicted
from top to the bottom. Locations of the dip-equator along with ±10∘ and ±20∘ dip-latitudes are drawn with the
black-colored solid, dashed, and dotted curves, respectively. The TEC values are in units of TECU, wherein 1 TECU = 1016

electrons per square meter. TEC = Total Electron Content; TECU = TEC unit; IST = Indian Standard Time.
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Table 1
Details of the Events in Which Reduction in EEJ is Between 1𝜎 and 2𝜎

Time-interval (IST) during Maximum change in

which reduction in EEJ zonal electric field

Date is between 1𝜎 and 2𝜎 (mV/m)

13 August 2000 10–12 −0.24

25 January 2001 13–16 −0.29

14 September 2001 09–13 −0.38

24 September 2001 13–15 −0.15

25 March 2002 10–12 −0.25

05 November 2003 14–16 −0.44

20 January 2005 12–15 −0.17

08 March 2012 11–15 −0.39

18 March 2013 11–13 −0.21

31 October 2013 11–14 −0.10

Note. The maximum change in electric field is estimated (with 25% uncertainty)
corresponding to maximum strength of ΔEEJ. EEJ = equatorial electrojet.

to the equinoctial months. These cases are not discussed further as the focus of the present investigation is
to address the significant (more than 2𝜎) reductions in EEJ strength under the influence of DD. By further
relaxing the selection criterion for the EEJ variations to be within 1𝜎 and keeping the rest of criteria intact,
sixteen more cases are identified. As these changes may also be influenced by the quiet time tidal variabilities,
it is not possible to unambiguously isolate the DD contributions in such cases. Therefore, these cases are
not considered.

5. Discussion

Three examples are presented in this investigation revealing significant reduction in the strength of EEJ (occur-
rence of reversed electrojet in two cases) in the recovery phase of a geomagnetic storm without any prompt
electric field perturbations. Subsequent to the disturbances in the AE at an earlier time, these reductions in
EEJ occurred with varying time delays. This suggests the influence of westward electric field perturbations on
the equatorial ionosphere due to DD. Westward electric field influences on the equatorial ionosphere during
daytime can also arise due to OS condition (e.g., Simi et al., 2012) when IMF Bz suddenly turns northward after
being stably southward for some time. This is not the case here. As there were minimal AE/AU/AL activities on
all the three event days, the role of substorms (Kikuchi et al., 2003) in causing the reduction in EEJs can also
be ruled out.

Recently, it is shown (Rout et al., 2018) that even in the absence of a typical geomagnetic disturbances (i.e.,
Dst > 0 and AL > −400 nT), significant changes can occur in EEJ and low-latitude electric fields. These per-
turbations are shown (Rout et al., 2018) to be driven by PP/OS electric fields due to the passage of the sheath
region of Interplanetary Coronal Mass Ejection when the IMF Bz flip-flops between the positive and negative
values in quick successions. In order to rule out this possibility, the IMF Bz values with 1 min temporal reso-
lution are looked into. It is found that, during events 1–3, the IMF Bz values with even 1 min resolution are
continuously northward (except being about −2 nT for 2 min at ∼0930 IST for event 1). Therefore, the role of
fast fluctuating IMF Bz to cause electric field changes over low latitudes in these cases can be ruled out.

It is known that the sudden stratospheric warming (SSW) events can drive perturbations in the ionospheric
electric field (Chau et al., 2009; Fejer et al., 2010) and current (Bolaji et al., 2016; Sridharan et al., 2009). The list
of major SSW events during 1958–2013 is provided by Butler et al. (2017). It is verified that neither events 1–3
nor those listed in Table 1 occurred during the period of SSW events. Therefore, the role of SSW in causing
electric field changes in these cases can be ruled out.

In order to ascertain that reductions in EEJ during events 1–3 are caused by DD, the values of Ddyn are obtained
for stations situated along the Indian geographic meridian (Geog. Lon. 80∘ ± 20∘E). The values of Ddyn are
obtained based on equation (1), given by Le Huy and Amory-Mazaudier (2005) and Amory-Mazaudier et al.
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Table 2
List of Magnetometer Stations Utilized to Obtain the Latitudinal Variations in 𝐷dyn

Sr no. Station Geog. Lat. Geog. Lon. (∘E) Geom. Lat.

