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ABSTRACT

Altitudinal Variability of Quiet-time Plasma Drifts

in the Equatorial Ionosphere

by

Debrup Hui, Doctor of Philosophy

Utah State University, 2015

Major Professor: Bela Fejer
Department: Physics

The plasma drifts or electric fields and their structures in the ionosphere affect the ac-
curacy of the present-day space-based systems. For the first time, we have used ionospheric
plasma drift data from Jicamarca radar measurements to study the climatology of altitudi-
nal variations of vertical and zonal plasma drifts in low latitudes during daytime. We used
data from 1998 to 2014 to derive these climatological values in bimonthly bins from 150 km
to 600 km. For the vertical plasma drifts, we observed the drifts increasing with altitudes in
the morning and slowly changing to drifts decreasing with altitude in the afternoon hours.
The drifts change mostly linearly from E- to F-region altitudes except in the morning hours
of May-June when the gradients are very small. The zonal drifts show a highly nonlinear
increase in the westward drifts at the lower altitudes and then increase slowly at the higher
altitudes. We see a break in the slopes at lower altitudes during the morning hours of
March-April and May-June. The E-region zonal drifts, unlike vertical drifts, show a very
large variability compared to F-region drifts. We also explored the altitudinal profiles of
vertical drifts during late afternoon and evening hours when the electrodynamic properties
in the ionosphere change rapidly. For the first time using drifts up to 2000 km, we have
shown the drifts increase and decrease below and above the F-region peak before becoming

height independent. These structures arise to satisfy the curl-free condition of electric fields



iv
in low latitudes. The altitudinal gradients of vertical drifts are balanced by a time deriva-
tive of the zonal drifts to satisfy the curl-free condition of electric fields. We have shown
how these structures evolve with local time around the dusk sector and change with solar
flux. During solar minimum, the peak region can go well below 200 km. The present-day
electric field models do not incorporate these gradients, particularly in the evening sectors
when they change very rapidly. Very often their results do not match with the observations.
Including these gradients along with proper magnetic field models will improve the model

results and accuracy of our navigation, communication, and positioning systems.

(113 pages)



PUBLIC ABSTRACT

Altitudinal Variability of Quiet-time Plasma Drifts

in the Equatorial Ionosphere

In the modern world, we increasingly depend on space-based systems for our commu-
nication, positioning, and navigation systems. These systems depend on electromagnetic
waves propagating through the ionosphere. The ionosphere is the medium in the upper
atmosphere where, due to presence of the charged atomic and molecular particles and elec-
trons collectively known as plasma, it influences the traveling electromagnetic waves fol-
lowing laws of electrodynamics. Improved models for predicting space weather conditions
require improved knowledge of the drifts of these plasmas in the ionosphere. This study is
focused on climatology of the altitudinal variations of these plasma drifts in the equatorial
latitudes. We used vertical and zonal plasma drift data measured by Jicamarca radars from
150 km to about 600 km altitude in bimonthly bins. One of the objectives of this study is to
understand the relationship between E- and F-region drifts during the daytime. The verti-
cal drifts, in general increase with altitude in the morning hours and decrease with altitude
in the afternoon. The vertical drifts change mostly linearly from E- to F-region altitudes
except in the morning hours of May-June when the gradients are very small. The zonal
drifts, on the other hand, show large nonlinear decrease with altitude at the lower altitudes
and then slowly decrease with increasing height. We also observed occasional exceptions to
these general patterns, especially in the morning hours of March-April and May-June. The
E-region zonal drifts show more day-to-day variability compared to higher altitudes. The
altitudinal variations during the special periods, known as sudden stratospheric warming
periods, have also been studied. While the altitudinal variations do not change much for
vertical drifts, the sudden stratospheric events do not seem to affect zonal drifts much.

We also presented altitudinal variations of vertical plasma drifts during late afternoon
and evening time when these variations change more rapidly compared to the daytime. For

the first time, we presented observations of drifts up to 2000 km altitude. We found that
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during the evening prereversal enhancement, the drifts increase with altitude up to the
F-region peak, above which the drifts decrease with altitude until a height from where they
become height independent. This transition from height-dependent to height-independent
drifts seems to increase with increasing solar flux. We also addressed the relationship
between the vertical and zonal plasma drifts and how the time derivatives of zonal drifts
balance the altitudinal gradients of vertical plasma drifts. Neglecting these altitudinal
variations would violate the curl-free condition of the electric field in the ionosphere; and
thus, these variations are important to be incorporated in the present ionospheric models

to improve space weather predictions.

Debrup Hui
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CHAPTER 1
INTRODUCTION

1.1. The Earth’s Atmosphere

The Earth’s atmosphere is the gaseous region surrounding the solid or ocean surface
and extending up to a few hundred kilometers. From ground to about 90 km is a very dense
and homogeneous mixture of various gases.

The neutral atmosphere can be stratified into different sublayers depending on the
changing temperature gradients. From ground up to around 10 km is called the troposphere,
where the temperature reduces with height at the lapse rate of 7 K/km. The troposphere
ends at the tropopause, an overlapping region, which separates the troposphere from the
layer above. From 10 km to up to 50 km is a region of increasing temperature, called the
stratosphere, mainly because of absorption of solar ultraviolet radiation by the ozone layer,
which maximizes at around 50 km. The stratopause marks the end of the stratosphere. The
region up to around 90 km is called the mesosphere. Here the temperature again reduces
with height because of radiative cooling. The mesopause separates the mesosphere from its
overlying layer, the thermosphere, where again the temperature rises exponentially because
of absorption of higher energetic parts of solar radiation until the temperature reaches a
steady value of above 1000 K at an altitude of around 500 km. Figure 1.1, adopted from
Kelley [2009], shows such a midlatitude atmospheric temperature profile.

