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Recent advances in the incoherent scatter (IS) theory for small (< 6°) aspect
angles motivated a reinvestigation of the IS radar cross section (RCS) calcula-
tion. A precise RCS is necessary to correct power profiles so as to properly
represent the height variation of the ionospheric electron density. Improve-
ments in the representation of density profiles by corrected power profiles
were obtained with a RCS calculation that takes into account magnetic field
and electron Coulomb collision effects. This improvement was confirmed by a
comparison with density profiles measured simultaneously using the Double-
Pulse/Faraday rotation radar mode at Jicamarca. This simple but important re-
sult solves the long-standing question of the proper RCS to be used at Jicamarca
to correct power profiles.

For the first time since the early IS observations at Jicamarca in the 1960’s, the
proton gyroresonance predicted by IS theory was detected, and temperatures
and the H* fraction were estimated from the measurements with an automated
least-squares procedure. These observations show that, despite the pulse-to-
pulse clutter, coherent echoes from spread F, reduced transmitter power, and
increased satellite clutter compared to the earlier measurements, the proton gy-
roresonance can still be detected with reasonable confidence levels. On the other
hand, the measurements also indicate the non-viability of the use of gyroreso-

nance measurements as an operational/continuous radar technique for studies



of the topside equatorial ionosphere.

New in-beam radar imaging observations of bottom-type layers were made
with a small coherent backscatter radar in Brazil. The observations have larger
angular coverage than is currently possible at Jicamarca. The results are in
agreement with previous measurements made with Jicamarca and ALTAIR
radars and indicate that bottom-type layers can be organized in clusters of scat-
terers that are horizontally spaced. These clusters are associated with decak-
ilometric plasma waves generated by a shear instability that was recently pro-
posed. The waves modulate the bottomtype layers by having phases that are
alternately unstable and stable to wind-driven gradient drift instabilities. The
observations also captured the development of a radar plume over the region
where the clusters were located. These observations serve as additional evi-
dence of a possible connection between the large-scale waves and the triggering
of spread F and suggest that the detection of bottom-type clusters can serve as

a helpful diagnostic for spread F forecasts.
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CHAPTER 1
INTRODUCTION

Radio waves are weakly scattered by thermal fluctuations in the quasi-
equilibrium ionospheric plasma. Coherent scatter echoes, meanwhile, are
caused by non-thermal electron density fluctuations generated by plasma insta-
bilities and are much stronger than incoherent scatter (IS) echoes. The spectra
of IS echoes provide information about parameters of the background plasma
such as electron density, temperatures, and ion composition. On the other hand,
coherent scatter echoes provide an indication of the turbulent state of the iono-
spheric plasma. This dissertation describes coherent and incoherent backscatter
radar observations of the F region ionosphere in the magnetic equatorial re-
gion using the Jicamarca IS radar in Peru and the Sao Luis coherent backscatter
radar in Brazil. The possibility of an alternative IS radar technique for topside
ionosphere observations was investigated, and traditional IS techniques were
revisited in an attempt to improve electron density observations made at the
Jicamarca Radio Observatory. Also, new measurements made with the radar in
Brazil are presented which provide additional evidence of plasma waves pre-
dicted by a recently proposed theory. Overall, the results in this dissertation
provide additional, more accurate information about the equatorial ionosphere

in its equilibrium and turbulent states.

1.1 Motivation for the study of the ionosphere

The ionosphere is a natural laboratory for the study of plasmas, and it provides
the opportunity for studies of basic plasma phenomena without the difficulties

involving plasma confinement. Nevertheless, scientific efforts are necessary for



the development of the appropriate tools for in-situ and remote sensing mea-
surements. Ionospheric plasma studies are also important from an engineering
point of view. Electron density irregularities in the ionosphere are generated
by a number of different plasma instabilities. Small-scale plasma irregularities
can cause fluctuations in the amplitude and phase of transionospheric radio sig-
nals. These fluctuations are called ionospheric scintillations and can be strong
enough to cause the disruption of satellite-based communication and naviga-
tion systems (e.g Yeh and Liu, 1982; Aarons, 1982; Basu et al., 1988; Groves et al.,
1997; Kintner and Ledvina, 2005).

The ionosphere is also responsible for additional propagation time delays in
signals from satellite-based positioning systems (e.g. Klobuchar, 1996; Klobuchar
et al., 2002). These delays must be accurately taken into account for precise
position estimation. Therefore, a good knowledge on the variability of the iono-
spheric electron content is necessary, especially in life-critical applications like
GPS-aided aviation (Kintner et al., 2007). It is well known that the ionosphere
at low and high latitudes is variable and unstable, requiring a greater deal of
investigation (Aarons, 1982). Fig. 1.1 shows an example of typical ionospheric
density variability and associated transionospheric signal power fluctuations

measured with a GPS receiver.

1.2 Motivation for the IS radar studies in this dissertation

The IS radar studies in this dissertation are motivated by recent advances in
the understanding of electron Coulomb collision effects at small aspect angles

(Sulzer and Gonzilez, 1999; Woodman, 2004; Kudeki and Milla, 2006). Both ion and
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Figure 1.1: Example of density fluctuations and ionospheric scintillations
observed in the low latitude ionosphere with a dual-frequency
GPS receiver. Panel (a) shows the relative total electron content
(TEC) estimated from the travel time difference between two
signals with different frequencies. The signals were transmit-
ted by a GPS satellite and received by a ground receiver. Panel
(b) shows the fluctuations in the signal amplitude associated
with fluctuations in the TEC. Panel (c) shows the elevation an-
gle of the GPS satellite from which the signals were transmit-
ted.

electron Coulomb collisions have effects on the IS spectra at small aspect angles
with consequences for the estimation of ionospheric parameters from IS radar
measurements. The magnetic field and electron Coulomb collisions also have
a strong effect on the IS radar cross section (RCS) at small aspect angles. A
precise knowledge of the RCS is required to correct backscatter power profiles

as to accurately represent electron density profiles.