1 Novosibirsk 55.0∘N 82.9 45.2∘N

2 Alam Ata 43.3∘N 76.9 33.9∘N

3 Kashi 39.5∘N 76.0 30.3∘N

4 Golmud 36.4∘N 94.9 26.0∘N

5 Silchar 24.9∘N 92.8 14.7∘N

6 Ujjain 23.2∘N 75.8 14.1∘N

7 Nagpur 21.2∘N 79.1 11.9∘N

8 Alibag 18.6∘N 72.9 9.9∘N

9 Visakhapatnam 17.7∘N 83.3 8.1∘N

10 Pondicherry 11.9∘N 79.9 2.6∘N

11 Tirunelveli 8.7∘N 77.8 0.4∘S

12 Tuntungan 3.5∘N 98.6 6.8∘S

13 Martin De Vivies 37.8∘S 77.6 46.4∘S

14 Port Aux Francais 49.4∘S 70.3 56.9∘S

15 Mawson 67.6∘S 62.9 73.1∘S

(2017) except for the fact that in the present investigation, the construction of quiet time reference curve
consists of a number of quiet days instead of a single quiet day. The stations used to derive Ddyn are listed in
Table 2 with geographic coordinates and geomagnetic latitudes corresponding to the year 2000. The data for
these stations are obtained from World Data Center, Kyoto, and Indian Institute of Geomagnetism, Mumbai.
For event 3, the magnetometer records are not available for six of these stations (Alam Ata, Kashi, Golmud,
Ujjain, Nagpur, Tuntungan). The variations in Ddyn for the events 1–3 with geomagnetic latitude are depicted
in Figure 6 in blue, red, and black colors, respectively. These latitudinal profiles correspond to the times when
magnitude ofΔEEJ is maximum (at 1100, 1300, and 1400 IST for events 1, 2, and 3, respectively) for each event.
It is to be noted that the positive Ddyn corresponds to southward deviation in geomagnetic field compared to
the quiet level. On all three events, the latitudinal variations are similar to those obtained by Zaka et al. (2009).
The reductions in Ddyn are maximum over geomagnetic equator (Tirunelveli) and have opposite polarity

Figure 6. Latitudinal variations of Ddyn for events 1 (blue), 2 (red), and 3
(black). The values correspond to the time at which the strength of ΔEEJ is
maximum for events 1 (1100 IST), 2 (1300 IST), and 3 (1400 IST).

compared to those for higher magnetic latitudes. This confirms the flow of
an anti-Sq current system driven by the DD.

In order to compare the estimates of electric fields with earlier modeling
studies on DDEFs, it is worthwhile to discuss the results obtained by the
earlier workers (e.g., Blanc & Richmond, 1980; Fejer et al., 2008b). Based on
the empirical models of DD (Fejer et al., 2008b; Fejer & Scherliess, 1995;
Scherliess & Fejer, 1997), the maximum perturbations in vertical drift were
reported to be stronger during nighttime (∼20 m/s) and weaker in daytime
(∼ −10 m/s). These values corresponds to electric field perturbations of
∼0.5 mV/m during nighttime and ∼ −0.25 mV/m in daytime. On the other
hand, the investigations based on the theoretical models of DD (Blanc &
Richmond, 1980; C. M. Huang, 2013; C. S. Huang et al., 2005; Richmond
et al., 2003) revealed that the DDEF perturbations in daytime are below
−0.5 mV/m. C. M. Huang and Chen (2008), based on numerical simulation,
obtained the maximum DDEF perturbation to be within −0.5 mV/m dur-
ing daytime over the geomagnetic equator. As discussed in earlier studies
(e.g., Blanc & Richmond, 1980; Fuller-Rowell et al., 2002; C. S. Huang et al.,
2005; Richmond et al., 2003), DDEF is generated by the westward and
equatorward wind systems in both the hemispheres due to the Joule heat-
ing over the auroral regions subsequent to geomagnetic disturbances.
The altered circulation patterns in each hemisphere generate an anti-Sq
current system over the low-latitude region that positively charges
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Figure 7. Temporal variations of EEJ on 147 geomagnetically quiet days
(gray and multicolor) during September–October months under high solar
epoch and its average variation (black) with standard deviation (1𝜎 values
with vertical bars). The multicolored lines depict the EEJ variations on days
in which EEJ values are continuously below 1𝜎 variations during afternoon
hours. EEJ = equatorial electrojet; IST = Indian Standard Time.

the low-latitude ionosphere especially around the local midnight hours.
Therefore, the DDEF effects are usually expected to be maximum during
local midnight hours (Fuller-Rowell et al., 2002). During daytime, these
positive charges that are built up due to the Pedersen and Hall currents
associated with westward and equatorward circulation get mostly shorted
out by large E-region conductivities (C. M. Huang, 2013). Further, as the
disturbance winds over both the hemispheres will experience comparable
drag forces during equinox, competing hemispherical effects will be min-
imum during equinoctial months. Hence, the DDEF effects are expected
to be more in equinoctial months (C. M. Huang, 2013). During solstices,
the DDEF effects may get reduced over the dip-equatorial region depend-
ing on the strength of the trans-hemispherical winds. Further, the DDEF
generation is dependent on solar epoch, with higher magnitude during
high solar epoch (Scherliess & Fejer, 1997). The impact of DD is expected
to affect the equatorial ionosphere 6–15 hr after the onset of AE activity
(Fejer & Scherliess, 1995; C. M. Huang & Chen, 2008).