From 90 km to 500 km is a region of increasing temperature called the thermosphere.
Here neutral particles maintain diffusive equilibrium, which means the vertical distribu-
tion of the neutrals is governed by respective masses (under gravity) of the species. The
region around 90 km, which separates the lower homogeneous atmosphere from the thermo-
sphere, is called the turbopause. Below the turbopause, the neutral atmosphere is mostly

homogeneous because of the turbulent mixing of gases.

1.2. TIonosphere

The solar radiation penetrates the topside of the atmosphere and gets absorbed by the
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Figure 1.1. Typical temperature profile of neutral atmosphere with height (left). Plasma
density profile of day and nighttime ionosphere (right) reproduced from Kelley [2009].

constituent gases at different altitudes. The solar radiations, for example, cause heating
and photoionization. Above 60 km, such ionization produces charged particles, referred
to as plasma. This region from around 60 km to 1000 km, where the plasma, in spite of
having very small population (compared to neutrals), can alter the behavior of this part of
the atmosphere and affect radio communications, is generally referred to as the Ionosphere.
Because of absorption of different parts of solar radiation spectra at different altitudes,
which produces equilibrium with electron-ion recombination and diffusive transport, the
ionosphere can be divided into different layers with individual peak densities and dominant
ion species. Traditionally the ionosphere is divided into D (60-90 km), E (95-150 km), and
F ( > 150 km) regions. The F region is often split into F; and F; regions on the day side.
On the night side, in the absence of the ionizing solar radiation and for reasons explained

later, the D region disappears, the E region eagerly fades away, and F; and F> combine to
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form a single F layer. Typical midlatitude plasma profiles of day and night-side ionosphere
are shown in Figure 1.1 (right).

It is important to note that throughout the ionosphere, though the number of neutrals
is more than ions or electrons, the number density of positive ions is equal to the number
density of electrons, thus maintaining a charge-neutrality condition [Kelley, 2009]. All the
plasma parameters (e.g., density, peak density height, and plasma temperature) mentioned
above show substantial variations with latitude, longitude, local time, season, solar cycle,
and magnetic activities. The day-to-day variability of the ionosphere can go up to 30% of
climatological averages from standard models like the International Reference Ionosphere
(IRI) model even during magnetically quiet conditions [Bilitza et al., 1988].

When neutral winds carry charged ions and electrons along with it across the Earth’s
magnetic field (B), it produces a (e.m.f.) current following Faraday’s law and, the process
is called ionospheric dynamo. Such processes exist in both E and F layers of the ionosphere,
but the E- and F-region dynamos operate in rather different ways [Rishbeth, 1997], as we
will discuss in Chapter 3. These dynamo processes cause plasma to drift in directions per-
pendicular to the Earth’s B field. Just like geographical coordinates on the ground, it is
conventional to divide and distinguish between the high-, mid- and low-geomagnetic lati-
tudes of the ionosphere because of the different processes dominating electrodynamics in
these different regions. High latitudes (above 60°) are exposed to the outer magnetosphere
through open magnetic field lines at the poles. Momentum and energy dominating the
electrodynamic processes in this region come mostly from the outer magnetosphere through
particle precipitation and the connecting electric field. These drive the high-latitude convec-
tions and currents and cause phenomena like Joule heating and aurora in the high latitudes.
The mid (from 60° to 30°) and low latitudes (below 30°) are shielded from magnetospheric
energy dynamics at ordinary times, but during geomagnetic disturbances, magnetospheric
perturbations penetrate down to equatorial latitudes. During geomagnetic quiet times, the
neutral wind-driven dynamos, mentioned above, dominate the electrodynamics in the mid

and low latitudes. The E- and F-region dynamos, connected to each other through the
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Earth’s magnetic field lines, cause the plasma to drift in the direction perpendicular to the

Earth’s magnetic fields in the F region with a velocity given by

(Vi)L = ngQB, (1.1)

where Vi, E, and B are plasma drift velocity, electric, and magnetic field vectors, respec-

tively. So by measuring the perpendicular drifts, we can get the ambient electric field as

E, = —V; xB. (1.2)

The special feature of the equatorial region is that the Earth’s magnetic field lines
are horizontal to the Earth’s surface; and as a result, the perpendicular to B drifts are
vertically upward drifts and zonal (east-west) drifts. This dissertation focuses mainly on
distributions and flow of ionospheric plasmas in the equatorial latitudes and their variations
with altitudes.

Low-latitude drifts have been studied over the last four decades by ground-based [Abdu,
1997; Fejer, 1991; Fejer et al., 1979, 1981; Woodman, 1970] and space-based systems [Coley
et al., 2014; Fejer et al., 1995, 2013; Hartman and Heelis, 2007; Immel et al., 2004; Scherliess
and Fejer, 1999]. These drifts depend on season, solar activity, magnetic activity, longitude,
time of the day, and altitude (as we will see in this study). Empirical models have also
been developed for these drifts [Fejer et al., 2005; Scherliess and Fejer, 1999]. Detailed
knowledge about these drifts/electric fields with respect to local time, season, solar activity,
and varying geomagnetic conditions is important to determine ionospheric effects on space-

based communication, navigation, and positioning systems.