Another motivation for the IS radar studies is the necessity of accurate elec-



tron density measurements for investigating the dynamics of the equatorial
ionosphere and for providing absolute density profiles for calibration and vali-
dation of satellite observations (e..g. DMSP, C/NOFS, and COSMIC) (e.g. Vernka-
traman et al., 2005; Lei et al., 2007). Finally, the lack of information about temper-
atures and ion composition in the equatorial topside ionosphere and the pos-
sibility of estimating information about the neutral atmosphere when accurate
ionospheric measurements are available also serve as motivations for this study

(e.g. Aponte et al., 1999).

1.3 Motivation for the coherent scatter radar studies in this dis-

sertation

This dissertation also describes a study of large-scale waves in the bottomside
F region using a small coherent backscatter radar in Brazil (de Paula and Hysell,
2004a). This study is motivated by the ability of this radar to produce interfer-
ometric radar images of scattering structures with a wider field of view than is
currently possible at Jicamarca. This feature makes it more appropriate for the
study of structures with scale-sizes of a few tens of km. Decakilometric waves
have been detected previously at the onset of fully developed F region radar
plumes during equatorial spread F events, and a causal relationship between
these waves and spread F was suggested (Hysell et al., 2004a). The density ir-
regularities causing radar plume echoes share their origin with the irregularities
causing ionospheric scintillation. Coherent backscatter radar imaging observa-
tions can provide additional information that may help our understanding of

the generation and dynamics of equatorial spread F.



1.4 Organization of this dissertation

Chapter 2 gives introductory information about the ionosphere with a few more
details pertaining to the ionospheric F region at low magnetic latitudes, the
main subject of this dissertation. Chapter 3 gives information about remote
sensing of the ionosphere using radars. The IS technique used to estimate elec-
tron density, temperatures, and ion composition is explained in some detail in
this chapter. A description of the coherent backscatter technique used to inves-
tigate non-thermal magnetic field-aligned density irregularities is explained as
well. Chapter 4 describes a study of the IS radar cross section at small aspect an-
gles with implications in the electron density measurements made at Jicamarca
Radio Observatory. Chapter 5 describes observations of the proton gyroreso-
nance. Simultaneous measurement of the temperature and ion composition in
the topside ionosphere was attempted in this experiment. Chapter 6 describes a
study of large-scale plasma waves in the bottomside of the equatorial F region
and equatorial spread F using coherent backscatter radar imaging and observa-
tions made by the Sdo Luis radar in Brazil. Finally, main results and suggestions

for future work are summarized in Chapter 7.



CHAPTER 2
THE EARTH’S IONOSPHERE

2.1 Introduction

This dissertation discusses new techniques and results related to radar remote
sensing of the Earth’s ionosphere. This chapter reviews fundamental concepts
in ionospheric composition, dynamics, and energetics. The material presented
here is a compilation of well-known results found in various textbooks (e.g
Banks and Kockarts, 1973a,b; Baumjohann and Treumann, 1997; Davies, 1990; Giraud
and Petit, 1978; Hargreaves, 1995; Kelley, 1989; Rishbeth and Garriot, 1969; Schunk
and Nagy, 2000). Readers who are familiar with this material may wish to skip

to the next chapter.

The chapter starts with a brief description of the Earth’s atmosphere. The
formation of the ionosphere in the upper atmosphere is then explained through
the derivation of a typical ionospheric density profile. This discussion helps
motivate the results presented in Chapter 4 which pertain to improvements in
radar measurements of electron density profiles. Next, the thermal structure
and composition of the ionosphere are reviewed. Relevant radar measurements
of ionospheric temperatures and ion composition will be presented in Chapters
4 and 5. Subsequent sections of the chapter review the dynamics of the iono-
sphere at low latitudes. The treatment here begins by introducing the concept
of the ionosphere as a magnetized plasma. Mathematical expressions for the
velocity of the ionized species forming the ionospheric plasma are derived and
used to develop an expression for the current density in the ionosphere. Next,

the generation of electric fields and the role of atmospheric neutral winds in
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Figure 2.1: (a) Height variation of neutral temperature. (b) Vertical dis-
tribution of neutral components. (c) Vertical variation of the
mean molecular mass. These profiles were generated using re-
sults from the Mass Spectrometer - Incoherent Scatter (MSIS)
model of the atmosphere (Picone et al., 2002).

the upper atmosphere are discussed. The focus will be on the ionosphere at
low magnetic latitudes. Here, the magnetic field is almost horizontal, and the
ionosphere consequently takes on a few unique properties. Some of these are

explained in detail since they are connected with equatorial spread F, the subject

of Chapter 6.

2.2 The Earth’s atmosphere

The Earth’s atmosphere is composed of a number of different gases. It is usu-

ally divided into regions (or layers) according to the height variation of the tem-



perature or composition. Classification according to the temperature profile is
used more frequently. The vertical temperature profile has a number of inflec-
tion points that are used to define the boundaries between atmospheric regions.
Panel (a) of Fig 2.1 shows a typical vertical profile of the temperature in the
Earth’s atmosphere with the different atmospheric regions indicated. These re-

gions are described in the following sections.

