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ABSTRACT

The mid-latitude ionosphere is more complicated than previously thought, as it includes
many different scales of wave-like structures. Recent studies reveal that the mid-latitude
ionospheric irregularities are less understood due to lack of models and observations that can
explain the characteristics of the observed wave structures. Since temperature and density
gradients are a persistent feature in the mid-latitude ionosphere near the plasmapause, the
drift mode growth rate at short wavelengths may explain the mid-latitude decameter-scale
ionospheric irregularities observed by the Super Dual Auroral Radar Network (SuperDARN).
In the context of this dissertation, we focus on investigating the plasma waves responsible for
the mid-latitude ionospheric irregularities and studying their influence on Global Positioning
System (GPS) scintillations.

First, the physical mechanism of the Temperature Gradient Instability (TGI), which is
a strong candidate for producing mid-latitude irregularities, is proposed. The electro-
static dispersion relation for TGI is extended into the kinetic regime appropriate for High-
Frequency (HF) radars by including Landau damping, finite gyro-radius effects, and tem-
perature anisotropy. The kinetic dispersion relation of the Gradient Drift Instability (GDI)
including finite ion gyro-radius effects is also solved to consider decameter-scale waves gen-
eration. The TGI and GDI calculations are obtained over a broad set of parameter regimes
to underscore limitations in fluid theory for short wavelengths and to provide perspective on
the experimental observations.

Joint measurements by the Millstone Hill Incoherent Scatter Radar (ISR) and the Su-
perDARN HF radar located at Wallops Island, Virginia have identified the presence of
decameter-scale electron density irregularities that have been proposed to be responsible for
low-velocity Sub-Auroral Ionospheric Scatter (SAIS) observed by SuperDARN radars. In
order to investigate the mechanism responsible for the growth of these irregularities, a time
series for the growth rate of both TGI and GDI is developed. The time series is computed
for both perpendicular and meridional density and temperature gradients. The growth rate
comparison shows that the TGI is the most likely generation mechanism for the observed
quiet-time irregularities and the GDI is expected to play a relatively minor role in irregular-
ity generation. This is the first experimental confirmation that mid-latitude decameter-scale
ionospheric irregularities are produced by the TGI or by turbulent cascade from primary ir-
regularity structures produced from this instability. The quiet- and disturbed-times plasma



wave irregularities are compared by investigating co-located experimental observations by
the Blackstone SuperDARN radar and the Millstone Hill ISR under various sets of geo-
magnetic conditions. The radar observations in conjunction with growth rate calculations
suggest that the TGI in association with the GDI or a cascade product from them may cause
the observations of disturbed-time sub-auroral ionospheric irregularities.

Following this, the nonlinear evolution of the TGI is investigated utilizing gyro-kinetic
Particle-In-Cell (PIC) simulation techniques with Monte Carlo collisions for the first time.
The purpose of this investigation is to identify the mechanism responsible for the nonlinear
saturation as well as the associated anomalous transport. The simulation results indicate
that the nonlinear E × B convection (trapping) of the electrons is the dominant TGI sat-
uration mechanism. The spatial power spectra of the electrostatic potential and density
fluctuations associated with the TGI are also computed and the results show wave cascad-
ing of TGI from kilometer scales into the decameter-scale regime of the radar observations.
This suggests that the observed mid-latitude decameter-scale ionospheric irregularities may
be produced directly by the TGI or by turbulent cascade from primary longer-wavelength
irregularity structures produced from this instability.

Finally, the potential impact of the mid-latitude ionospheric irregularities on GPS signals is
investigated utilizing modeling and observations. The recorded GPS data at mid-latitude
stations are analyzed to study the amplitude and phase fluctuations of the GPS signals
and to investigate the spectral index variations due to ionospheric irregularities. The GPS
measurements show weak to moderate scintillations of GPS L1 signals in the presence of
ionospheric irregularities during disturbed geomagnetic conditions. The GPS spectral indices
are calculated and found to be in the same range of the numerical simulations of TGI and
GDI. Both simulation results and GPS spectral analysis are consistent with previous in-situ
satellite measurements during disturbed periods, showing that the spectral index of mid-
latitude density irregularities are of the order 2. The scintillation results along with radar
observations suggest that the observed decameter-scale irregularities that cause SuperDARN
backscatter, co-exist with kilometer-scale irregularities that cause L-band scintillations. The
alignment between the experimental, theoretical, and computational results of this study
suggests that turbulent cascade processes of TGI and GDI may cause the observations of GPS
scintillations that occur under disturbed conditions of the mid-latitude F-region ionosphere.
The TGI and GDI wave cascading lends further support to the belief that the E-region may
be responsible for shorting out the F-region TGI and GDI electric fields before and around
sunset and ultimately leading to irregularity suppression.
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Chapter 1

Introduction

The study of the near Earth space environment has become very essential due to its great
influence on the modern technologies and communication systems that directly affect our
technical infrastructure. The natural and artificial disturbances that may occur in the near
Earth space can produce disruptions on radio signals, including the Global Positioning Sys-
tem (GPS), satellite communication systems, Over-The-Horizon (OTH) radars, HF commu-
nications, and also influence global climate change [e.g., Baker, 2000]. Plasma instabilities
and other magnetospheric sources can generate electron density fluctuations in the Earth’s
ionosphere, known as ionospheric irregularities, that impact the performance of various com-
munication systems.

The ionospheric irregularities are small-scale structures in the ionospheric plasma density
caused by plasma instability processes. The sources of plasma instabilities could be streaming
velocity of the particles relative to each other, inhomogeneities in the plasma density, density
and temperature gradients, electric fields, and anisotropies in plasma temperature [e.g., Fejer
and Kelley, 1980; Keskinen and Ossakow, 1983]. Several processes such as the Perkins
instability, the Gradient Drift Instability (GDI), and the Kelvin-Helmholtz instability were
cited to identify the source of the ionospheric irregularities [e.g., Kelley and Miller, 1997;
Ruohoniemi et al., 1988; Kelley, 2009]. These mechanisms lead to irregularities with scale
sizes ranging from a few centimeters to several kilometers. According to their scale sizes,
ionospheric irregularities can be monitored by a variety of techniques, both ground- and
space-based instruments that depend on various passive and active optical or electromagnetic
systems [e.g., Schunk and Nagy, 2009]. Several previous studies have employed statistical
analyses to identify the source of F-region irregularities [e.g., Ruohoniemi and Greenwald,
1997; Milan et al., 1997; Ballatore et al., 2001; Parkinson et al., 2003; Koustov et al., 2004;
Kane and Makarevich, 2010; Kumar et al., 2011; Ribeiro et al. 2012].

1
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1.1 Motivation

Recent works indicate that the mid-latitude ionosphere is more active than currently ap-
preciated, and that ionospheric processes producing the mid-latitude GPS scintillations are
less understood due to lack of models and observations that can explain their characteristics
and distributions [e.g., Kelley, 2009]. During geomagnetically quiet conditions (Kp ≤ 2),
the mid-latitude ionosphere (30◦ to 60◦ geomagnetic latitude) is a quiescent plasma but still
populated by plasma density irregularities generated by both plasma and neutral processes.
The storm-time ionospheric irregularities at mid-latitudes are sufficiently strong to cause
signal power fluctuations, known as ionospheric scintillation, in transionospheric satellite
transmissions such as GPS [e.g., Basu et al., 2001; Ledvina et al., 2002; Mishin et al., 2003].
This raises the importance of knowing the cause and distribution of these ionospheric plasma
irregularities to maintain the performance of satellite-ground data transmission. In this dis-
sertation, we focus on the analysis and modeling of mid-latitude ionospheric irregularities
and their impact on GPS scintillations.

The mid-latitude decameter-scale ionospheric irregularities with scale lengths on the order
of 10 m were studied early through the detection of backscatter echoes observed by High-
Frequency (HF) radars [e.g., Oksman et al., 1979]. The Super Dual Auroral Radar Network
(SuperDARN) consists of chains of HF radars that cover middle- and high-latitudes in both
hemispheres. SuperDARN radars monitor the ionospheric dynamics through the detection
of decameter-scale ionospheric plasma irregularities in the E- and F-regions [e.g., Green-
wald et al., 1995; Chisham et al., 2007]. Oksavik et al. [2006] and Baker et al. [2007]
have investigated the mid-latitude plasma dynamics during geomagnetically active periods.
The mid-latitude SuperDARN radars have revealed decameter-scale ionospheric irregularities
during quiet geomagnetic periods that have been proposed to be responsible for the observed
low-velocity Sub-Auroral Ionospheric Scatter (SAIS) [e.g., Greenwald et al., 2006; Ribeiro et
al., 2012; Kane et al., 2012]. Based on the coordination between the SuperDARN HF radar
located at Wallops Island, Virginia and the Millstone Hill Incoherent Scatter Radar (ISR),
Greenwald et al. [2006] reported recurring mid-latitude decameter-scale irregularities with
low drift velocities (< 100 m/s) during quiet geomagnetic periods on the nightside. Because
of their low velocity, the GDI seemed an infeasible source for these irregularities and they
instead suggested that the TGI [i.e., Hudson and Kelley, 1976] could be a feasible mechanism
for generating these irregularities. Using the data from the Blackstone, VA radar, Ribeiro et
al. [2012] showed that the low-velocity SAIS associated with such irregularities is confined
to local night and is observed on 70 % of nights. Despite their high occurrence rate and
large geographical spread, the plasma instability mechanism responsible for the growth of
these irregularities is still unknown. A quantitative analysis of growth rates and timescales
of feasible plasma instabilities is required to identify what mechanisms predominate.