1.3. An Overview of This Work

In the previous section, we have seen how we can derive electric fields by measuring
plasma drifts perpendicular to magnetic field. This dissertation focuses on studying how this
low-latitude electric field varies with altitude with respect to local time and season. Only

geomagnetically quiet-time (K, < 3) studies are investigated in this study. Effects of high-



5

latitude electrodynamics, which especially influence plasma distribution and transportation
during geomagnetically active conditions, have not been considered. Post-sunset irregularity
process, like equatorial spread F (ESF), has not been included for the present study.

For this present study, we have used data from incoherent scatter radar (ISR) at Jica-
marca, Lima, Peru, which measures plasma drifts from 200 to 800 km and from about 150
km derived from Doppler echoes measured by Jicamarca Unattended Longtime Ionosphere
and Atmospheric (JULIA) radar. Details of measurement techniques and specifications are
discussed in detail in Chapter 3.

This dissertation is divided into six chapters. Chapter 2 introduces the most important
features of the low-latitude ionosphere. It describes the background physics of the electro-
dynamics of the equatorial and low-latitude plasma relevant to this research work. Chapter
3 includes the description of the measurement techniques, summary of the previous obser-
vations, and theoretical work, as well as the mathematical relationship between vertical and
zonal drifts. Chapter 4 describes the climatology of daytime vertical and zonal drifts with
altitude combining data from Incoherent Scattered Radar (ISR) and Jicamarca Unattended
Long-term Ionosphere and Atmosphere (JULIA) radar at Jicamarca, Peru. We will focus
on 150 km region JULIA drifts and their differences from F-region drifts. In Chapter 5, we
discuss the evening time altitudinal variations of equatorial plasma drifts. We will present
the first observations of the top side (up to about 2000 km) drifts and discuss the special
features of these evening time drifts and the relationship between vertical and zonal drifts
in light of previous work. Chapter 6 summarizes the most important results and the impor-
tance of altitudinal gradients in the vertical and zonal plasma drifts in the ionosphere. The
importance of incorporating these corrections in the present ionospheric electric field models
and their effect on the space-based communication, navigation, and positioning systems are

briefly discussed. Some suggestions for future work are included at the end.



CHAPTER 2
LOW-LATITUDE IONOSPHERE

The ionosphere is made up of charged particles produced by the absorption of solar ra-
diation at different regions in the atmosphere. The production, loss, and transport processes
of this ionospheric plasma dictate the electrodynamic properties of the ionospheric plasmas.
While production and loss are primarily radiative and chemical processes, transportation is
driven by neutral winds, electric fields, and diffusion.

This chapter focuses on the chemical composition of the ionosphere, the most important
production and loss processes of ionospheric plasma, and the physical processes responsible
for their transportation. We will discuss how the neutral winds drive the plasma across
magnetic field lines by dynamo actions and the role played by the Earth’s magnetic field

lines at different altitudes and different latitudes.
2.1. Production, Loss and Transport in Ionosphere-Thermosphere System (ITS)

2.1.1. Production and Loss Processes

Figure 2.1 shows a typical daytime composition of ions and neutrals in the ionosphere-
thermosphere system. From ground up to 120 km, Ns and Oy maintain a ratio of 4:1.
Atomic O number density crosses Os density at 120 km and that of Ny at 250 km. From
the base of the thermosphere NO™* and O; dominate the ion population up to around 150
km where O" becomes the most dominant ion species. From about 900 km H™ becomes the
most dominant ion species followed by He™ and O". More details about the temperature
and compositional structure of the ionosphere can be found in Kelley [2009].

The D region is created when NO absorbs solar X-ray (0.1-0.8 nm), H Ly « (121.6
nm) and by cosmic rays. Solar X-ray (0.8-14 nm) and UV radiation (79.6-102.7 nm) ionize
the neutral particles to form the E region. F region is produced mainly by radiation in the
range of 14-79.6 nm. On the dayside, the F region is split into two sublayers, F1 and F5

depending on its major constituents. Beyond the direct photoionization of neutral particles
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Figure 2.1. Typical daytime composition of IT system during solar quiet year (after
Johnson, 1969 with permission).

by solar UV and x-ray spectrum, the next important process is the creation of ions through
interaction of ions, neutrals, and electrons.
Molecular ions like NO* and OF , which dominate the E and lower F regions (below

200 km) are produced by the following reactions:

Ny +0%t - NOt + N. (2.1)
NS +0 — NOt + N. (2.2)
Oy + 01T — OF + 0. (2.3)

O™ is most dominant above the F-region peak up to about 900 km. In the molecular
ion-dominated regions, ion-neutral chemistry and electron-ion recombination are the dom-
inant processes, and the loss rate follows square law (loss is proportional to the square of
neutral density), whereas the upper F region, where diffusion rate becomes comparable with
chemical loss rate, follows linear loss rate. This transition from the square to the linear loss
process takes place around 160-200 km. On the dayside, when F layer splits into F; and Fb
layers, F} is dominated by molecular ions, whereas Fb consists mainly of atomic ions. Few

important characteristics of different ionospheric layers are summarized in Table 2.1.



Table 2.1. Important Characteristics of Different Ionospheric Layers

Layer | Altitude (km) | Major Ion Production
D 60-90 NOT , OF Ly a , x-rays
E 90-150 NO* , OF | Ly B, soft x-rays
Z) 150-200 OF NOT He 11, UV
) 200-400 Ot NT He II, UV

The D region disappears on the night side in the absence of ionizing solar radiation
and because of recombination effects. The molecular ions have faster (about 1000 times)
recombination rates than higher altitude atomic ions. The two most important ion loss

reactions in the ionosphere are:

NOt +e~ - N+0O (below200km), (2.4)

and

OT +e~ — O+ photon  (above200km). (2.5)

This explains the fading away of D- and E-region plasma densities after sunset when
O™, having longer lifetime, survives the night in F-region altitudes. The E-region plasma
density decreases by a factor of 10 soon after sunset before reaching a minimum equilibrium.
The F} layer, if present, fades away into the F5 region after sunset to form a single F region.
The F3; layer, on the other hand, has a peak density at around 300 km during the day and at
higher altitudes at night. Because of transport processes, the peak density of the F region
increases shortly after sunset before decreasing to a nighttime value [Rich and Basu, 1985].