2.2.1 The lower atmosphere

The lower atmosphere is formed by the troposphere. All the weather phenom-
ena occur within this atmospheric region. The temperature in this region de-
creases with altitude as a result of surface warming by solar radiation. The
tropopause is the first minimum in the temperature profile and defines the
upper boundary between the troposphere and the middle atmosphere. The
tropopause ranges from approximately 8 km at high latitudes to 18 km at the

equator and also varies with season.

2.2.2 Middle atmosphere

The stratosphere and mesosphere form the middle atmosphere. The middle at-
mosphere has a “bump” in the temperature profile due to absorption of solar
ultra-violet (UV) radiation by the ozone layer. This maximum in the temper-
ature profile indicates the mesopause, the boundary between stratosphere and
mesosphere. Commercial airplanes usually fly in the lower reaches of strato-

sphere (~ 10 km) to avoid stronger turbulent atmospheric convection in the tro-



posphere. The ozone layer, responsible for absorption of the solar UV radiation,
can be found at the stratopause. In the mesosphere, the temperature starts to
decrease with altitude again. The lowest atmospheric temperatures occur at the
mesopause and can be as low as 130 K during the summer in the polar region

(e.g. Von Zahn and Meyer, 1987).

2.2.3 Upper atmosphere

The upper atmosphere is composed of the thermosphere and exosphere. The
thermosphere is the next atmospheric region above the mesosphere. In the ther-
mosphere, the temperature gradually increases with altitude until it reaches an
approximately constant value, usually referred to as the exospheric tempera-
ture. The exosphere is the uppermost atmospheric layer. In the exosphere, the
free mean-path is long enough to allow particles to follow ballistic trajectories,

and those with sufficient energy can escape from the Earth’s gravitational field.

2.24 Atmospheric composition

The origin and composition of the Earth’s atmosphere have been attributed to
crustal outgassing (N,, H,O, COy), nuclear radioactive decay (Ar, He), and bio-
photosynthesis (O;) over the past billions of years (Giraud and Petit, 1978). Panel
(b) of Fig. 2.1 shows the composition of the neutral atmosphere as a function
of height. The mean molecular mass is approximately constant until 100 km.
This region of constant mean mass is refereed to as the homosphere. Above

100 km, the mean mass decreases with height, and this region is known as the



heterosphere. The transition height between the homosphere and heterosphere
is called turbopause. As an illustration, Panel (c) of Fig. 2.1 shows the height
variation of the mean molecular mass. In the heterosphere, hydrostatic equilib-
rium is a good approximation for the vertical distribution of the atmospheric
constituents, since the overwhelming forces are gravity and vertical pressure
gradients (Giraud and Petit, 1978). It will be shown in the following sections
that the formation of the ionosphere strongly depends on the density profile of
the atmospheric constituents. Therefore, a good knowledge about the neutral

atmosphere is crucial for accurate modelling of the ionosphere.

2.3 The ionosphere

The ionosphere can be defined in a number of different ways. Following the
classic work of Rishbeth and Garriot (1969) and within the context of this disser-
tation, the ionosphere is defined as a part of the upper atmosphere where ions
and electrons are present in quantities sufficient to affect the propagation of ra-
dio waves. The ionosphere can start at a height as low as 50 km and extend over

a few thousand kilometers.

2.3.1 Formation

The ionosphere is formed mainly by ionization of neutral constituents by solar
radiation, especially in the extreme ultra-violet (EUV), ultra-violet (UV) and X-
ray ranges. A secondary source of ionization is the precipitation of energetic

particles. Ionization is produced when the energy of the ionizing photons (hv)
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or particles (kinetic) exceeds the ionization potential of an atom or molecule in
the atmosphere. Ionization caused by photons is called photoionization, and

ionization caused by particle precipitation is called impact ionization.

Photoionization

The production rate of ion-electron pairs is easily derived for a one-component
atmosphere that is illuminated by solar monochromatic radiation and whose

neutral density variation with height (n(h)) follows the barometric law:

na(h) = ne”™" (2.1)

where H = kgT,,/m\gis the scale height for an isothermal atmosphere with atoms
of mass m, and temperature T, gis the gravitational acceleration, Kg is the Boltz-
mann constant, and ng is the density at h = 0. The solar radiation reaches the
Earth’s atmosphere at a zenith angle y, as illustrated in Fig. 2.2. In this fig-
ure and in the derivation that follows, the atmosphere is considered plane and

horizontally stratified.

The local production of electron-ion pairs at height h is the photoionization
rate per unit volume P;(h) [electrons/m3s]. The photoionization rate is pro-
portional to the product of the four quantities: the radiation absorption cross
section o, [m?], which is assumed to be constant with height in this analysis,
the neutral density number n,(h) [m~], the radiation intensity I(h) [eV/m?s],

and the photoionization efficiency «, [~ 1 ion pair per 35 eV in air]. Therefore:

11
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Figure 2.2: Solar radiation and photoionization of the atmosphere.