Several studies have focused on the space weather impacts in the mid-latitude sub-auroral
ionosphere during magnetic storm periods [e.g., Foster et al., 2002; Mishin et al., 2003; Basu
et al., 2001; Ledvina et al., 2002]. During disturbed geomagnetic conditions, large regions
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hosting an ionospheric density gradient exist in the evening sector at sub-auroral latitudes
in the top-side ionosphere [e.g., Coster et al., 2005; Spiro et al., 1979; Evans et al., 1983;
Anderson et al., 1991, 1993]. These density gradients are often associated with streams of
enhanced plasma convection known as Sub-Auroral Plasma Streams (SAPS) [e.g., Foster
and Burke, 2002], and with Storm-Enhanced Densities (SEDs) [e.g., Erickson et al., 2002].
Satellite and radar observations reveal that the SAPS region is often irregular and includes
wave-like structures [e.g., Erickson et al., 2002; Mishin et al., 2002, 2003, 2004; Streltsov
and Mishin, 2003]. Mishin and Blaunstein [2008] showed that intense mid-latitude UHF
and L1-band scintillations observed by Basu et al. [2001, 2008] and Ledvina et al. [ 2002]
originated within structured SAPS. Strong SAPS wave structures and irregular plasma den-
sity troughs are associated with strong temperature and density gradients, quite similar to
the observations of Mishin et al. [2003, 2004]. The generation mechanism of such strong
oppositely directed gradients has been suggested by Mishin and Burke [2005] inside the plas-
masphere and by Mishin [2013] at the plasmapause. It is due to strong electron heating in
the plasmasphere by plasma turbulence generated by hot plasma jets penetrating from the
magnetotail. Then, heat transport leads to heating of ionospheric electrons and formation
of the plasma density troughs. Using satellite data from the Defense Meteorological Satellite
Program (DMSP), Mishin et al. [2003] determined that small-scale density, electric field,
velocity, and electron temperature structures can occur in SAPS storm-time mid-latitude
trough structures. Keskinen et al. [2004] suggested that the Temperature Gradient Insta-
bility (TGI) in association with the Gradient Drift Instability (GDI) could be responsible
for generating these small-scale structures in the trough wall region. Although the TGI and
GDI are suggested to be responsible for the observed mid-latitude ionospheric irregularities,
more detail is not known about the exact role of these plasma instabilities in generating
the sub-auroral irregularities [e.g., Kelley, 2009]. Important effects to be considered in fur-
ther detail include different spatial scales, nonlinear cascading, and the impact of E-region
conductance.

1.2 Research Objectives

The aim of this work is to model and analyze the observed ionospheric structures at mid-
latitudes through the coordination between the SuperDARN HF radars, Incoherent Scatter
Radars (ISRs), and GPS receivers under various sets of geomagnetic conditions. This can
be achieved by determining the role of the Temperature Gradient Instability (TGI) and the
Gradient Drift Instability (GDI) in the generation of these ionospheric irregularities. The
linear theory of both TGI and GDI are extended into the kinetic regime appropriate for
HF radar frequencies and analyzed as the cause of these irregularities. Although the linear
theory provides the insight for the initial growth, it cannot describe the subsequent nonlin-
ear evolution and the associated particle transport. To investigate such nonlinear effects,
the gyro-kinetic simulation model, which contains the nonlinearities relevant to F-region
irregularities, is employed. The usefulness of gyro-kinetic particle simulation as a computa-
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tional tool is demonstrated to allow the study of the nonlinear evolution and the saturation
mechanisms of the TGI for the observed decameter-scale ionospheric irregularities. Multiple
data sets from dual frequency GPS receivers at Virginia Tech University and MIT Haystack
Observatory are analyzed to study the amplitude and phase fluctuations of the received sig-
nals and to investigate the spectral index variations of GPS scintillations due to ionospheric
irregularities. The GPS measurements show that L-band scintillations occur more often
than previously thought, however, intense scintillations may be so exacting that only rare
occurrences are possible. The GPS spectral indices are calculated and compared with both
simulation results and previous in-situ satellite measurements. The reasonable agreement
between experimental, theoretical, and computational results of this study suggests that a
TGI turbulent cascade may cause the quiet-time decameter-scale size irregularities, while
turbulent cascade processes of both TGI and GDI are responsible for the disturbed-time
irregularities that may cause GPS scintillations. The broad objectives of this research work
can be summarized as following:

1. Investigate the physical mechanism of the Temperature Gradient Instability (TGI) and
extend the linear theory of both TGI and GDI into the kinetic regime appropriate for HF
radar frequencies. The TGI and GDI calculations are obtained over a broad set of parameter
regimes to underscore limitations in fluid theory for decameter-scale waves.

2. Investigate co-located observations by Incoherent Scatter Radars (ISRs) and SuperDARN
HF radars at mid-latitudes under various sets of geomagnetic conditions to identify the
physical mechanisms responsible for the observed ionospheric plasma irregularities. A critical
comparison of TGI and GDI is made for different observations in the sub-auroral ionosphere
by the development of the growth rate time series of both TGI and GDI.

3. Study the nonlinear evolution of the mid-latitude ionospheric TGI utilizing gyro-kinetic
Particle-In-Cell (PIC) simulation techniques with Monte Carlo collisions for the first time.
The purpose of this investigation is to identify the mechanism responsible for the nonlinear
saturation as well as the associated anomalous transport. The spatial power spectra of
the electrostatic potential and density fluctuations associated with the TGI are computed to
determine the important consequences of the TGI nonlinear evolution such as wave cascading.
This is critical for ultimately determining the scale size of the irregularities observed by the
radar observations.

4. Investigate the potential impact of ionospheric irregularities on GPS signals utilizing
data collected from GPS stations at mid-latitudes. The scintillation data are analyzed to
monitor the amplitude and phase scintillations and to obtain the spectral characteristics of
irregularities producing ionospheric scintillations at mid-latitudes. A cascade product from
both TGI and GDI is suggested to be responsible for the mid-latitude irregularities that
cause GPS scintillations during disturbed geomagnetic conditions.
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1.3 Dissertation Organization

The dissertation is organized as follows. Chapter 2 presents a review of the Earth’s upper
atmosphere and the radio wave scattering in the ionosphere due to plasma wave instabilities
relevant for this study. Also, Chapter 2 introduces the SuperDARN radars and the Incoherent
Scatter Radars (ISRs) that will be used to study the plasma wave irregularities at mid-
latitudes. Chapter 3 presents the fluid and kinetic models of both the Temperature Gradient
Instability (TGI) and the Gradient Drift Instability (GDI). In this chapter, the TGI and GDI
calculations are obtained over a wide range of parameters to underscore limitations in fluid
theory for short wavelengths and to provide perspective on the experimental observations
in next chapter. Chapter 4 illustrates the co-located experimental observations by the mid-
latitude SuperDARN radars and the Millstone Hill ISR under various sets of geomagnetic
conditions. Next, a critical comparison of TGI and GDI is made for these observations by
the development of the growth rate time series of both TGI and GDI. In Chapter 5, the
nonlinear gyro-kinetic simulation algorithm is described in order to define the system under
investigation and the basic gyro-kinetic formalism for studying the TGI. Next, Chapter 5
presents the simulation results over a broad set of parameter regimes to investigate the
nonlinear behavior including saturation amplitude and mechanisms. The discussion of the
simulation results corresponding to SuperDARN observations is also presented. Chapter 6
addresses the potential impact of the mid-latitude ionospheric irregularities on GPS signals.
Next, the spectral characteristics of the density fluctuations associated with ground GPS
scintillations are calculated and compared with both simulation results and previous in-situ
satellite spectral measurements. Chapter 7 outlines conclusions and recommendations for
future work. Finally, the simplified approximations of the TGI kinetic dispersion relation,
the numerical analysis of instability kinetic dispersion relations, and the description of the
2-D electrostatic gyro-kinetic simulation model are presented in further detail in Appendices
A, B and C, respectively.



Chapter 2

Radio Wave Scattering from
Ionospheric Irregularities

This chapter provides an overview of the Earth’s upper atmosphere, plasma instability pro-
cesses, and the radio wave scattering from the ionospheric density fluctuations relevant to
this investigation. This chapter also presents the radars that will be used to investigate the
ionospheric wave-like structures.

2.1 The Ionosphere

2.1.1 Basic Structure and Formation

The Earth’s atmosphere is typically divided in vertical layers based on its neutral charac-
teristic temperature regime [e.g., Kelley, 2009]. As shown in Figure 2.1, the atmosphere is
arranged in 4 layers: troposphere (0-10 km), stratosphere (10-50 km), mesosphere (50-90
km), and thermosphere (above 90 km). Figure 2.2 illustrates a representative temperature
profile for the layers of the neutral atmosphere. With the altitude increase, the temperature
falls through the troposphere, rises through the stratosphere, falls again through the meso-
sphere, and finally rises through the thermosphere. Each layer is bounded by a pause where
the temperature reaches a minimum (tropopause, mesopause) or a maximum (stratopause).
As shown in Figure 2.2, the topmost layer of the atmosphere (thermosphere) is characterized
by a significant temperature increase with altitude due to the effect of solar radiation. This
causes the neutral gas in the upper atmosphere to be weakly ionized, forming a region of
cold plasma, known as the ionosphere, which extends from 50 to 1000 km.