Above F-region peak, charge exchange reactions like

Ot +H+O+HT (2.6)

become important. Details of important photoionization and ionospheric chemistry reac-
tions can be found in Hudson [1971], Torr [1979], and Schunk and Nagy [2009].

Above F-region peak, generally referred to as Topside Ionosphere, the plasma density
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decreases exponentially with height. The middle and low latitudes (below 60° magnetic
latitudes) trap the ions, especially hydrogen, along the geomagnetic fields and thus, the
ionosphere extends further out in space. This region is called the plasmasphere [Carpenter
and Park, 1973].

The temporal variation of plasma throughout the Ionosphere-Thermosphere system
depends upon production, loss, and transportation processes, which in turn are functions of

solar radiation, local time, geomagnetic field, latitude, longitude, season, and solar activity.
2.1.2. Transport Processes

Neutral Wind Effects

Because of the vast horizontal extent of the atmosphere compared to vertical extent,
neutral motions and thus, upper atmospheric winds, are mostly constrained in the horizontal
(zonal and meridional winds) direction; vertical winds contribute only about 1% of the
total winds in the atmosphere. The primary driving force for thermospheric winds is the
diurnal absorption of solar UV rays, which expands the day side thermosphere and creates
a day-to-night pressure gradient [Richmond, 1995]. The meridional winds can move the
plasma up and down the magnetic field lines because of the collisional drag between neutrals
and plasma [Rishbeth, 1977, 1998]. Thus the meridional winds can shift the F region up
or down in the off-magnetic equatorial latitudes where the field lines are not horizontal
[Krishna Murthy et al., 1990]. During daytime, meridional winds blow from the hotter
magnetic equator toward poles and in the reverse direction at night. The zonal winds,
on the other hand, are westward during the day and eastward during night. At E-region
altitudes the ions move freely with the neutral winds across the Earth’s magnetic field,
thereby creating a dynamo action. This is called E-region dynamo and is active only during
the day. The resulting electric fields can drive E x B plasma drifts in both E and F regions
[Evans, 1978]. During nighttime, because of fast recombination of molecular ions with
electrons in E region, the E region has negligible charge density and thus, no current flows.

The E- and F-region dynamo will be described in more detail in section 2.2.
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Tonospheric currents associated with the neutral wind-driven dynamo actions have reg-
ular, smooth, daily variations. The main part of these currents is called Sq (solar quiet) or
solar regular. A steady wind and atmospheric tides contribute to this Sq current. Sabben
[1962] first showed that a steady ionospheric wind can produce Sq-like currents. Further
studies indicate the steady winds contribution to the ionospheric currents is very small
[Kato, 1957; Richmond et al., 1976] and the bulk of Sq is produced by atmospheric tides of
different modes. Atmospheric tides [Chapman and Lindzen, 1970; Kato, 1980] are periodic
global oscillations particularly of period one (diurnal) or half (semi-diurnal) of a solar day
forced by a regular periodic source like the sun or the moon. The solar tides are generated
because of differential thermal heating by sun, whereas lunar tides are mostly due to gravi-
tational forces. Such tides propagate vertically and grow in amplitude, as the atmospheric
density reduces, before breaking down and transferring their energy and momentum into
the medium. They modulate the flow of plasma in the lower thermosphere. From a detailed
study on atmospheric tides and their effects on ionospheric currents, Richmond et al. [1976]
showed atmospheric tides with modes (1, -2)* and (2, 4) can account for practically all the
Sq currents. Mode (1, -2)* is a diurnal tide, which originates at the equator because of local
heating. They discuss simulation results of how (1,-2)* mode tidal wind pattern generate
different current functions at different latitudes. These simulations take into consideration
the height-integrated ionospheric conductivities along with ion drag, viscosity, and wind
velocities. (2, 4) tidal mode is observed from the temperature and velocity variations in the
E region [Bernard and Spizzichino, 1971; Murphy and Bull, 1968]. Dissipative forces as ion
drag and viscosity are not important like (1, -2)* because of lower altitude origin (refer to
Richmond et al. [1976] for detail). A few important horizontal uniform atmospheric tides
of different modes and of solar (Sy,,) and lunar (L, ,) origin are given in Table 2.2 (here
subscripts m refers to longitudinal wave number and n refers to an index for latitudinal
structure). Since the atmosphere is not uniform, in reality different complicated combina-
tions of these modes can exist. Forbes and Vial [1989, 1991] have calculated such realistic

structures. Detailed study of different modes of atmospheric tides and their effect can be
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found in Hines [1965], Richmond [1995], Richmond et al. [1976], and Volland [1997]. More
recent studies based on NCAR thermosphere ionosphere electrodynamics general circulation
model (TIEGCM) describe how diurnal, semi-diurnal, migrating, and nonmigrating tides

affect the transportation of plasma in ionosphere (e.g., Fesen et al., 2000; Hagan et al.,

2007; Liu and Richmond, 2013; Liu et al., 2013).