In the present investigation, events 1–3 occurred in equinoctial months
during high solar epoch. In addition to these events, 6 out of 10 events
listed in Table 1 occurred in equinoctial months and 9 occurred in high
solar epoch. Therefore, the present observations are consistent with the

prevalent understanding as far as the season, solar epoch, and the polarity of DD perturbations are concerned.
The magnitude of reduction in electric field for events listed in Table 1 are below 0.5 mV/m. However, for events
1–3, the magnitudes of reduction in electric field are 0.7 ± 0.2, 1.2 ± 0.3, and 0.8 ± 0.2 mV/m. Therefore, the
values obtained on events 1–3 are unusually large compared to the earlier estimates of daytime DDEF based
on theoretical and empirical models. This suggests toward a possible additional contribution for the reduction
of electric field. In order to investigate this possibility, Figure 7 is presented. Figure 7 depicts hourly variations
of the strength of EEJ on 147 geomagnetically quiet days during September–October months under solar
maximum condition. Figure 7 does not contain events 1–3 and the cases presented in Table 1. In Figure 7, the
EEJ variations on individual quiet days are depicted by gray and multicolored curves. The mean EEJ strength
and 1𝜎 variation are depicted by black-colored curve and vertical bars, respectively. The observations on most
of the days follow the average quiet time pattern of generally rising from 0700 IST onward and reaching peak
value of 80 ± 30 nT at 1100 IST before gradually falling to zero level around 1900 IST. However, on quite a
few days, the EEJ values during afternoon hours are substantially reduced below 1𝜎 variations and become
closer to zero or negative. These are selectively marked with multicolored lines in Figure 7. It is important to
note that the peak EEJ strength on these days are also less than the 1𝜎 variations and occurred earlier in local
time. This essentially indicates toward the influence of semidiurnal tides in generating the quiet time dynamo
electric field. Under these circumstances, the quiet time reference curve may not be truly representative of
the processes occurring on these days and this may bias the estimation of DDEF.

Earlier theoretical (Forbes & Lindzen, 1976; Hanuise et al., 1983; Marriott et al., 1979; Stening, 1989) and exper-
imental works (Bhattacharyya & Okpala, 2015; Gurubaran, 2002; Sridharan et al., 2002) acknowledged the
contribution of semidiurnal tides in altering the electric fields primarily generated by the diurnal tides over
the equatorial region. Although the influence of semidiurnal tides is more prominent during solar minima
(Chakrabarty et al., 2014; Pandey et al., 2018), Figure 7 suggests that the influence of semidiurnal tides during
solar maxima cannot be ruled out on occasions. In fact, Pandey et al. (2018) showed that the high occurrence
of CEJ events over India during afternoon hours in June solstice under low solar epoch are due to westward
Sq electric field and argued that it is due to the influence of semidiurnal tides. It is evident from Figure 7 that
the quiet time CEJ events during equinox in solar maximum period occur mostly between 1500 and 1800 IST.
However, the maximum reductions in EEJ on events 1–3 occurred during 1100–1400 IST (see Figure 4). There-
fore, it is suggested that the large reductions in electric fields on events 1–3 are probably due to combined
effects of DDEF and semidiurnal tides. In absence of observations of winds during events 1–3, this aspect
could not be verified at present. Future, investigations are needed to confirm this proposition.
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6. Summary

Based on 16 years of EEJ data over India, three cases of unusually large DD events over equatorial latitudes are
identified. It is found that the prominent cases of unusually large DDEF events mostly occurred during equinox
and high solar activity period. Based on the reduction in EEJ strength, it is estimated that the westward electric
field perturbations for these cases lie in the range of 0.7± 0.2–1.2± 0.3 mV/m during daytime. These electric
field perturbations during daytime are significantly larger than the existing DD model estimates reported
so far (e.g., Fejer et al., 2008b; C. M. Huang & Chen, 2008) and are comparable to nighttime DD effects. It is
suggested that detailed modeling investigation that takes into account the role of semidiurnal tidal influence
on equatorial ionosphere is needed to quantify the role of DD on equatorial ionosphere during daytime.
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