The Earth’s ionosphere is the region of the atmosphere that stretches approximately between
50 km to the edge of space at around 1000 km above the surface of the Earth [e.g., Rishbeth

6
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Figure 2.1: Typical vertical layers of the Earth’s atmosphere according to the temperature
profile. The shown regions are identified by their known name.

and Garriott, 1969; Kivelson and Russell, 1995; Schunk and Nagy, 2009]. The ionosphere can
be organized into layers based on the plasma density, rather than temperature [Kelley, 2009].
This region extends upwards to high altitudes where it merges with the magnetosphere,
which is a region of strongly ionized plasma (plasma concentration exceeds that of neutral
particles). The ionosphere contains weakly ionized plasma produced by Ultra-Violet (UV)
radiation from the sun and by Coulomb collisions between neutrals in the atmosphere and
precipitating particles [Kivelson and Russell, 1995]. The photoionization process represents
the primary source for producing the low-latitude dayside ionosphere, while the energetic
precipitating particles act as the main source on the nightside at higher-latitudes. Figure
2.3 illustrates the typical daytime and nighttime electron density variations with altitude
using the International Reference Ionosphere (IRI) model. As shown in Figure 2.3, larger
electron densities in the ionosphere are observed on the dayside more than the nightside.
This is because the primary source of ionization (photoionization by incoming solar photons)
maximizes at local noon [e.g., Kelley, 2009; Schunk and Nagy, 2009]. The structure of
the ionosphere is continuously varying with day/night, seasons, latitude and solar activity
conditions.

The ionosphere is generally divided into three major regions according to the electron density
and the altitude as following:
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Figure 2.2: Typical vertical temperature altitude profile of the neutral atmosphere using the
Mass Spectrometer Incoherent Scatter Radar (MSIS) model.

1). D-region (50 ∼ 90 km): it is the lowest layer of the ionosphere with electron density
in the order of 108 − 109 m−3 [Kelley, 2009]. The dominant species in the D-layer are
molecular ions and neutrals. The predominant ions in this layer include NO+ by Lyman
series-alpha hydrogen radiation at a wavelength of 121.5 nm and O+

2 by 0.1-1 nm solar
activity X-rays. The neutral species include NO, CO2, H2O, O3 [Schunk and Nagy, 2009].
At night, when there is little incident solar radiation, the D-layer mostly disappears due to the
recombination process, which returns the plasma back to its neutral state. The D-region is
also associated with important loss processes which are poorly understood [Luhmann, 1995].
This layer is very weakly ionized (lots of neutrals) so that the charged particle motions are
dominated by collisions with neutral particles. The High-Frequency (HF) radio waves suffer
from attenuation and energy loss in the D-layer, causing a degradation in the commercial
radio communication systems.

2). E-region (90 ∼ 130 km): it is above the D-layer with electron density in the order of
1010 − 1011 m−3. The composition of the E-layer during the day is well approximated using
Chapman theory [Chapman, 1931]. The dominant ions in this layer are mainly O+

2 and NO+

produced by solar X-rays in the 110 nm range and far UV solar radiation ionization in the
100-150 nm range. At night, the E-layer rapidly disappears due to lack of incident radiation.
Figure 2.3 shows that the E-layer is characterized by a change in the slope of the electron
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Figure 2.3: Typical plasma density altitude profile during the daytime (red) and the night-
time (blue) generated from the IRI model. The ionosphere is divided into three principal
layers (from low to high: D, E, and F) according to the electron density.

density profile at ∼ 100 km altitude. A region of enhanced ionization and high electron
density called the Sporadic E-region is often observed at mid-latitudes in the lower E-region
at altitudes between 95-120 km [Hargreaves, 1979]. The E-region can only reflect incident
radio waves of frequencies less than 10 MHz and may cause absorption for frequencies above.

3). F-region (above ∼ 130 km): it is the region of peak plasma density in the ionosphere
that extends above about 130 km altitude with electron density in the order of 1011 − 1012

m−3 (see Figure 2.3). Since two plasma density peaks can occur in the F-region, it is often
further divided into F1- and F2-regions as following:

a). F1-region (150 ∼ 200 km): it is composed of a mixture of molecular ions O+
2 and NO+,

and dominated by atomic ions O+ produced by Extreme Ultra-Violet (EUV) radiation in
the 10-100 nm range. The F1-layer is controlled by photochemistry resulted from the pres-
ence of molecular ions, and thus it is well approximated as a Chapman layer like the E-region.
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b). F2-region (> 200 km): it is the region of the ionosphere with the highest electron
density up to 1012 m−3 (see Figure 2.3). The F2-region consists primarily of ionized atomic
Oxygen (O+) and Nitrogen (N+). The F2 density peak (hmF2) is the peak density for
the entire ionosphere and it occurs between 250 km and 400 km altitude. The Chapman
theory is not suitable for modeling the F2-region because this layer is controlled not only by
recombination but also by diffusion and vertical transport processes [Luhmann, 1995]. The
F-region plasma density does not drop steeply at night like other layers because (1) the O+

has longer recombination time constant, and (2) vertical transport processes allow plasma
to flow from the plasmasphere into the F-region ionosphere during nighttime, and thus
maintain the plasma density [Kelley, 2009]. The F-layer with the maximum plasma density
provides the possibility for long distance radio communication through the refraction of HF
radio waves in the F-region. This represents the basis for sky wave propagation, HF radio
communications over long distances, and for Over-The-Horizon (OTH) radar.

According to the changing orientation of geomagnetic field lines with latitude, the iono-
sphere can be structured into low-latitude (equatorial), mid-latitude (sub-auroral), and
high-latitude (auroral) regions. The low-latitude region is characterized by nearly horizontal
geomagnetic field while the high-latitude region is defined by the energetic particle precip-
itation. The mid-latitude region (which is the focus of this study) is usually considered as
an intermediary zone with effects from both high- and low-latitude processes [Kelley, 2009].

2.1.2 The Mid-Latitude Ionosphere

The mid-latitude ionosphere behaves as a buffer zone between low-latitude (equatorial) re-
gions and high-latitude (auroral) regions, with boundaries that change with the variations
of the geomagnetic activity [Kelley, 2009]. Recent studies reveal that the mid-latitude re-
gion is more complicated than previously thought, as it includes many different scales of
wave-like structures [e.g., Kelley, 2009]. During geomagnetically quiet conditions (Kp ≤ 2),
the mid-latitude ionosphere (30◦ to 60◦ geomagnetic latitude) is a quiescent plasma but still
populated by plasma density irregularities generated by both plasma and neutral processes
[e.g., Titheridge, 1995; Tsugawa et al., 2007]. The plasma instability mechanism responsible
for the growth of these irregularities is still unknown. The magnetospheric electric fields do
not have a large effect on the quiet-time mid-latitude ionosphere due to the shielding effect
of the Alfven layers [e.g., Huba et al., 2005]. The storm-time ionospheric irregularities at
mid-latitudes are sufficiently strong to cause signal power fluctuations, known as ionospheric
scintillation, in transionospheric satellite transmissions such as the Global Positioning Sys-
tem (GPS) [e.g., Basu et al., 2001; Ledvina et al., 2002; Mishin et al., 2003]. This raises
the importance of knowing the cause and distribution of these ionospheric plasma irregular-
ities (which is the focus of this study) to maintain the performance of satellite-ground data
transmission.
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2.2 Plasma Instability Processes

2.2.1 Plasma Concepts

A plasma is a quasi-neutral gas of charged and neutral particles (electrons and ions) which
exhibits a collective behavior. The basic plasma concepts can be summarized through the
following parameters:

1). Plasma frequency: consider two species of charged particles in a plasma, electrons and
positively charged ions. If the electrons in a plasma are displaced from a uniform background
of ions, electric fields will be formed such that the Coulomb forces pull the electrons back
to their original positions in order to restore the charge neutrality. Due to their inertia, the
electrons will overshoot and oscillate around their equilibrium positions with a frequency,
known as the plasma frequency. Since the ion mass is much smaller than the electron mass,
the ions do not have time to respond to the oscillation field of electrons. The electron plasma
frequency is given by:

ωp =

√
q2en0

meϵ0
(2.1)

where, ωp is the electron plasma frequency, ϵ0 is the permittivity of free space, and qe, n0,
me are the charge, charge density, and the mass of the electrons, respectively. A convenient
approximate formula for electron plasma frequency is

fp = 9
√
n0 (2.2)

where, fp is the electron plasma frequency in Hz. At the F-region ionosphere, where n0 ∼ 1012

m−3, the corresponding plasma frequency is fp ∼ 9 MHz.

2). Cyclotron frequency: if a magnetic field is applied on a charged particle, the particle
undergoes a helix motion (gyro-motion) along the magnetic field with a frequency, known as
the cyclotron frequency. The cyclotron frequency (gyro-frequency) is given by:

Ωc =
qB

m
(2.3)

where, Ωc is the cyclotron frequency and B is the applied magnetic field strength. The radius
of gyration ρc = υt/Ωc is called the Larmor radius or the gyro-radius, where υt is the thermal
velocity.

3). Velocity distribution function: it describes the fact that particles in a plasma do not
move at the same velocity. In equilibrium, the velocity distribution function is Maxwellian.
The 1-D Maxwellian distribution function is given by:
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f(v) =
n√
πυt

exp(
−υ
υ2t

) (2.4)

υt =
√
kBT/m is the species thermal velocity, kB is the Boltzmann constant, and n is the

plasma density. The thermal velocity represents a measure for the spread in the velocity
distribution function.

Several plasma characteristics could be obtained from the velocity distribution function
such as the plasma density and the average particle kinetic energy. When the distribution
of particle velocities departs from the Maxwellian thermodynamic equilibrium and exhibits
distinctly non-thermal features, plasma waves may grow through plasma instability processes
(which will be explained shortly).

4). Debye length: it is one of the most important length scales in the plasma as it represents
a measure for the plasma shielding distance. When external potentials are introduced into
a plasma, they are shielded. The Debye length is essentially the length over which the
potential of isolated charges are screened in a plasma (i.e., the thickness of the electron
screening cloud). The Debye length is given by:

λD =

√
ϵ0kBTe
nqe

(2.5)

where, kB is the Boltzmann constant and Te is the electron temperature. Note that classifying
the plasma as a quasi-neutral gas means that the plasma is neutral enough to assume ni =
ne = n, where n is the plasma density.