Pa(h) = ko nn(h)1,(h) (2.2)

where the subscript 1 indicates that monochromatic radiation is considered.
Since a model for the height variation of the neutral density is given, it is nec-
essary to find an expression that describes the height variation of the radiation
intensity. The attenuation of radiation dl(s) along the oblique ray path dsis

given by:

dl (s) = —onn(9)1(9)ds (2.3)

Noting that dh = —dscosy, where y is the zenith angle, and integrating both

sides of Eq. 2.3, the height variation of the radiation intensity can be found:

I(h) = 1(c0) exp[—?é‘i' exp(—ﬂ)] (2.4)

12



where, |(0) is the incident radiation intensity on the top of (or outside) the at-
mosphere. Eq. 2.4 shows that, as expected, the intensity of the solar radiation

decreases with altitude. The production rate can now be written as:

h noH h
P.(h) = Kianl (o0) exp| —— - O;Aos)( exp(——)] (2.5)

A change of variables yields a cleaner expression known as the Chapman produc-

tion function:

(2.6)

P.(h) = Po exp[l - eggf;)]

where,

{= (2.7)

and hg = HIn(o,ngH) is the height of maximum ionization rate P, for vertical

incidence (y = 0) of the solar radiation:

P, = 2.
0= 52 @8)

Despite its mathematical simplicity, the Chapman production function can ex-
plain some of the characteristics observed in a real ionospheric profile. For in-

stance, the decrease of the maximum density and the upward motion of the

13
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peak density with the increase of zenith angle. To illustrate this, Fig. 2.3 shows

normalized production rate profiles (Eq. 2.6) for different zenith angles.

A more realistic description of the ionospheric density profile can be ob-
tained by considering an atmosphere with multiple constituents and absorption
cross sections that are radiation wavelength dependent. Such an expression can

be written as (Schunk and Nagy, 2000):
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Pl h) = 3 o) fo (DN () 29)

where 7(4, x, h) is the wavelength-dependent optical depth for the ionizing radi-
ation, o'y(1) is the wavelength-dependent ionization cross section, and Ay is the
ionization threshold wavelength for neutral species s. The summation is carried

out over all the neutral species s.

2.3.2 The ionospheric profile

The previous section described how free electrons and ions can be produced by
solar photoionization. A few more details about the ionospheric density pro-
file is given in this section. Fig. 2.4 shows an ionospheric profile representative
of typical daytime observations. Multiple observations with in-situ rocket and
satellite measurements combined with radio remote sensing of the ionosphere
have shown structures within the ionospheric density profile. These substruc-
tures are defined as ionospheric layers or regions. The major ionospheric re-
gions are: the D region, below ~90 km, the E region, between ~90 and ~130 km,
and the F region, above ~130 km. The F region is usually divided into the F;

and F; regions during the day.

It will be shown that the basic shape of the ionospheric density profile at E
and F region heights can be explained if one considers the photochemical and

diffusive equilibrium solutions for the electron continuity equation:

N

=P L=V (NY) (2.10)
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Figure 2.4: (a) Typical mid-latitude ionospheric density profile. (b) Ex-
panded view of the E and F regions.

Where, N is the electron density, P and L are the electron production and loss
rates, respectively, and V - (NgV) is the rate of change of density due to trans-
port. In the ionosphere below 200 km, the transport term can be neglected when

compared to production and loss terms. Additionally, the left-hand side term

ONe

=) is small when compared with the other terms and can be neglected as well

(e.g. Rishbeth and Garriot, 1969; Giraud and Petit, 1978; Hargreaves, 1995). Con-
sequently, a condition of photochemical equilibrium state (P = L) is found at
D, E and F; heights. Above 250 km, the transport term becomes more impor-
tant than the the photochemical terms (P and L) and diffusion takes place. The
photochemical processes in the D region are relatively complicated, loss process

are poorly understood and finding a D layer equilibrium profile is not an easy

16



task (Luhmann, 1995). Therefore, the D region will not be addressed in this brief
discussion and focus will be given on the E and F regions. The photochemical

processes at E and F; heights less complex and will be examined next.

Chemistry of the E and F; regions

It was mentined in the previous paragraphs that a photochemical equilibrium
state is found in the lower ionosphere. Here, a solution for the electron density
distribution at these heights is examined. It is anticipated that negative ions
are absent in the E and F; regions (e.g. Hargreaves, 1995; Luhmann, 1995; Rish-
beth and Garriot, 1969). Negative ions can be found, however, in the lower D
region. Therefore, only production/loss of electron and positive ions need to be

considered in this analysis.

Atomic ions and free electrons are mainly produced by direct solar photoion-
ization (P), while production of molecular ions by photoionization can be ne-
glected. This assumption is justified by the fact the O, is a minor constituent
at E and F region heights and N3 is quickly lost by dissociative recombination
(Rishbeth and Garriot, 1969). To simplify this analysis, the possibility of N3 to
produce other ions is also neglected. Molecular ions are mainly produced by

ion-atom interchange reactions:

Xt +YZ > XY +Z (2.11)

Atomic ions can be lost through radiative recombination:

17



X" +e— X+hy (2.12)

However, this is a slow process and it is only the fastest process at upper iono-
spheric heights (> 250 km). As mentioned earlier, transport processes are domi-
nant at these heights and losses by radiative recombination can be neglected.
Molecular ions and electrons are lost through dissociative recombination at

heights below approximatelly 200 km (Rishbeth and Garriot, 1969):

XY+ +e— X+Z (2.13)

Therefore, one can write the following set of continuity equations for electrons,

atomic and molecular ions:

%Ne = P—aNeNW (214)
d
N = P-yNuNa (2.15)
d
aNMJr = ’}/NMNAJr—CYNeNMJr (216)

where, Ng, Na-, Ny+, and Ny are the concentrations of electrons, atomic ions,
molecular ions and molecular species, respectively, « is the rate coefficient of
molecular recombination and y is the rate coefficient of ion-atom interchange.
Assuming equilibrium conditions, one can obtain from Eq. 2.16 the following

relationship for the ratio of atomic-to-molecular ion densities:
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NA+ aNe
= 217
N~ B (2.17)

where, 8 = yNy. Assuming charge neutrality (Ne = Ny+ + Na-) and making use

of Eq. 2.14 and Eq. 2.15, one finds the following relationship:

St (2.18)

Two important limiting cases of Eq. 2.18 can be considered: § < @N and g >
@Ne. The case where 8 > aNg leads to a dominance of molecular ions species

(see Eq. 2.17), and the so-called e-Chapman function for the electron density:

N, = (—)1/2 (2.19)

The other case, where < aN, suggests a dominance of atomic ion species, and

one finds the so-called f-Chapman function:

(2.20)

™| T

A realistic ionospheric profile cannot be fully represented by the « or g Chap-
man functions alone. These functions, however, can explain the shape of some

of the regions found in a typical ionospheric profile.