Table 2.2. Different Types of Tides that Produce Currents in the Ionosphere

Symmetry
Modes about Vertical Propagation | Comments
equator
. Driven by local heating. Largest
512 Symmetric | No winds at the high altitudes
Anti- .
S1.-1 n . No Driven by local heating
’ symimetric
. Largest winds at low latitude. Ver-
S Symmetric | Yes tical wavelength 24 km
S22 Symmetric | above 110 km Winds larger at low latitudes
Anti-
So3 ntl . Yes Vertical wavelength(VW) 60 km
’ symimetric
Soa Symmetric | Yes Larger at upper mid-latitudes. VW
’ 45 km
Lo Symmetric | Yes Period :12.42 h. Similar to S

Smaller-scale tidal waves called gravity waves with a period of few hours have also
been detected, which also propagate and release their energy into the lower thermosphere
on nonlinear breakdown. Atmospheric gravity waves can affect low-latitude F-region elec-
trodynamics [Chakrabarty et al., 2004; Nicolls and Kelley, 2005]. Planetary waves with
time periods of 2, 5, and 16 days have also been found to modulate plasma drifts in the
ionosphere too. Hagan et al. [1993] show through modeling that such waves can penetrate

well into the dynamo region.

Electrodynamic Effect of Geomagnetic Fields

The variations in ionospheric parameters like density, plasma temperature, peak heights,
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and currents mentioned before result not only from ionosphere-thermosphere coupling mech-
anisms, but also due to ionospheres coupling to solar-terrestrial system including sun, mag-
netosphere, and interplanetary regions. When solar radiation remains the primary source
of energy, the magnetospheric electric fields, particle precipitation, and consequent joule
heating at high latitudes also affect the distribution of ionospheric plasmas. The solar
wind dynamic pressure and orientation of interplanetary magnetic field dictates the mag-
netospheric effect on ionosphere. Such magnetospheric processes not only affect the high-
latitude ionosphere through open field lines, but also middle- and low-latitude ionosphere,
especially during geomagnetic storms. Also upward propagating gravity waves and tides
from the bottom-side thermosphere modulate the plasma densities. These different external
driving mechanisms combined with the chemical, radiative, and electrodynamical processes
within the ionosphere determine the global distribution of plasma densities, temperatures,
and drifts [Schunk and Nagy, 2009].

The effect of geomagnetic field on different ionospheric layers is also important. In the
D region, collision frequency for both ions and electrons with neutrals is more than gyro
frequency and thus, collision becomes more important than magnetic field. In the E region,
electrons have higher gyro frequency and thus, respond to the geomagnetic field; whereas,
ions having higher collision frequency than gyro frequency are still dominated by collisions.
In the F region, both ions and electrons have higher gyro frequencies than collision frequency
and both are strongly affected by magnetic field effects [Rishbeth, 1997].

The latitudinal variation of the strength of Earth’s magnetic field (the equatorial field
is almost half of the strength at the poles) and orientation (at the magnetic equatorial
region the magnetic field lines are horizontal to the Earth’s surface, but at the poles they
are almost vertical) has great influence in the dynamical processes, thereby modifying the
spatial distribution of ionospheric plasma. The ionosphere and thermosphere variables are
inherently connected through a feedback mechanism driven by ion-neutral chemistry, winds,

waves, and electric and magnetic fields.
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2.2. E- and F-Region Dynamos

The ionospheric dynamo theory was first suggested by Balfour Stewart in 1882 to
explain the daily variation of geomagnetic fields, which was further developed by A. Schuster
in 1908. A good understanding of ionospheric conductivity is made through works of many
scientists [Chapman, 1956; Cowling, 1945; Maeda, 1952]. The dynamo theory is explained
in many books and review articles like Maeda and Kato [1966], Matsushita [1969], Rishbeth
and Garriott [1969], and most recently in Kelley [2009].

When neutral winds carry charged ions and electrons along with it across the Earth’s
magnetic field, it produces a (e.m.f.) current and the process is called ionospheric dynamo
process. Such processes exists in both E and F layers of the ionosphere, but the E- and
F-region dynamos operate in rather different ways [Rishbeth, 1997]. This difference arises
because of conductivities, which depend on the ratio of collision frequency to gyro frequency
(v/w) at different altitudes and on the nature of neutral winds, which drive the drifts,
currents, and polarization fields in the ionosphere. During daytime most of the currents
flow in the E region at 100-130 km height, but during nighttime the E-region ionization
almost disappears and the F-region dynamo at around 300 km carries most of the currents
despite small values of (v/w); at these heights.

The conductivity tensor in Cartesian coordinates with geomagnetic field pointing in

the third axis is usually defined as [Rishbeth, 1997]

cp —og O
opl=1 oy op 0 |, (2.7)
0 0 00
where 0g, op and og are called direct or longitudinal conductivity, the Pedersen or trans-

verse conductivity, and the Hall conductivity. Including both ion and electron (subscripts

i and e) currents, they are mathematically given by

*e?. (2.8)
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oo is in the direction parallel to the geomagnetic field, B, and increases exponentially
upwards, though limited, at great heights by ion-electron collisions. The Pedersen conduc-
tivity, op, in the direction parallel to E and perpendicular to B peaks at a level where
(v/w); = (v/w)e ~ 1, which usually happens at around 125 km. oy in the direction per-
pendicular to both E and B is mainly carried by electrons moving in the E x B direction
and peaks at around 105 km [Richmond, 1995; Rishbeth, 1997]. To calculate the total cur-
rent flow, which is valid in low and middle latitudes, height-integrated Pedersen and Hall
conductivities defined as Y P = [opdh and > H = [ oy dh are generally used.