A Debye sphere is a volume whose radius is the Debye length, in which charges outside the
sphere are electrically screened [Chen, 1984]. The concept of Debye shielding is only valid if
there are enough particles in the Debye sphere. The number of particles ND in the Debye
sphere is given by [Chen, 1984]:

ND = n
4

3
πλ3D (2.6)

At the F-region ionosphere, where T ∼ 1000 K and n ∼ 1012 m−3, the corresponding Debye
length is ∼ 2.2 mm and ND ∼ 4.3× 104.

The preceding parameters provide the conditions that must be satisfied in any ionized gas
to be classified as a plasma:

• It has to be large enough that the size of the plasma is larger than the Debye length,
L >> λD.
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• The number of charged particles in the Debye sphere is large enough to make the Debye
shielding statistically valid, ND >> 1.

• The collisional frequency between the charged and neutral particles is smaller than the
natural plasma frequency ωp such that ωpτ > 1, where τ is the mean free time between
collisions.

Since the ionosphere satisfies the aforementioned three conditions, it can be treated as a
plasma. The collective particle motion in the ionosphere under the influence of electromag-
netic or electrostatic fields can be treated as following:

1). Fluid theory: it is the simplest description of a plasma because it treats the plasma
as a moving fluid that is affected by electric and magnetic field forces. The fluid theory
neglects the identity of individual particles and only the motion of fluid elements as a whole
is taken into account. It also neglects the velocity-dependent efforts such as the Landau
damping and wave-particle effects. Fluid models allow the plasma formulation in terms
of a dielectric response function as in standard electromagnetics. The fluid treatment for
ionospheric plasma is appropriate for the long wavelength regime (λ >> 15 m), however,
it looses validity in the short wavelength, which is where kinetic effects begin to play an
important role.

2). Kinetic theory: it is the most accurate description of a plasma. The kinetic theory should
be used when particles cannot be approximated as all moving at the same speed, i.e., the
velocity distribution should be known. In this case, the plasma velocity distribution function
is used to describe the motion under the influence of electric and magnetic forces. One of the
most important physical processes that is described by kinetic theory is the wave-particle
interaction, which can cause damping for the plasma waves and temperature increase for
the particles. This phenomena can also lead to velocity reduction for the resonant particles.
The kinetic treatment for ionospheric plasma must be used for short wavelengths (λ ≤ 15m)
as the fluid theory breaks down for this wavelength regime.

2.2.2 Plasma Waves

If a plasma contains a certain form of free energy in the particles, this free energy causes
the plasma waves to grow until they reach the steady state, which brings the system back
into equilibrium. Identification of the free energy source is essential to understand a given
plasma wave because distinct free energy sources may lead to very different consequences.
Plasma waves which produce plasma instabilities can be categorized as electromagnetic or
electrostatic according to whether or not there is an oscillating magnetic field. Plasma waves
can be further classified by the oscillating species (electron and ion waves). The various
wave modes can also be classified according to whether they propagate in an unmagnetized
plasma or parallel, perpendicular, or oblique to the stationary magnetic field. The plasma
wave modes and plasma instabilities in the linear regime can be described by a specific
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relationship between frequency and wave number. This is called a dispersion relation and it
has the following form:

ω = ωr(k) + iωi(k) (2.7)

where, ωr is the wave frequency and ωi = γ is the growth rate. Important characteristics
for plasma waves could be obtained from the dispersion relation such as the phase velocity
υp = ω/k and the group velocity υg = ∂ω/∂k. If the frequency is complex and ωi = γ > 0,
then this describes a growing wave mode or plasma instability, where the growth rate involves
nonlinear and kinetic effects. The wave growth often leads to a situation where some plasma
particles start to interact with the growing wave, e.g., by heating. This can be explained in
terms of the so-called quasi-linear saturation within the Vlasov theory.

The plasma instability is a region where turbulence occurs due to changes in the character-
istics of a plasma (e.g., temperature, density, electric fields, magnetic fields). The plasma
instabilities could be classified according to the type of free energy from which they are
derived as following:

1). Streaming instabilities: these instabilities derive their energy from the streaming velocity
of the particles relative to each other.

2). Configuration instabilities: they are generated due to inhomogeneities in the plasma den-
sity, electric field flow velocity, pressure, temperature gradients, electric fields, and anisotropies
in plasma temperature.

3). Kinetic instabilities: they are derived by the deviation of the plasma velocity distribution
from the Maxwellian distribution, i.e., the particles in a plasma do not move at the same
velocity. This can also be related as streaming instabilities.

2.2.3 Ionospheric Plasma Instabilities

Plasma instability processes can produce irregularities or turbulence in the ionosphere that
cause small-scale structures in the plasma density. Several plasma instabilities were well
studied to identify the source of the ionospheric irregularities in high-latitude and equatorial
regions [e.g., Kelley, 2009]. At low-latitudes, the combined effects of gravity and an eastward
electric fields, in the presence of a vertical upward density gradient, can excite a plasma
instability known as Rayleigh-Taylor instability. The Rayleigh-Taylor instability typically
forms the equatorial F-region irregularities, where the magnetic field is nearly perpendicular
to the gravitational field [e.g., Dungey, 1956; Basu et al., 1978; Tsunoda, 1981; Kelley,
1989]. The growth of Rayleigh-Taylor instability causes plume-like structure in electron
density distribution (ionospheric bubbles) with scales ranging from 10 to 100 km [e.g., Basu
et al., 1983]. Such structures produce equatorial plasma turbulence that may cause intense
amplitude and phase fluctuations for radio waves. The equatorial E-region irregularities are
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strongly correlated with the equatorial electrojet, which is more intense over the magnetic
equator. The east-west drift velocity of the electrons exceeds the ion-acoustic speed, allowing
the growth of the two-stream instability. The echoes from this type of instabilities are
characterized by a narrow spectrum with a doppler shift that corresponds approximately to
the ion acoustic velocity in the electrojet region. Another instability process that is known
to cause irregularities in the high- and low-latitudes is the Kelvin-Helmholtz or velocity-
shear driven instability [e.g., Keskinen et al., 1988; Kintner and Seyler, 1985]. The Kelvin-
Helmholtz instability is generated due to sheared (or inhomogeneous) E × B velocity flows
in plasma caused by inhomogeneous electric field. This instability produces turbulence in
the form of vortices (vortical structures) and leads to ionospheric irregularities at high- and
low-latitudes.

The low- and high-latitude plasma wave irregularities have been studied in detail for many
decades. In contrast, the mid-latitude plasma instability mechanisms are less understood
due to lack of models and observations that can explain the characteristics of these instabil-
ities. In the context of this dissertation, we restrict our interest to the mid-latitude plasma
instabilities and their potential role in generating the ionospheric irregularities.

2.3 Radio Wave Scattering

Radio waves scatter and reflect in the ionosphere based on frequencies, polarizations, and
ionospheric conditions. The presence of free electrons in the ionosphere plays an important
role in the radio wave propagation over a wide band of frequencies from 3 KHz to 30 GHz.
When a radio wave reaches the ionosphere, the alternating electric field in the wave causes
the free electrons to move with the same frequency as the radio wave. The proximity of
the transmitted signal to the plasma frequency determines what fraction of the transmitted
signal is refracted, reflected, transmitted or absorbed. Figure 2.4 illustrates the different
possibilities for radio wave propagation through the ionosphere. If the transmitted frequency
is higher than the plasma frequency, the electrons are unable to respond fast enough and
they cannot re-radiate the signal, while waves with lower frequencies than plasma frequency
reflect from either plasma irregularities in the E- and F-regions or the Earth’s surface.

High-Frequency (HF, 10-20 MHz) radars utilize radio wave refraction in the ionosphere to
observe two types of backscatter:
1). Ionospheric scatter: the ionospheric scatter produced by plasma instabilities in the
E- and F-regions is observed when the radar wave vector k is nearly orthogonal to the
geomagnetic field B, a criterion known as the aspect condition. The HF refraction in the
F-region ionosphere is utilized to bend the radio signals such that the waves propagate nearly
horizontally and thus perpendicular to the geomagnetic field lines. This will maximize the
cross section for the refraction from the field-aligned ionospheric irregularities [e.g., Hysell
et al., 1996]. This is illustrated in Figures 2.4 and 2.6.
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Figure 2.4: Radio wave refraction in the ionosphere due to electron density fluctuations.
Transmitted signals can be reflected back to the radar by ionospheric plasma irregularities
(ionospheric scatter) or by the Earth’s surface (ground scatter).

2). Ground scatter: the ground backscatter is observed when radar rays are refracted back
to the Earth’s surface, resulting in backscatter from the ground to the radar according to
terrain (geometry, composition) [e.g., Ponomarenko et al., 2010]. This type of scatter is
characterized by the skip focusing distance (see Figure 2.4), which is defined as the closest
region where rays reach the ground after reflection in the ionosphere. The ground scatter is
often perturbed by gravity waves, changes in electron density, neutral winds, and Travelling
Ionospheric Disturbances (TIDs) [e.g., Samson et al., 1989; Bristow et al., 1996].