The coefficient @ may vary with temperature but, otherwise is height inde-

pendent. On the other hand, the coefficient 8 depends on the density of the
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molecular neutral constituents and decreases rapidly with height.

E region

At E region heights, the 8 > N, regime dominates and the density distribu-
tion can be represented by the @-Chapman function. The electron distribution
in the E region is obtained when considering solar radiation in the 0.8-14.0 nm
(X-ray) and 79.6-102.7 nm (UV) ranges. These two ranges of radiation result in
production rate profiles with maxima around 105 and 115 km. When the contri-
bution from these two ionizing sources are combined, a maximum production
rate is found around 110 km. (e.g. Rishbeth and Garriot, 1969). Fig. 2.4 shows that
the E layer is a well-defined layer that can be approximated by an a-Chapman
function with density peak (hy) around 110 km. Recently, (Shume et al., 2005)
found a good agreement between E density profiles measured by radar and the

a@-Chapman function.

F region

The maximum of electron production rates for ionizing radiation in the 14.0-
79.6 nm range occurs around 150-170 km, and the transition between the g >
a@Ne and 8 < N regimes occurs around 170-200 km (Rishbeth and Garriot, 1969).
This height of maximum production is well below the height of maximum den-
sity found in typical ionospheric profiles (see Fig. 2.4(a) for instance). There-
fore, the F region density profile cannot be fully explained in terms of photo-
chemistry only. Additionally, Fig. 2.4 shows that the F region splits into the F;

“ledge” and the F; region.
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Above the peak of maximum F region production, the production rate de-
creases exponentially with altitude according to the Chapman production func-
tion. The coefficient B also decreases with altitude. Therefore, given the right
conditions, the resulting electron density described by the f-Chapman function
can increase with height. To illustrate this, an expression for the electron den-
sity distribution as a function of the production P and of the height profiles for

B and a is obtained from the positive root of Eq. 2.18:

1/2
Ne = — 1+(1+ ﬁ2) } (2.21)

2« aP

Next, following Rishbeth and Garriot (1969), the B profile is modelled as B({) =
Boe 1™, where ¢ is the reduced height and the a profile is assumed to be con-
stant with height. Fig. 2.5 shows the result density distribution obtained from
Eq. 2.21 for % = 9. The a-Chapman profile is also shown for comparison.

This simple calculation is able to reproduce the F; “ledge” in a typical profile as

shown in Fig. 2.4.

Fig. 2.5 also shows that, above the height of maximum production (¢ = 0), the
electron density increases with altitude. This is because the transport term was
not taken into consideration in this simple analysis. Considering only vertical
motions, which are important at F, heights, the continuity equation (assuming

steady-state equilibrium) for the electrons can be written as:

0
0=P—pNe— = (NeV2) (2.22)

A full solution for the density distribution from the equation above requires a
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Figure 2.5: Normalized electron density versus reduced height ¢ = %
The solid line is the a-Chapman profile (Eq. 2.19), and the
dashed line shows the density profile described by Eq. 2.21.

complete description of the vertical velocity V,, which would include the effects
of thermospheric neutral winds, pressure gradient, gravity and electric fields

(e.g. Schunk and Nagy, 2000).

In the simplest case, the vertical component of the velocity driven by pres-
sure gradient and gravity forces acting on electron and ions is considered. This
will lead to the “ambipolar” diffusion equation (e.g. Giraud and Petit, 1978;
Schunk and Nagy, 2000). This velocity equation takes into account the ambipolar
electric field that will naturally arise from the differences in the diffusivity rates

for electrons and ions and the necessity to maintain charge neutrality.

The solution for the electron density profile from the continuity equation at

heights well above the maximum production peak (topside F region) shows that
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the electron density decreases with height with an ambipolar scale height that
is inversely proportional to the mass of the major ion and directly proportional
to both electron and ion temperatures (e.g. Giraud and Petit, 1978; Rishbeth and
Garriot, 1969; Schunk and Nagy, 2000). This is called the ambipolar diffusive
equilibrium. As it will be shown later in this chapter, O* and light ions (H* and
He*) are found in the topside ionosphere. Light ions have a larger ambipolar
scale height than O* ions and, consequently, they become the dominant ions at
higher altitudes. The F;, peak occurs at a height where diffusion and loss are of

comparable importance (e.g. Giraud and Petit, 1978; Rishbeth and Garriot, 1969).

2.3.3 Temperatures

Electron and ion temperatures can be estimated from ionospheric radar obser-
vations as it will be shown in the next chapter. Here, a few details about the
thermal structure of the ionosphere are given. Fig. 2.6 shows typical profiles of
electron density, temperature, and ion composition for the ionospheric plasma
at a mid-latitude location during daytime hours. Characteristics of the electron
density profile were discussed previously. Panel (b) of Fig. 2.6 shows the tem-
perature profiles for neutrals, electrons, and ions. Until the sixties, ions and
neutrals were thought to be in thermal equilibrium in the upper atmosphere
(Banks and Kockarts, 1973b). In situ and radio remote sensing measurements
showed that, under most circumstances, this is not the case. It was shown that
the temperature of electrons is higher than the temperature of ions, which in

turn exceeds the neutral temperature.