The neutral-air wind velocity, U, blowing across the geomagnetic field, B, produces
an induced electric field Ey in U x B direction, which is upwards in the magnetic equator.
There also exists an electrostatic polarization field, Ep, associated with a distribution of
electrostatic charges. The major contributors to this polarization fields are i) fields arising
from magnetospheric processes, which enter the Earth’s ionosphere through high latitudes
and at times of geomagnetic storms, influences mid and low latitudes in a great way, and also
from ii) fields originating at remote points to satisfy the current continuity in the dynamo
circuit [Rishbeth, 1997]. The polarization charges build continuously and adjust themselves
to ensure the total current, J, is divergence free (div J = 0 ). The current density equation
can be written as

J=o] - (Er + Ep). (2.11)

The dynamo action can be described both as a voltage generator (low-impedance
sources) or a current generator (high-impedance sources) mechanism. Here voltage gen-
erator description is summarized from Rishbeth [1997]. The neutral wind, U, induces

an electric field Ey = U x B as mentioned before. This induced field drives a current,
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J = [o] - (UxB). In general, this current is not divergence free everywhere and electric
charges build up whenever div (J) = 0. To satisfy Poisson’s law, the charge produces a
polarization electric field, Ep, which continuously adjusts itself to make the total current
divergence free so that div([o] - (E1 + Ep)) = 0 everywhere. The Ep makes ions and elec-
trons drift at V = Ep x B/|B|2. Though both voltage- and current-generator descriptions
of dynamos in principle could be applied for both E and F regions, the voltage-generator
description suits more to the E region (low-impedance region) and a current-generator de-
scription suits more to the F region (a region with high impedance). In the E layer the
induced and polarized fields are comparable in magnitude. During daytime, because of
high conductivities in presence of large number of charge carriers, the E-region dynamo
dominates (short circuiting the F-region dynamo). At night, in absence of charge carriers,
the Hall conductivity decreases more drastically than Pedersen conductivity. As a result,
even though the polarization field is maintained, the E-region dynamo becomes very weak
at night. At night, the F region has higher (Pedersen) conductivity and thus, the F-region
dynamo becomes active at night. The E- and F-region dynamos are linked through geo-
magnetic field lines. Because of high parallel conductivity along equipotential field lines,
any divergence in local currents in F region is shorted by highly conducting E region during
daytime. Thus the F-region dynamo is short-circuited by the highly conducting E region.
After sunset, however, polarization field builds up in the F region such that drift velocity,
V, approaches wind speed, U, thereby opposing dynamo action. Because of the special ge-
ometry of the magnetic field lines in the magnetic equatorial region, maximum polarization
field is developed, which increases the eastward wind speed at night [Rishbeth, 1971].

The neutral wind-driven E- and F-region dynamos interact with each other through
the equipotential field lines and create vertical and east-west (zonal) electric field [Fejer
et al., 1979]. Due to electrodynamic effects of such fields during daytime, the plasma moves
upward in the equatorial latitudes, which diffuse down magnetic field lines to 15 magnetic
latitude. This phenomenon of upward movement of plasma at equatorial latitudes is known

as Fountain effect and the high density at 15° is called Appleton anomaly.
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Figure 2.2 demonstrates the fountain effect and diffusion along the magnetic field lines
(top) and a typical calculated electron density as a function of altitude and dip latitudes
at 2000 LT in December solstice conditions (bottom). These fields also drive the equatorial
electrojet [Kelley, 2009] and F-region plasma motion, thereby affecting the thermosphere
neutral winds and composition of low-latitude ionosphere and protonosphere. They are also
responsible for generation of E- and F-region plasma irregularities in the post-sunset sector,
generally referred as Equatorial Spread F (ESF).

In the F region, because of the field lines, the neutral winds cannot move the electrons
with them (v << w), but the electric fields make them drift in the Hall (perpendicular to E
and B) direction. In fact, the plasma drift velocity perpendicular to B is given by equation

3.1 in Kelley [2009]:

o= [p- ()T ()] [ 2], o

which includes contributions from electric field (1st term), the pressure (2nd term), and the
gravity (3rd term). But at a typical height in F region, both pressure and gravity term
contribute too small compared to electric field (See Chapter 3 in Kelley [2009] for details).

As a result, it is mainly the ambient perpendicular electric field that causes the drift
E, =-V;xB. (2.13)

Since this drift is perpendicular to both E and B, in short, it is referred as E x B
drift in literature. In the F region, the zonal electric field causes the plasma to drift upward
during the day and downward during the night in the low latitudes and the vertical electric
field causes zonal drifts, westward during the day and eastward during the night. These
electric fields and drifts play very important roles in the ionospheric and plasmaspheric
electrodynamic processes. Such fields and drifts can get significantly perturbed by lower
atmospheric gravity waves and planetary waves, even during magnetically quiet periods

and by magnetospheric processes through high-latitude ionosphere during magnetically dis-
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Figure 2.2. (top) Fountain effect and diffusion along the magnetic field lines (after Hanson
and Moffett, 1966). (bottom) Calculated electron density contours (log;,e) as a function
of altitude and dip latitude (after Anderson and Roble, 1981).

turbed period [Fejer, 1997]. Specific knowledge about these drifts is fundamental to the

accuracy of the increasing space-based systems [Fejer, 2011].
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CHAPTER 3
LOW-LATITUDE PLASMA DRIFTS

3.1. Introduction

The E x B plasma drifts play very important roles in the electrodynamics and distri-
bution of the plasma in the low latitudes. During day time, the vertical drift (zonal electric
field) driven by dynamo action and fountain effect controls the equatorial anomaly crest lat-
itude and density. Around sunset hours, when the electrodynamics and conductivity in the
ionosphere changes rapidly causing prereversal enhancement, it controls the altitude of peak
F layer, thus influencing the formation of Equatorial Spread F (ESF). These ionospheric
electrodynamic processes affect space-based communication and navigation systems.