Two cases for HF propagation of radio waves in the mid-latitude ionosphere for the Black-
stone, VA SuperDARN radar are illustrated in Figure 2.5. Ionospheric profiles for daytime
(top) and nighttime (bottom) scenarios on February 06, 2014 are generated by the latest
International Reference Ionosphere (IRI-2011) model. Pink lines represent the Earth’s geo-
magnetic field lines, while white lines are regularly spaced slant-range intervals. Gray lines
represent the transmitted ray paths launched over an elevation range from 5◦ to 55◦, at the
selected operating frequency (11 MHz). These transmitted rays could be refracted from the
ionosphere, to the ground, and back to the ionosphere. The black sections shown in Figure
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Figure 2.5: A ray-tracing plot of HF radio waves during daytime (top) and nighttime (bot-
tom) conditions for the Blackstone, VA radar. The ionosphere is color-coded by electron
density using the 2011 IRI model. Gray lines represent the transmitted radar rays, pink lines
represent the Earth’s geomagnetic field lines, and white lines are regularly spaced slant-range
intervals. The black markers are the regions of backscatter from either field-aligned plasma
irregularities or the Earth’s surface.

2.5 represent the locations of backscatter from either field-aligned plasma irregularities (iono-
spheric scatter) or the Earth’s surface (ground scatter). Each scattered ray in the ionosphere
is weighted by N2/R3, where N is the background electron density and R is the slant-range
(the time-of-flight of the backscattered signal with respect to the radar). The top panel of
Figure 2.5 for the daytime case shows that the majority of transmitted rays are reflected in
the ionosphere down to the ground such that they are not able to penetrate the ionosphere
to achieve ionospheric scatter within the F-region peak. For the nighttime ionosphere in
the bottom panel, the rays are able to be perpendicular to the background magnetic field,
allowing the reception of backscatter from ionospheric irregularities. Orthogonality of the
transmitted rays with the background magnetic field could be achieved within the E-region
below 150 km altitude and within the F-region at altitudes between 250 km and 400 km.
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2.3.1 Bragg Scattering

When the radar signal hits small-scale electron density irregularities, the signal will return
directly to the radar only when the transmitted signal scatters off a plasma wave that is on the
order of half the transmitted wavelength, and that is traveling in a radial path either directly
away from or towards the radar. The backscattered electromagnetic waves are generated by
free electrons in the ionosphere accelerated by a transmitted signal, resulting in a strong
return of energy at a very precise wavelength. This is known as the Bragg scattering. As
shown in Figure 2.6, the irregularity wavelength can be expressed as

λirreg =
λt

2cos(θ)
(2.8)

where λt is the wavelength of transmitted signal, λirreg is the irregularity wavelength, and
θ is the complement of the aspect-angle, where the aspect-angle is the angle between the
propagation direction and the geomagnetic field B. As shown in Figure 2.6, when the aspect-
angle is close to 90◦ (θ ≈ 0), maximum backscatter power is obtained.

The Bragg effect describes the amplification effect of a back-scattered electromagnetic wave
by density fluctuations with scale sizes on the order of half the transmitted wavelength.
This is illustrated in Figure 2.6. Dominant signature about the reflectors that fulfill this
condition is carried in the returned signal. The expected signature is the Doppler velocity
of the plasma wave, which is obtained from the Doppler frequency shift in the returning
signal. Since coherent-scatter radar observations prior to the 1980s were performed at Very
High Frequency (VHF, 30-300 MHz) and Ultra High Frequency (UHF, 300-3000 MHz), the
irregularity wavelength range investigated under Bragg conditions was limited to wavelengths
ranging from ∼ 20 cm to ∼ 3 m. During the past decade, HF coherent-scatter radars have
been used increasingly to monitor F-region irregularities in the high-latitude ionosphere
utilizing Bragg scatter from small-scale plasma density fluctuations. The HF radars use
ionospheric refraction of HF radio waves to achieve orthogonality of the transmitted waves
with the magnetic field (aspect condition) in both the E- and F-regions [e.g., Greenwald et
al., 1995; Ballatore et al., 2001]. They also extend the irregularity wavelength range to be
around 10 m (decameter-scale ionospheric irregularities). The detection of HF backscatter
depends on the existence of ionospheric irregularities along with the propagation conditions.
Note that the HF ionospheric refraction occurs predominantly in the F-layer rather than the
E-layer over a wide range of altitudes extending from the bottom-side to the top-side of the
ionosphere due to plasma instabilities or particle precipitation.

2.3.2 Thomson Scattering

Thomson scattering in the ionosphere is a physical phenomenon that refers to the radio wave
scattering by random fluctuations of electrons [e.g., Gordon, 1958; Dougherty and Farley,
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Figure 2.6: Diagram showing Bragg scattering from ionospheric plasma irregularities. Iono-
spheric backscatter is amplified under Bragg conditions with wavelengths on the order of
half of the radar wavelength.

1960; Farley et al., 1961]. In this type of scattering, the radars transmit a radio signal with
frequencies ranging from a few hundred MHz to ∼ 1200 MHz [Kelley, 1989] and then receive
a reflected echo from electrons in the Earth’s ionosphere. As the frequencies utilized by the
radars are higher than the plasma frequency, the transmitted waves penetrate the ionosphere
but their electric fields cause the ambient electrons to oscillate and incoherently re-radiate
power back towards the transmitter. The concept of incoherent scatter refers to a scattering
process, where each of the Thomson scattering electrons would have statistically indepen-
dent random motions [e.g., Farley et al., 1961]. The total scattered power is a resultant of
interference effects between re-radiated field components coming from free electrons within
the field-of-view of the radar. The strength of the received echo determines the number
of electrons in the scattering volume, and thus the electron density. The received signal
spectrum is shaped by the interference effects of re-radiated field components in addition to
the distribution of random velocities of the electrons occupying the radar field-of-view [e.g.,
Dougherty and Farley, 1960; Evans, 1969]. The received spectrum usually has typical double
humped shape and its center is shifted from the transmit frequency because of the Doppler
shift caused by plasma motion. This allows the measurement of the F-region plasma drifts υ
perpendicular to the Earth’s geomagnetic field B and subsequently the ionospheric electric
fields, where E = υ × B. The spectral width of the received spectrum is a measure for
the ion temperature, while the two peaks in this spectrum are used to measure the electron
temperature. Integrating the ion-acoustic spectrum over longer time-period provides better
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Signal-to-Noise Ratio (SNR), which yields more accurate estimates of plasma parameters.
More details about incoherent scattering of radio waves are explained by Kudeki and Milla
[2012].

2.4 Radar Techniques

The term radar is an acronym for Radio Detection And Ranging. It is an object-detection
system whose purpose is to measure the range, altitude, direction, or speed of targets [Skol-
nik, 2001]. The radars can be used to detect and locate aircraft, spacecraft, cars, ships,
weather, and plasma irregularities in the F-region ionosphere (which is the focus of this dis-
sertation). A radar works by transmitting pulses of radio waves that bounce off any target
in their path and then observing the reflected signals [Skolnik, 2001]. All targets usually
produce reflection or scattering for radar signals in many directions. Backscatter is the term
given to the radar signals that are reflected back towards the transmitter. The strength
of the reflected back echo varies with the distance of the target, its size, its shape and its
composition. Many radars such as space weather radars are able to determine the Doppler
velocity of targets during the detection process. If the target is moving either toward or away
from the radar, it imparts a Doppler shift on the frequency of the reflected signal caused
by motion that varies the number of wavelengths between the target and the radar. The
Doppler frequency, fd is defined as fd = 2υr/λ, where υr is the radial velocity of the target,
and λ is the wavelength of transmitted signal.

2.4.1 Incoherent Scatter Radars (ISRs)

The Incoherent Scatter Radars (ISRs) are the premier remote sensing instruments used to
study the ionosphere and Earth’s upper atmosphere. They utilize Thomson scattering from
the ionospheric irregularities to deduce plasma drift velocities, electron and ion temperatures,
electron densities, ion composition, and ion-neutral collision frequencies over an altitude
range extending from less than 100 km to a thousand kilometers. The ISRs can measure
the plasma parameters at any location within the field-of-view of the radar. The chains
of ISRs extend from Sondre Stromfjord, Greenland through Millstone Hill at mid-latitudes,
beyond Arecibo at low-latitudes, to the Jicamarca observatory at the magnetic equator in
Peru. Figure 2.7 shows the Millstone Hill ISR, located in Westford, Massachusetts. The
Millstone Hill ISR is a UHF (440 MHz) radar consisting of a fully steerable 46-meter, and a
67-meter fixed-zenith antenna dishes. The favorable location of Millstone Hill at sub-auroral
latitudes enables the investigation of mid-latitude ionospheric irregularities. The complete
steerability of the radar allows horizontal and vertical structures to be measured with an
altitude resolution of hundreds of meters. Several previous studies investigated the plasma
motion at mid-latitudes using Incoherent Scatter Radars (ISRs) [e.g., Richmond et al., 1980;
Scherliess et al, 2001].
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Figure 2.7: The Millstone Hill Incoherent Scatter Radar (ISR) located in Westford, Mas-
sachusetts. This radar includes a 67 meter fixed-zenith antenna and a 46 meter fully steerable
antenna.

2.4.2 SuperDARN Radars

High-Frequency (HF) radars observe backscatter echoes from decameter-scale ionospheric
irregularities with scale lengths on the order of ten meters [e.g., Oksman et al., 1979]. The
Super Dual Auroral Radar Network (SuperDARN) is a chain of HF radars in the north-
ern and southern hemispheres that look into the Earth’s upper atmosphere beginning at
mid-latitudes and ending at the polar regions through the observation of decameter-scale
ionospheric irregularities in the E- and F-regions [e.g., Greenwald et al., 1985; Greenwald
et al., 1995; Chisham et al., 2007]. The collective fields-of-view of all the northern and
southern hemisphere SuperDARN radars as of October 2014 are shown in Figure 2.8. In
the standard operating mode, SuperDARN radars utilize an array of electronically phased
antennas that can be steered through 16-24 beam directions with a step in azimuth around
3.3◦ covering an azimuth sector of about 50◦. The radar scan time is typically 1-2 minutes
corresponding to a dwell time of 3.5 or 7 seconds on each beam along which line-of-sight mea-
surements are obtained from 75-100 range gates with a separation of 45 km [e.g., Chisham
et al., 2007]. The radars employ multi-pulse sequences with individual pulse lengths of 300
microseconds in order to allow simultaneous determination of target Doppler velocity and
range [e.g., Greenwald et al., 1985; Hanuise et al., 1993; Baker et al., 1995; Barthes et al.,
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Figure 2.8: Fields of view of the SuperDARN radars in both hemispheres as of October
2014. The right panel shows the southern hemisphere radars, and the left panel shows the
northern hemisphere radars. Our work will be focused on mid-latitude (orange) radars in
the northern hemisphere.