The basic reason for the lack of thermal equilibrium is that the ionizing pho-
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tons or charged particles have energies that exceed the energy required for ion-
ization. Much of the excess energy is passed to the photoelectrons and is sub-
sequently passed to the other species. The temperatures of the different species
is determined by the competition between various heating, cooling, and energy
flow processes. Although the heat input to the neutral atmosphere is about an
order of magnitude greater than the heat input to the electron gas, the heat ca-
pacity per unit volume of the electrons is several orders of magnitude smaller
than that of neutral atmosphere. Efficient heat transfer by Coulomb collisions
between ions and electrons keeps the ion temperature above the neutral tem-

perature.

In general, the ion gas exhibits a smaller thermal variability than the electron
gas. The ion temperature profile is determined by the balance of heat gained
from the electrons and lost to the neutrals. Thus, the ion temperature converges
towards the the neutral temperature in the dense lower thermosphere and to-
wards the electron temperature in the topside ionosphere. Thermal equilibrium
among neutrals and charged constituents is usually assumed below approxi-
mately 120 km altitude as a result of the high neutral density and large collision

frequencies.

2.3.4 Ion composition

Estimation of ionospheric ion composition from radar observations is also dis-
cuessed in this dissertation. This section gives an overview of the vertical ion
distribution in the ionospheric F region. Panel (c) of Fig. 2.6 shows the IRI

model prediction for the densities of positive ions forming the ionosphere. As
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Figure 2.6: Daytime profiles obtained from the International Reference
Ionosphere - IRI empirical model (Bilitza, 2001) for a mid-
latitude ionosphere: (a) electron density, (b) temperatures and
(c) ion composition.

a first approximation, ions in the mid-latitude ionosphere seem to distribute
themselves along magnetic field lines according to an ambipolar diffusive equi-
librium, with the heaviest ions found at lower ionospheric heights and the light-
est ions in the topside ionosphere. Ion composition measurements are difficult
and rare. New measurement techniques need to be developed and predictions
of numerical models still need to be validated. That said, the profiles shown in
Fig. 2.6 (c) should be taken just as a qualitative representation of the ion com-

position rather than an accurate quantitative description.
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The main F region

The F region is formed mainly by atomic oxygen ions and a small fraction of
nitrogen ions that is generally neglected in radar studies. In some practical ap-
plications, a purely O* ionospheric plasma is assumed. This is the case for some
assimilative numerical models of the ionospheric electron density used for the
estimation of the ionospheric delay in GPS signals (e.g. Wang et al., 2004). When
a more precise shape of the density profile is required, the molecular ions in the
bottomside F region and light ions in the topside ionosphere must be taken into

consideration.

The bottomside ionosphere

Most of the ion species in the ionosphere can be produced by direct photoioniza-
tion of neutral constituents. This, however, does not imply that photoionization
is the only source of these ions. Other processes such as charge exchange can
be important as well. In fact, photoionization might not be the main ionization
source for some ion species. In the bottomside F region, for instance, NO* is
a result of chemical reactions between neutral and ionized species. Molecular
ions exist at heights that are too low for satellite measurements. These heights
can be probed by rockets, but this type of measurement is relatively expensive
and provides a limited data set. Incoherent scatter radars could provide the
main source of information for observations of molecular ions. However, the
small mass ratio between molecular ions and O™ is responsible for ambiguities
in the estimation of the ion composition/temperatures from the radar measure-
ments, and independent information is required for estimation of the fraction

of molecular ions (e.g. Aponte et al., 2007). A brief discussion on a possible ad-
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ditional source of information regarding molecular ion fraction at Jicamarca is

presented in Chapter 4.

The topside ionosphere

The topside ionosphere is formed by a mixture of O* and light ions (H* and
He*). H* can be produced by direct ionization of the atomic hydrogen, but
production of H* can also occur through the fast charge exchange mechanism

with oxygen ions:

O'+H=H"+0 (2.23)

where = indicates a reversible reaction. The height at which the O* ionosphere
turns into a H* dominated ionosphere is usually refereed to as the O*-H* tran-
sition height. H* produced by photoionization and charge exchange flows up-
wards into the protonosphere during the day. At night, when photoionization
stops, a downward flow of H" is observed back into the ionosphere, and re-
verse charge exchange occurs, producing O*. This downward flow of H* is the
main source of the ionospheric O* at night and plays an important role in the

maintenance of the nightime ionosphere.

Until the fifties, the topside ionosphere was believed to be formed by an H*
plasma. In the early sixties, however, the hypothesis that Helium could be an
important constituent of the exosphere also indicated the possibility that He*
be part of the topside ion composition (Nicolet, 1961; Hanson, 1962). Also in the

early sixties, the first experimental evidence was obtained of a mixture of O, H*
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Figure 2.7: He* fraction (%) measured during an orbital cycle by the
ROCSAT-1 satellite on March 13, 2001 between 15:47 UT and
17:30 UT. Dashed lines inicate solar zenith angles calculated
for 16:37 UT.