Low-latitude vertical E x B drifts have been studied over the last few decades from
ground observations [Abdu, 1997; Fejer, 1991; Fejer et al., 1979, 1981; Woodman, 1970]
and space-based systems [Coley et al., 2014; Fejer et al., 1995, 2013; Hartman and Heelis,
2007; Immel et al., 2004; Scherliess and Fejer, 1999], and their climatology, particularly in
the F region, has been well studied [Fejer, 1991; Fejer et al., 2008; Scherliess and Fejer,
1999]. Most of the ground-based measurements of such drifts at ionospheric heights have
been done using Incoherent Scatter Radars (ISR). The Jicamarca incoherent scatter radar
(ISR) has been used since 1968 to study these drifts [ Woodman, 1970].

Low-latitude zonal plasma drifts have also been measured using Jicamarca ISR, but
not as often as the vertical drifts. Fejer and Scherliess [2001]; Fejer et al. [1985, 2005]
describe the climatology of zonal plasma drifts using the Jicamarca ISR data on the basis
of season, local time, and solar flux. Valladares et al. [1996] and Sheehan and Valladares
[2004] also studied the zonal drifts at nighttime in the Peruvian sector. Fejer et al. [2013]
describe their longitudinal features during the last solar minimum periods using C/NOFS

satellite data. Section 3.2 discusses the climatology of these drifts in detail.

3.2. Quiet-Time Low-Latitude Plasma Drifts

Low-latitude plasma drifts originate as a result of ionospheric electric dynamo process
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when neutral winds flow across the horizontal magnetic fields of the Earth. These drifts
depend on season, solar activity, magnetic activity, longitude, altitude, and time of the day.
The incoherent scatter radar (ISR) at Jicamarca Radio Observatory (JRO) at Lima, Peru
(11.9°N, 76.8°W, magnetic dip 1°N) has been used since 1968 to study these drifts [ Wood-
man, 1970]. It provides the most extensive plasma drifts database for low latitudes. It
consists of three 1.5 MW transmitters and an antenna array of 18,432 dipole elements cov-
ering an area of about 85,000 square meters. The radar operates at 50 MHz. The magnetic
dip angle of 1Y for JRO changes with year and altitude. The radar can determine the di-
rection of Earth’s magnetic field, B, accurately and can make measurements perpendicular
to B at any altitude in the ionosphere (source: JRO website). The measurement technique
is described in detail by Woodman [1970, 1971], but the old technique was replaced by a
more accurate and novel technique in 1996 as described in Kudeki et al. [1999]. The ISR
measures F-region (typically between 200-800 km altitude) vertical and zonal plasma drifts
with a time resolution of 1-5 min and height resolution of 15-25 km. The data is most accu-
rate near the F-region peak where the signal-to-noise ratio is highest. The typical errors in
vertical and zonal drifts are 1 m/s and 10 m/s, respectively, during day and larger at night.
Over Jicamarca an upward (eastward) drift of 40 m/s corresponds to an electric field of 1
mV/m in the eastward (downward) direction [Fejer, 2011]. The climatology of quiet-time,
low-latitude F-region drifts has been studied using Jicamarca data by many le.g., Fejer
1991, 2011; Fejer et al. 1979, 1981, 2005; Scherliess and Fejer 1999]. These drifts have large
day-to-day variability at all local times even during geomagnetically quiet times [Fejer,
2011; Fejer et al., 1979]. Fejer et al. [1979, 1991] reported seasonal variations of these drifts

in both high (sunspot maximum) and low solar flux (sunspot minimum) periods.

3.2.1. Low-Latitude Vertical Drifts

Figure 3.1 (top) reproduced from Scherliess and Fejer [1999] shows, using Jicamarca
ISR data, the seasonal variations of the vertical plasma drifts at different solar flux condi-
tions during magnetic quiet conditions. The vertical bars show the scatter in the data and

the continuous line shows the quiet-time empirical model values from Scherliess and Fejer
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[1999]. A similar study from AE-E satellite Ion-drift meter data from Fejer et al. [1995]
is also shown in Figure 3.1 (bottom) for comparison. There is a good agreement between
these two datasets. A detailed comparison of AE-E data with Jicamarca is discussed in
Fejer et al. [1995].

The drifts, to the first order, are upward during the day and downward during the
night with typical value of 25 m/s. The daytime average drift maximizes at around 1100
LT with the largest values during equinox and the smallest during summer solstices [Fejer
et al., 1991]. The daytime drifts do not depend much on solar flux, except near sunset and
sunrise. The upward daytime drift increases around dusk terminator before reversing to
downward direction after sunset hours. This enhancement in upward drifts, called evening
prereversal enhancement (PRE), strongly increase with increasing solar flux [Fejer et al.,
1979, 1991, 1995] during equinox and December solstice with typical peak values of 60 m/s
and 10 m/s during solar maximum and minimum, respectively. During the June solstice,
the peak values of prereversal enhancements during solar maximum are around 20 m/s and
are very small in solar minimum [Fejer, 2011] except in the Pacific region where prereversal
velocities increase by 40 m/s for an increase of 100 units in solar flux [Scherliess and Fejer,
1999].