1998; Ponomarenko and Waters, 2006]. By combining returns from the same range gate from
different pulses, the autocorrelation function are computed and used to provide a measure
for the power, line-of-sight Doppler velocity, and spectral width of the backscatter. The
Doppler shift of the backscattered signal is utilized to measure the E × B plasma drift in
the scattering region and subsequently the ionospheric electric field E [Villain et al., 1985;
Ruohoniemi et al., 1987]. This allows the development of global electric field maps that
describe the large-scale plasma convection in the ionosphere [Ruohoniemi and Baker, 1998].
Many studies have investigated the ionospheric plasma dynamics by comparing SuperDARN
Doppler measurements with satellite and ISR measurements [e.g., Ruohoniemi et al., 1987;
Xu et al., 2001; Drayton et al., 2005; Gillies et al., 2010].

SuperDARN has expanded to mid-latitudes in recent years to follow auroral expansion dur-
ing active periods. In May 2005, the first mid-latitude SuperDARN radar was put into
operation at the NASA Wallops Flight Facility on Wallops Island, Virginia. This radar is
sited at L = 2.4 to expand the SuperDARN coverage to magnetic latitudes below 50◦ in
the northern hemisphere and to investigate the storm-time ionospheric electric fields that
cannot be seen by high-latitude SuperDARN radars. The location is also suited for deter-
mining the low-latitude extent of the high-latitude convection electric field under moderate
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to low geomagnetic conditions, allowing the study of electric field penetration from high-
to mid-latitudes. In 2008, a second mid-latitude radar (47.8◦ geomagnetic latitude) was
constructed in North America at Blackstone, Virginia. Five other mid-latitude radars be-
came operational as of January 2011, with the planned construction of 4 more. Although
the expansion was motivated by the need to provide improved coverage of the auroral oval
during times of enhanced geomagnetic activity [e.g., Oksavik et al., 2006; Baker et al., 2007],
the mid-latitude SuperDARN radars reveal interesting and unexpected features of the sub-
auroral ionosphere during moderate to low geomagnetic conditions [e.g., Greenwald et al.,
2006; Clausen et al., 2012]. This dissertation will particularly focus on the plasma wave
irregularities observed by SuperDARN radars at mid-latitudes.



Chapter 3

Mid-Latitude Plasma Instabilities

Ionospheric irregularities are small-scale structures in the plasma density created by var-
ious plasma instabilities, which are driven by combinations of plasma drifts, density and
temperature gradients, and electric fields [Fejer and Kelley, 1980; Keskinen and Ossakow,
1983; Tsunoda, 1988]. Several processes such as the Perkins instability, the Gradient Drift
Instability (GDI), and the Kelvin-Helmholtz instability were cited to identify the source of
the ionospheric irregularities [e.g., Kelley and Miller, 1997; Ruohoniemi et al., 1988; Kelley,
2009]. These mechanisms lead to irregularities with scale sizes ranging from thousands of
kilometers down to a few centimeters. Under geomagnetically quiet conditions (Kp ≤ 2),
the mid-latitude ionosphere (30◦ to 60◦ geomagnetic latitude) is believed to be a largely
quiescent plasma but is still occupied with plasma density irregularities generated by both
plasma and neutral processes. Several studies have focussed on the space weather impacts
in the mid-latitude sub-auroral ionosphere during magnetic storm periods [e.g., Basu et al.,
2001; Ledvina et al., 2002]. The existence of large scintillations in Global Positioning Sys-
tem (GPS) signals at mid-latitudes was established at VHF/UHF frequencies during large
magnetic storms [e.g., Basu et al., 2001]. Keskinen et al. [2004] suggested that the Tem-
perature Gradient Instability (TGI) in association with the Gradient Drift Instability (GDI)
could be responsible for generating the mid-latitude ionospheric irregularities that cause GPS
scintillations.

3.1 Temperature Gradient Instability (TGI)

The Temperature Gradient Instability (TGI), which is a strong candidate for generating mid-
latitude irregularities, is a form of universal instability and an example of collisional drift
wave instabilities [Hudson and Kelley, 1976]. The TGI is generated in plasmas with opposed
temperature and density gradients in the F-region in the plane perpendicular to the magnetic
field [Hudson and Kelley, 1976]. The physical mechanism of the TGI is illustrated in Figure

24
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Figure 3.1: The physical mechanism of the TGI in the ionosphere (see text for details). The
density and temperature gradients (κn and κT ), respectively, driving the TGI are assumed
to be perpendicular to the magnetic field and oppositely directed.

3.1 [Eltrass and Scales, 2014]. If perturbations to a boundary between hot and cold plasma
regions occur, the electrons will convect and generate charge accumulation at the interface
causing the formation of a polarization electrostatic field E in the presence of the ambient
magnetic field B. These polarization fields grow as a consequence of the diamagnetic drifts
of the opposed density and temperature gradients, i.e., low density regions will convect to
more dense plasma and vice versa. Similarly, hot temperature perturbations will convect into
cold plasma and cold regions will convect into hot plasma. This can lead to the generation
of decameter-scale electron density irregularities [e.g., Eltrass et al., 2014a, b; de Larquier et
al., 2014]. In contrast, when the electron density and temperature gradients are aligned, the
diamagnetic drifts will be such that the magnitude of the polarization field will be decreased
and the magnitude of the perturbation will decay due to the resonance electron interactions
with the TGI waves [Mikhailovskii and Fridman, 1967]. In effect, the aligned gradients act
the same way as a conducting E-layer in the ionosphere during the daytime, which shorts out
the electrostatic fields of the TGI instability. Therefore, this type of instability is generally
observed on the nightside when the E-region conductances have dropped to extremely low
values [e.g., Greenwald et al., 2006].

The irregularities produced by the TGI were detected previously with HF radars [e.g., Oks-
man et al., 1979]. The TGI can generate small-scale structure in density, electric field, and
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electron temperature assuming that the electron density and temperature gradients are in
opposite directions [e.g., Mikhailovskii, 1974; Hudson and Kelley, 1976]. Hudson and Kel-
ley [1976] noted that the TGI might serve as an important energy source for the formation
of the Stable Auroral Red (SAR) arc and the growth of irregularities at the equatorward
edge of the ionospheric plasma trough. Hudson and Kelley [1976] proposed that the de-
velopment of the F-region TGI requires opposite temperature and density gradients. The
TGI can explain the observations of VLF and ELF waves on the plasmapause field lines by
low altitude spacecraft [e.g., Gurnett et al., 1969; Kelley, 1972]. Previous joint measure-
ments by an oblique ionosonde located at Lindau, Germany and STARE VHF radar located
in Hankasalmi, Finland have identified a band of irregularities equatorward of the STARE
field-of-view in the latitude range from L = 3.2-3.7 during the nighttime hours. Oksman
et al. [1979] suggested that these irregularities were produced by the TGI of Hudson and
Kelley [1976], but they did not provide measurements to support their suggestion. Sky im-
ages collected by Nicolls et al. [2005] of a low density trough auroral red arc showed that
the cross density/temperature gradient may be the reason for the small dynamic structure
observed on the poleward edge of this arc. Yizengaw and Moldwin [2005] showed that the
equatorward wall of the mid-latitude ionospheric trough is magnetically conjugate to the
plasmapause, while the opposed temperature and density gradients are the precise condi-
tions for the generation of F-region TGI of Hudson and Kelley [1976]. Joint measurements
by the Millstone Hill Incoherent Scatter Radar (ISR) and the SuperDARN HF radar located
at Wallops Island, Virginia detected decameter-scale irregularities with low drift velocities
(< 100 m/s) in the quiet-time mid-latitude nightside ionosphere [Greenwald et al., 2006].
Greenwald et al. [2006] showed that these irregularities were excited on the equatorward
wall of the mid-latitude ionospheric trough in a region of opposed density and temperature
gradients, and consequently they suggested that the TGI [i.e., Hudson and Kelley, 1976]
could be a feasible mechanism for generating these irregularities.

3.1.1 TGI Fluid Model

The temperature gradient driven drift mode is obtained from the fluid theory by Kadomtsev
[1965]. For a magnetic field in the z-direction, a perpendicular wave vector k⊥ in the y-
direction, and gradients in the x-direction (see Figure 3.2), the wave frequency ω and growth
rate γ for collisionless plasma are given by:

ω = k⊥

(
kBTe
qB0

)
∇(ln(ne)) (3.1)

γ =
√
πω

(
U

υte
− 0.5

ωT

k∥υte

)
(3.2)

where
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Figure 3.2: The TGI geometry relative to the magnetic field, the temperature gradient, the
density gradient, and the wave vector of resistive drift waves. This geometry is also used for
the GDI driven by diamagnetic and Pedersen drifts.