and He* ions in the topside ionosphere (e.g. Bourdeau et al., 1962). A number of
initial observations indicated that the fraction of He* in the topside to be small
(e.g Carlson and Gordon, 1966). These studies, however, were representative of
low solar flux conditions. More recent studies using incoherent scatter radar
observations at Arecibo showed that the fraction of He* can be as large as 30%
of the total ion content at night during high solar flux conditions (Erickson and
Swartz, 1994). Further studies at Arecibo showed the presence of a nighttime
He* layer located around the O*-H" transition height (Gonzilez and Sulzer, 1996).
Satellite observations indicate a minimum in the He* concentration at equatorial
latitudes, in constrast with mid-latitude observations indicating that He* can be

a dominant ion during high solar flux years (Heelis et al., 1990).
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Fig. 2.7 presents an example of ion fraction measurements made by the
ROCSAT-1 satellite. ROCSAT-1 had a low inclination (35°), circular orbit (600
km). Among other instruments, ROCSAT-1 had a retarding potential ana-
lyzer (RPA) for ion (O, H" and He") fraction measurements. The satellite was
launched on January 27, 1999, and the mission officially ended on June 16, 2004.
Fig. 2.7 shows an interesting pass of ROCSAT-1 when the orbit was approxi-
mately aligned with the magnetic meridian for longitudes between 0° and -100°
E (daytime hours). The measurements showed a larger fraction of He* at low-

to-mid latitudes and a minimum around the magnetic equator.

2.4 Dynamics of the ionospheric plasma

The previous sections provided a general and qualitative description of the
ionosphere. The ionosphere can be treated as a magnetized plasma. In the fol-
lowing section, the magnetization source and its importance will be discussed,
and the velocity of the ionized species due to different forces will be derived.
The results will be used to obtain the electric current density in the ionosphere.
Next, the generation of ionospheric electric fields will be discussed. These elec-
tric fields are the main drivers of plasma transport in the magnetic equatorial

region.

2.4.1 Magnetization of the ionospheric plasma

The ionosphere can be treated as a weakly ionized, magnetized (low p)

plasma (e.g Chen, 1984). Magnetization is created by the Earth’s magnetic (ge-
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Figure 2.8: Illustration of Earth’s magnetic field.

omagnetic) field. The geomagnetic field is believed to be created by electric
currents in its liquid metallic outer core with possible influences from the in-
ner solid core (Jacobs, 1995). A dynamo theory has been invoked to explain the
generation and maintenance of the electric currents. Despite being one of oldest
problems in science, details about the generation of Earth’s magnetic field are
still unknown. To a first order, the geomagnetic field near Earth can be approxi-
mated by that generated by a current loop centered in the Earth’s core and tilted

11° from its rotation axis as illustrated in Fig. 2.8.

A more accurate mathematical description of Earth’s magnetic field is given
by the International Geomagnetic Reference Field (IGRF) model. The IGRF is
an empirical model that accounts for deviations from the simple dipole model.
It also takes into account secular variations in the magnetic field. Small am-
plitude magnetic field variations due to electric currents in the ionosphere and
due magnetospheric disturbances are not considered. In source-free regions at

the Earth’s surface and above, the main field, with sources internal to the Earth,
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is the negative gradient of a scalar potential V, which can be represented by a

truncated series expansion:

V(r,60,4,t) = anm (?)n+1 Z [g7(t) cosmA + () sinma] P(6) (2.24)
m=0

n=1

where 1, 6, A are geocentric coordinates (r is the distance from the center of the
Earth, 6 is the colatitude, and A is the longitude), Ris a reference radius (6371.2
km); g7'(t) and h'(t) are the coefficients at time t and P]'(6) are the Schmidt semi-
normalized associated Legendre functions of degree n and order m. The main
tield coefficients are functions of time, and for the IGRF, changes are assumed to
be linear over five-year intervals (Maus et al., 2005). The IGRF has been widely
used to estimate the angle between the magnetic field and the wavevector of the
transmitted signal in radar remote sensing studies. It is used in this dissertation

as well.

At high latitudes, the geomagnetic field is almost vertical, while at low lati-
tudes, the geomagnetic field is approximately horizontal, as shown in Fig. 2.9.
The direction of the magnetic field has effects on the plasma motion. The mag-
netic field also has implications for the propagation of radio waves in the iono-
sphere. The conductivity and the dielectric constant for electromagnetic waves
in a magnetized plasma is anisotropic. Ionospheric phenomena are better or-
ganized in a coordinate system based on the geomagnetic field than in geo-
graphic coordinates. Often, the ionosphere is divided into low, middle, and
high magnetic latitudes according to the inclination of the geomagnetic field.
Chapters 4, 5 and 6 discuss radar observations of the equatorial ionosphere,

where the inclination of the geomagnetic field is zero (see Fig. 2.9).
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Figure 2.9: IGRF values of magnetic inclination for 2005. The magnetic
inclination is the angle between the magnetic field vector and
a local horizontal vector.

The following sections will treat the ionosphere as a magnetized plasma and
develop mathematical expressions that will help the reader to understand the

dynamics of the ionospheric plasma at low magnetic latitudes.

2.4.2 Velocity of the ionized species

The ionospheric plasma will be modelled as three mixed fluids, with electrons
and ions immersed in the neutral gas. These fluids are coupled by collisions.
Electrons and ions are coupled by their self-generated electric fields. For math-
ematical simplicity, the following description will treat the plasma as being
formed by one neutral constituent, electrons, one ion species, and collisions be-

tween ionized species will be neglected. The momentum equation for ions and
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electrons in an Earth-fixed coordinate system is given by:

dv;
pjd_tj = —Vp; +pjg+qn(E + V; X B) — pjvjn(V; - U) (2.25)

where the subscript j denotes ions or electrons, p; = nm; is the mass density, m;
is the mass, n = n; = ne is the number density, V; is the velocity, p; is pressure, q;
is the electrical charge, vj, is the collision frequency between species j and neu-
trals, and U is the velocity of the neutral species. From the momentum equation,

it will be possible to derive expressions for the velocity of the ionized species.