The variation of prereversal enhancement peak drift velocities with solar flux for dif-

ferent seasons is reproduced here from Fejer et al. [1991] in Figure 3.2.

Longitudinal Variations

Data collected from different ionosondes and satellites [Coley et al., 1990] show the
equatorial F-region vertical drifts exhibit large longitudinal variations. This is believed to
be largely because of the displacement of the geographic and geomagnetic equators and the
large differences in declination angles and strength all along the magnetic equator [Scher-
liess and Fejer, 1999]. Fejer et al. [1995], using data from Ion Drift Meter onboard AE-E
satellite for period 1977-1979, for the first time showed that for moderate to high solar flux
conditions the longitudinally averaged satellite data indicates large longitudinal variations

during June solstice. For equinox and December solstice, the satellite data is in good agree-
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Figure 3.1. (top): Average vertical plasma drifts during Equinox (Mar-Apr, Sep-Oct),
Summer (May-Aug), and Winter (Nov-Feb) at high (~200), moderate (~140), and low
(~80) solar flux conditions (after Scherliess and Fejer, 1999). (bottom): Average vertical
drift from AE-E satellite data for high (1979), moderate (1978), and low (1977) solar flux
conditions (after Fejer et al., 1995).
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Fejer et al., 1991).

ment with Jicamarca ISR data. Scherliess and Fejer [1999] is the first detailed season and
solar cycle-dependent global empirical model, and shows large longitudinal variations in
the evening prereversal enhancement velocities and reversal times during solar maximum
conditions. Fejer et al. [2008] analyzed the ROCSAT-1 satellite plasma drift data for dif-
ferent longitude sectors. A plot for the local time and longitude variation in eight different
longitude sectors for moderate (130 sfu) to high (200 sfu) solar flux conditions is repro-
duced here from the paper in Figure 3.3. From the figure, it can be seen that the afternoon
and evening upward and nighttime downward drifts during equinox and December solstice
increase with solar flux. Longitudinal variations of prereversal peak velocity magnitudes
during the solstices and of drift reversal time can also be seen clearly. The evening reversal

times do not depend much on solar flux except in the American sector during June solstice.
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The morning reversal times occur earlier with decreasing solar flux values.
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Figure 3.3. Local time and longitude variation of equatorial vertical plasma drift from
ROCSAT-1 satellite in eight longitude sectors for moderate (130 sfu) to high (200 sfu) solar
flux conditions (after Fejer et al., 2008).

The equinox and June solstice data for equatorial vertical drifts show strong wave
number four longitudinal modulations. These wave number four modulations have been
confirmed by different studies of nighttime equatorial anomalies [Sagawa et al., 2005], and
noon time equatorial electrojet [England et al., 2006; Lihr et al., 2008], and are found to
be strongest during equinox [Hartman and Heelis, 2007; Scherliess et al., 2008]. This wave
number four structure is believed to be primarily because of modulation of zonal electric
field by eastward propagating diurnal tide with zonal wave number s = -3, otherwise called

DE3 [Fejer, 2011; Hagan et al., 2007].

3.2.2. Low-Latitude Zonal Drifts

The east west neutral winds drag plasma along with them in the east west direction,



24

which creates the vertical electric field as mentioned before. This vertical electric field plays
an important role in distribution of plasma in nighttime low-latitude F region, generation
of post sunset irregularities [Fejer et al., 2013; Su et al., 2009], and decoupling of local
time and universal time experienced by magnetic flux tubes [Murphy and Heelis, 1986].
Jicamarca ISR has been measuring these zonal drifts since 1970 [Fejer et al., 1979, 1985,
1991; Woodman, 1970], but less frequently than the vertical drifts. These zonal plasma
drifts are westward during the daytime and eastward during the night. The zonal drifts
show large day-to-day variability, even during magnetic quiet times. At the low latitudes,
the daytime peak value is around 40 m/s and does not change much with solar flux and
season. The nighttime eastward drifts increase with solar flux and have peak values from
90 m/s during solar minimum to 150 m/s in June solstice, and around 190 m/s during
December solstice and equinox during solar maximum. The peak value shifts to earlier
local time with increasing solar flux [Fejer et al., 2005]. The peak value at night is reached
at around 2100-2200 LT and then decreases towards dawn. Figure 3.4, reproduced from
Fejer et al. [2005], shows these climatological characteristics of zonal plasma drifts.

Zonal drifts have also been studied using satellites [Coley and Heelis, 1989; Maynard
et al., 1988] and spaced receiver techniques [Sheehan and Valladares, 2004; Valladares et al.,
1996] and using air-glow measurements [ Chapagain et al., 2011; Sobral et al., 2011] in relation
to thermospheric zonal winds. Using DE 2 satellite data, Maynard et al. [1988] reported
sudden eastward turning of the zonal drifts in the middle of the day, whereas Valladares
et al. [1996] found the evening drifts are similar to ISR, but have bigger magnitudes and
stronger solar flux dependence. In recent studies, Coley et al. [2014], Fejer et al. [2013],
and Huang et al. [2010] have discussed the longitudinal characteristics of zonal drifts from
satellite data from topside F region. Fejer et al. [2013] and Coley et al. [2014] found the
zonal drifts tend to be more westward on the top side.

At daytime, the E-region dynamo winds dominate the F-region zonal drifts, and the
weak F-region dynamo only modify the local conditions to reach a steady state. The F-

region zonal drifts are much smaller than the zonal winds at E-region altitudes. At night









Figures 1.1, 2.1, 2.2, 3.1, 3.2, 3.3, 3.4, 3.5 and 3.6 are reprinted with permission.
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