ωT = k⊥

(
kBTe
qB0

)
∇(ln(Te))

ωT is the temperature gradient drift frequency, ∇ = d/dx is the derivative along the gradients
direction, ∇(ln(ne)) is the inverse density gradient scale length, ∇(ln(Te)) is the inverse
temperature gradient scale length, υte is the electron thermal velocity, kB is the Boltzmann
constant, q is the elementary charge, B0 is the geomagnetic field, k∥ is the parallel wave
vector, and Te is the electron temperature. U denotes the relative electron-ion drift caused by
field-aligned currents. For mid-latitude SuperDARN observations, U has a negligible effect on
the growth rate. The TGI wave frequency is equal to the diamagnetic frequency. In the mid-
latitude ionosphere, the electron diamagnetic drift velocities (∼ 0.005 m/s) are much smaller
than the observed Doppler velocities (∼ 50 m/s) by SuperDARN. This comparison reveals
that the SuperDARN radars could neglect the effect of diamagnetic drift when measuring
the Doppler velocities.

Including the Coulomb collisions is very important for studying the ionospheric TGI because
the growth rate of resistive drift modes is proportional to the total electron collision frequency
νe [Hudson and Kennel, 1975]. The collisional mode including the effects of finite electron
heat conduction is obtained from the two-fluid theory [Braginskii, 1965]. The TGI wave
frequency for collisional mode is similar to that for the collisionless case. The TGI collisional
growth rate in the fluid regime is given by [Hudson and Kelley, 1976]:

γ = −3

2

νe
k∥υte

ωωT

k∥υte
(3.3)
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The collisional growth rate is increased by a factor of 3νe/(
√
πk∥vthe) because the collisional

fluid theory takes into account plasma electron temperature fluctuations as well as those
in density and potential [Braginskii, 1965]. The TGI may exist at either long wavelengths
k⊥ρci << 1 (λ >> 15m) or short wavelengths k⊥ρci ≥ 1 (λ ≤ 15m). The model of Hudson
and Kelley [1976] is based upon two-fluid plasma theory, which is valid for the long wave-
length regime (λ >> 15 m). The observations discussed in this dissertation, which will be
described in Chapter 4, examine wavelengths of around 10-15 m, which is where kinetic ef-
fects begin to play a role and the fluid theory looses validity. Hence, in this regime a kinetic
model is required.

3.1.2 Linear Kinetic Theory of TGI

The zeroth order equilibrium velocity distribution function of the kinetic model is constructed
from conserved quantities in the inhomogeneous plasma (total energy, and canonical mo-
menta). It reduces to the Maxwellian form in the absence of these inhomogeneities, and is
taken to be [Miyamoto, 1978]:

f0(x, υ⊥, υ∥) =
n0

(2π)2υ2t⊥υ
2
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[
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)
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where
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dx
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The zeroth order equilibrium velocity distribution function incorporates density gradients
(κn), temperature gradients

(
κT⊥, κT∥

)
, and temperature anisotropy

(
υt⊥, υt∥

)
. T∥ and T⊥

are the temperatures parallel and perpendicular to the magnetic field, respectively. The
temperature gradient information is carried in κT⊥ and κT∥ and the density gradient infor-
mation is shown in κn. The TGI kinetic theory includes Landau damping effects, as well as
temperature anisotropy and temperature gradient anisotropies.

Assuming a local approximation in which the wave fields do not vary in the dimension of the
density and temperature gradients [e.g., Ichimaru, 1973], and also assuming the frequency
is much less than the ion gyro-frequency (ω << Ωci), the kinetic electrostatic dispersion
relation is given by [e.g., Kadomtsev, 1965; Miyamoto, 1978]:
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k2⊥ + k2∥ +
∑
j

ω2
pj

[
mj

Tj⊥
+ I0(bj)e

−bj

(
mj

Tj∥
− mj

Tj⊥

)
+
κTj∥ (ω + iνj)

2k2∥
(
Tj∥/mj

) k⊥
Ωj

I0(bj) exp(−bj)

(
1 + ζ0jZ(ζ0j)

)
+ I0(bj) exp(−bj)ζ0jZ(ζ0j)

(
mj

Tj∥
+

k⊥
(ω + iνj) Ωj(

−κj + (f0j − 1)κTj⊥ −
κTj∥

2

))]/[
1 +

iνj
ω + iνj

I0(bj) exp(−bj)ζ0jZ(ζ0j)
]
= 0 (3.5)

where

ζ0j =
ω + iνj√

2k∥
√
Tj∥/mj

, f0(bj) = (1− bj) + bj
I ′0(bj)

I0(bj)
, and bj = (k⊥ρj)

2

Here j = e, i stands for electron or ion. ωpj is the species plasma frequency, Ωj is the species
gyro-frequency, ω is the wave frequency, νj is the species collision frequency, ρj is the species
gyro-radius, mj is the species mass, κTj∥ is the zeroth-order parallel inverse temperature
gradient scale length, κTj⊥ is the zeroth-order perpendicular inverse temperature gradient
scale length, I0(bj) is the zeroth order modified Bessel function of the first kind, Z(ζ0j) is the
plasma dispersion function, and κj is the zeroth-order inverse density gradient scale length.
k∥ and k⊥ are the perturbed wave numbers parallel and perpendicular to the magnetic field,
respectively.

Neglecting the temperature anisotropy and the parallel temperature and density gradients,
the simplified kinetic dispersion relation is given by [Eltrass et al., 2014a; Eltrass and Scales,
2014]:

k2⊥ + k2∥ +
∑
j

ω2
pj

[
mj

Tj
+ I0(bj) exp(−bj)ζ0jZ(ζ0j)

(mj

Tj
+

k⊥
(ω + iνj) Ωj

(−κnj + (f0j − 1)κTj)
)]/[

1 +
iνj

ω + iνj
I0(bj) exp(−bj)ζ0jZ(ζ0j)

]
= 0 (3.6)

This TGI kinetic dispersion relation has been simplified to obtain approximate analytical
expressions for the TGI wave frequency and growth rate [Appendix A] that can be seen to be
extensions of past work using fluid theory appropriate for k⊥ρci << 1 (λ >> 15m) [Hudson
and Kelley, 1976]. Neglecting the electron gyro-radius and temperature anisotropy, the TGI
wave frequency ω and growth rate γ are given by [e.g., Mikhailovskii, 1974; Dimits and Lee,
1991]:
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Figure 3.3: The TGI growth rates of (a) fluid theory of Hudson and Kelley [1976] (equation
3.3) and (b) kinetic theory (equation 3.5) for four different electron collision frequencies at
altitude 1050 km. The parameters used for computations are listed in Table 3.1.

ω ≈ ω∗Γ0(bi)

Γ0(bi)− (1 + τ)
(3.7)

γ ≈ 2νeω
∗ωTΓ0(bi)

k2∥υ
2
te [Γ0(bi)− (1 + τ)]2

(3.8)

where

ω∗ = k⊥

(
kBTe
qB0

)
κne, ωT = k⊥

(
kBTe
qB0

)
κTe, Γ0(bi) = I0(bi) exp(−bi), and τ = Te/Ti

ωT is the temperature gradient drift frequency, ω∗ is the diamagnetic frequency, υte is the
electron thermal velocity, kB is the Boltzmann constant, Ti is the ion temperature, and
Te is the electron temperature. It should be noted that the growth rate due to TGI is
proportional to the product of the diamagnetic frequency and the temperature gradient drift
frequency, γ ∝ ωnωT . The results in equations (3.7) and (3.8) reduce to that of Hudson
and Kelley [1976] in the long wavelength regime k⊥ρci << 1, which corresponds to λ >> 15
m. A rough approximation for the wave number for maximum growth can be determined
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Table 3.1: Parameters for computing the wave frequency and the growth rate of both TGI
and GDI at altitudes 1050 km and 300 km, respectively.

Parameter Value at altitude 1050 km Value at altitude 300 km
ωpe, rad/s 4.37× 106 2.33× 107

ωpi, rad/s 1× 105 2.33× 107

Ωce, rad/s 5.29× 106 8.81× 106

Ωci, rad/s 2881 301.5
νe, Hz 800 0.1
ρce, m 2.51× 10−2 1.56× 10−2

ρci, m 1.07 2.67
Te, K 1160 1250
Ti, K 1160 1250
mi mp 16×mp

vte, m/s 1.32× 105 1.38× 105

vti, m/s 3× 103 803.05
θ 88◦ 88◦

Te⊥/Te∥ 1 1
Ti⊥/Ti∥ 1 1

κTe⊥, km
−1 1/580 1/800

κTe∥, km
−1 1/580 1/800

κTi⊥, km
−1 0 0

κTi∥, km
−1 0 0

κe, km
−1 1/150 1/400

κi, km
−1 1/150 1/400

by simply taking the derivative with respect to bi and setting it equal to zero. The TGI
maximum growth rate occurs at (k⊥ρci)

2 ≈ (τ + 1)−
√
τ 2 + τ + 1. However, limitations for

this approximation can be noted for large variations in the scale lengths.

3.1.3 Fluid Model Versus Kinetic Theory

The fluid equations provided by Hudson and Kelley [1976] are used as a benchmark and
compared with the numerical solution of the TGI kinetic dispersion relation to assess when
kinetic effects become important. The collisional growth rate relevant to the ionosphere
at altitude 1050 km is calculated using both theories. Figure 3.3a shows that the TGI
growth rate of fluid model is proportional to the electron collision frequency. Figure 3.3b
illustrates the increase of the TGI kinetic growth rate with the collision frequency, however,
the growth rate is influenced by damping effects for the short wavelength regime [Eltrass
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Figure 3.4: Comparison between the kinetic dispersion relation and the fluid model [Hudson
and Kelley, 1976] at altitude 300 km. (a) The TGI wave frequency for both fluid (equation
3.1) and kinetic (equation 3.5) models. (b) The TGI growth rate for both fluid (equation
3.3) and kinetic (equation 3.5) models.

et al., 2014a]. Comparing Figures 3.3a and 3.3b, the growth rates of both theories have
reasonable agreement for long wavelengths k⊥ρci << 1 (λ >> 15m). However, the fluid
theory breaks down for short wavelengths. The parameters used for computing the TGI
growth rate at altitude 1050 km are listed in Table 3.1.