In the case of an unmagnetized plasma with collisions between ionized
species neglected in the momentum equation (Eq. 2.25), the steady state velocity

W of each specie is given by (e.g. Kelley, 1989):

’ Vn ’ D.'\
W) = -Dj— +bjE +H—J_g (2.26)
J

where the primed vectors are given in the reference frame moving with the

. " KeTi . ) . .. Co
neutral wind, § = 2, D; = > is the diffusion coefficient, b; = 9 s the
[¢] J MjVijn J MjVijn

mobility, and H; = % is the scale height.

The transformation between the earth-fixed and moving frame coordinates
is given by: Vi=Vj-UE ~ E+UxB, and B" ~ B. The electric and magnetic field
transformations take into consideration a wind velocity that is much smaller
than the speed of light (JU| < ¢). In a magnetized plasma, the velocity of ions
and electrons can be divided in two components, one parallel (V) and another

perpendicular (V’,) with respect to the background magnetic field. The parallel
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component velocity is given by:

’ Wl

= Y (2.27)

where W’ = W'j||

+ W7, . Eq. 2.27 states that forces (gravity, pressure gradient
and electric field) parallel to magnetic field would cause ions and electrons to
move as if the magnetic field did not exist. The velocity of the ionized species

perpendicular to magnetic field is given by:

1 Kj ~
Vi = —W! ——W’ixb 2.28
Ty sz N sz J ( )

where «j = 98 s the ratio of gyrofrequency to collision frequency, and b is a

T M
unit vector in the direction of the magnetic field. Eq. 2.28 states that the velocity
of ions and electrons is dictated by their collisional or magnetized state. In the
collisional regime (kj < 1), the species will move in the direction of the applied
forces. In the magnetized regime (x; > 1), however, electrons and ions will

move in a direction perpendicular to both the applied forces and background

magnetic field.

In the ionospheric F region, ions and electrons are strongly magnetized (xe >
1 and « > 1). Therefore, the perpendicular velocity for ionized species reduces

to:

—g|xB (2.29)
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If the background electric field is strong enough so that pressure gradient and

gravity forces can be neglected, a well known result is obtained:

1
Vi = HExB (2.30)

This result is independent of the reference frame, and states that in a collision-
less plasma, ions and electrons move with the same velocity given the action of

an electric field perpendicular to the magnetic field.

2.4.3 Current density in the ionospheric plasma

Expressions for the velocity of the ionized species in the ionospheric plasma
were presented in the previous section. These equations can now be used to

obtain an expression for the current density from the definition:

Y =ne(V/ - V) (2.31)

where Vi and V' are the electron and ion velocities, respectively. After rearrang-

ing various terms, one obtains the following expression for the current density:

J=0p(E, +UxB)—on(E+UxB)xb+0.E (2.32)

where op is the Pedersen conductivity, oy is the Hall conductivity, and o, is the

longitudinal (or direct) conductivity. In Eq. 2.32, pressure driven and gravity
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driven terms were neglected for clarity. Keeping these terms would lead to

diamagnetic and gravity-driven current terms. The conductivities are given by:

oo = ne(bi — by (2.33)
b| be

= - 2.34

op ne T2 110 (2.34)
B biki Deke

oy = he 1+@ 1442 (2.35)

where subscripts i and erefer to ions and electrons, respectively.

Eq. 2.32 shows that currents in the ionosphere can be driven by electric fields
and by the neutral wind moving across the magnetic field lines. It also shows
that the electrical conductivy is anisotropic due to the presence of the geomag-
netic field. Fig. 2.10 shows typical height profiles of conductivities for an equa-
torial location around sunset. The direct conductivity is very large and the elec-
tric potential can be considered approximately constant along magnetic field
lines. This leads to the concept of mapping of transverse electric fields along
magnetic field lines (Farley, 1959; Farley, 1960) useful to understand a variety of

phenomena in the low-latitude ionosphere.

2.4.4 Generation of electric fields

The previous section showed that currents in the ionosphere can be driven by
background electric fields and by thermospheric neutral winds moving across
magnetic field lines. Here, a brief overview of how electric fields are generated

in the ionosphere is presented. More details about electric fields and their effects
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Figure 2.10: Typical conductivity profiles for an equatorial location during
sunset hours in the equinox and high solar flux conditions.
in the low-latitude ionosphere are given in later sections in this chapter.

Using Maxwell’s equations, one can write an expression for the divergence
of current that will prove to be very useful for the understanding of electric field

generation in the ionosphere:

0pc
V-J=-—— 2.36
0 (2.36)

where p¢ is the charge density. Another fact of great importance for the under-

standing of the ionospheric electrodynamics is that the plasma is quasi-neutral,
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meaning that, from a macroscopic point of view, there is no charge accumula-
tion in the ionospheric plasma. Therefore, currents in the ionospheric plasma

must be divergent-free:

vV-J=0 (2.37)

The generation of large-scale electric fields in the ionosphere is attributed to the
dynamo-like action of winds in the upper atmosphere. Neutral winds drive
electrical currents that must be kept divergence-free. However, it should not
be surprising that spatial gradients in the conductivity exist in the ionosphere.
Fig. 2.10 indicates that, at least in the vertical direction, these gradients do ap-
pear. The gradients in conductivity would cause divergence in the electrical cur-
rent. To maintain the quasi-neutrality of the plasma, polarization electric fields
are generated so that electric field driven currents balance the original neutral
wind driven current reestablishing V - J = 0. Next, the origin of atmospheric

winds and tides in the upper atmopshere is explained.

2.4.5 Atmospheric wi