The wave frequency and growth rate at 300 km altitude are calculated in a region of opposed
temperature and density gradients to develop a detailed comparison between the TGI fluid
and kinetic theories. The density and temperature gradients driving TGI are assumed to be
perpendicular to the magnetic field. The parameters used for calculations are listed in Table
3.1 and are taken from Greenwald et al. [2006]. Figure 3.4a shows the wave frequency for
the fluid and kinetic models and the inset box indicates a very reasonable agreement for long
wavelengths. The inset box reveals similar results for both theories in the longer wavelength
regime, however, the fluid theory breaks down for the short wavelength regime kρci ≥ 1,
which corresponds to λ ≤ 15 m. Figure 3.4b shows the growth rate for the two theories
and illustrates the reasonable agreement for long wavelengths k⊥ρci << 1 (λ >> 15m).
However, limitations in the fluid theory can be noted for k⊥ρci ∼ 1. For parameters under
consideration in this investigation, there is reasonable agreement in the regime kρci < 0.1 for
both frequency and growth rate. Agreement with the real frequency is quite good while the
numerical growth rate may deviate by up to 50 % from the simplified analytical expression
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Figure 3.5: The TGI kinetic growth rates for different temperature and density scale lengths
at altitude 300 km. (a) The growth rate for three different density scale lengths (Ln) and
fixed temperature scale length (LT = −580 km). (b) The growth rate for three different
temperature scale lengths (LT ) and fixed density scale length (Ln = 150 km). The other
parameters used for computations are listed in Table 3.1.

due to its inherent quadratic error.

3.1.4 Parametric Investigation of TGI

The influence of changing the density and temperature scale lengths defined as Ln =
(∇ ln(n))−1, LT = (∇ ln(T ))−1, respectively, on the kinetic TGI growth rate is examined.
As shown in Figure 3.5, the TGI growth rate is proportional to both inverse density and
temperature scale lengths assuming that the gradients are in opposite directions.

Figure 3.6 illustrates the variation of TGI maximum growth rate with the angle between the
wave vector and the magnetic field direction (θ) for different electron collision frequencies.
The maximum TGI growth rate corresponding to each angle (θ) is calculated for the wave
number regime 0 < kρci < 10 noting the growth rate maximizes in the decameter-scale range.
It turns out that the maximum growth rate for TGI is obtained where the wave vector of
resistive drift waves is almost perpendicular to the magnetic field, i.e., θ ≈ 90◦. However,
the off-perpendicular propagation of drift waves is enhanced with the increase of electron
collision frequency. This indicates that for high electron collision frequency appropriate for
SuperDARN observations (νe ∼ 700 − 900 Hz), the resistive drift waves can propagate at
a relatively large angle off-perpendicular to the magnetic field and contribute to the TGI



Ahmed S. Eltrass Chapter 3. Mid-Latitude Plasma Instabilities 34

50 55 60 65 70 75 80 85 90

0.5

1

1.5

2

2.5

3

3.5

4
x 10

−4

θ°

γ m
ax

 /Ω
ci

 

 

ν
e
=800 Hz

ν
e
=600 Hz

ν
e
=100 Hz

Figure 3.6: The variation of TGI maximum kinetic growth rate with the angle between the
wave vector and the magnetic field (θ) for different electron collision frequencies. For each
θ, the maximum growth rate over the wavelength range 0 ≤ kρci ≤ 10 is shown.

irregularities.

3.2 Gradient Drift Instability (GDI)

The Gradient Drift Instability (GDI) is an interchange instability process that is known
to cause irregularities in the F-region ionosphere. This instability can occur in an inho-
mogeneous, weakly collisional, magnetized plasma that contains an ambient electric field
orthogonal to both the magnetic field B and the density gradient κn. The GDI is driven by
Pedersen and density drifts [Ossakow and Chaturvedi, 1979; McDonald et al., 1980]. The
GDI generation is associated with E ×B drifts of the ambient plasma that arise from iono-
spheric electric fields. The physical mechanism behind the Gradient Drift Instability (GDI)
is depicted in Figure 3.7. When a force acts on a volume of plasma with density gradient and
a perturbation occurs, a charge separation can take place. This causes a small polarization
electric field which, due to the presence of a magnetic field, increases the perturbation, thus
producing the instability. The GDI growth rate depends on the background electric field,
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Figure 3.7: The physical mechanism of the GDI in the ionosphere. The density gradient κn
and the electric field E are assumed to be perpendicular to the magnetic field B.

background electron density, and electron density gradients [Keskinen and Ossakow, 1983].
The GDI growth rate is proportional to the plasma velocity and inversely proportional to
the scale length of the background plasma density gradient [e.g., Keskinen and Ossakow,
1982; Hosokawa et al., 2001].

The original study of the Gradient Drift Instability (GDI) was by Simon [1963] and Hoh
[1963], who applied it to laboratory gas discharge experiments. After this, several studies in-
vestigated the ionospheric plasma irregularities based upon this instability [e.g., Linson and
Workman, 1970; Shiau and Simon, 1972; Zabusky et al., 1973; Perkins et al., 1973; Perkins
and Doles, 1975; Scannapieco et al., 1976; Chaturvedi and Ossakow, 1979; Keskinen and Os-
sakow, 1982]. The GDI is thought to be an important mechanism for generating high-latitude
ionospheric irregularities [e.g., Baker et al., 1986; Hosokawa et al., 2001]. This instability
is also believed to cause dusk scatter events which were first identified by Ruohoniemi et
al. [1988]. During geomagnetically quiet conditions, dusk scatter appears immediately af-
ter the local sunset and lasts for 2-3 hours with velocities lower than those associated with
scatter from the auroral oval [Ruohoniemi et al., 1988; Hosokawa and Nishitani, 2010]. The
observations of Greenwald et al. [2006] indicated that plasma drift velocities at the night-
side plasmapause were typically less than 50 m/s, indicating that the GDI may not have a
significant role in the primary irregularity generation. Several theoretical studies have con-
sidered the generation of GDI irregularities in the F-region for large spatial-scale (> 1 km
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in wavelength) [Kelley et al., 1982; Keskinen and Ossakow, 1983; Tsunoda, 1988]. Despite
a good level of theoretical understanding of large-scale GDI irregularities, more studies are
required at small spatial scales [Kelley, 2009]. Important effects to be considered in further
detail include nonlinear cascading and the impact of E-region conductance.

3.2.1 Fluid Theory of GDI

Ossakow et al. [1978] investigated the GDI in the fluid regime for F-region plasma clouds
and found that there is a further difference of the instability according to the altitude range.
Based on the relative importance of inertia versus ion-neutral collisions in the GDI, we can
consider two separate regimes as following:

• Low altitude limit (∼ 200− 300 km): in this collisional regime, the ion inertial effects can
be neglected. The GDI wave frequency ω and growth rate γ for this regime are given by:

ω = k⊥υni νe >> 4κnυE (3.9)

γ ≈ κnυE νi >> 4κnυE (3.10)

where υE = E/B is the E × B drift velocity, υni = κnυ
2
ti/Ωci is the ion diamagnetic drift

velocity, κn is the inverse density gradient scale length, νi is the ion collision frequency, and
Ωci is the ion gyro-frequency. The form of low altitude limit represents the usual E × B
Gradient Drift Instability (GDI) for plasma clouds in the ionosphere [Linson and Workman,
1970].

• High altitude limit (∼ 450 km): the ion inertial effects at high altitudes become more im-
portant because the ion-neutral collision frequency decreases due to the reduction in neutral
density. The GDI growth rate in this case is given by:

γ = (κnυEνi)
1/2 νi << 4κnυE (3.11)

The model of Ossakow et al. [1978] is appropriate for investigating the GDI for long wave-
lengths in the collisional regime of the F-region ionosphere. However, as described by Gary
and Cole [1983], a kinetic model is more accurate in the short wavelength regime when
k⊥ρci ≈ 1.

3.2.2 Linear Kinetic Theory of GDI

The GDI generation is assumed to be due to two sources of free energy: the density gradient
in the x-direction and the electric field in the y-direction perpendicular to both density
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gradient and magnetic field. As shown in Figure 3.2, the geometry used in the analysis of
the GDI driven by Pedersen υp and diamagnetic drift velocities υn is similar to that of TGI.
The GDI kinetic dispersion relation based on the Gary and Cole [1983] model is used to
allow the study of GDI for short wavelengths (decameter-scale waves).

The zeroth order equilibrium velocity distribution function [Gary and Cole, 1983] is taken
to be:

f0(x, υ) =
n0

(2πυ2t )
3/2

[
1 + κn

(
x+

υy
Ω

− ν
υx
Ω2

)
+
υE
υt

(
υx
υt

+ ν
υy
Ωυt

)]
exp

(
− υ2

2υ2t

)
(3.12)

The zeroth order equilibrium velocity distribution function incorporates collisional effects
(ν), density gradients (κn), and E ×B drift velocity (υE = E/B).

Assuming local approximation and that the frequency is much less than the ion gyro-
frequency, the GDI kinetic dispersion relation including finite ion gyro-radius effects is given
by [Gary and Cole, 1983]:

1 +
∑
j

k2Dj

k2

[
1 +

(ω − kυnj − kυpj)Aj(k, ω)−Nj(k, ω)

1 + νjAj(k, ω)− i (υpj/υtj)Rxj(k, ω)

]
= 0 (3.13)

where Aj(k, ω) and Rj(k, ω) are expressed as [Appendix B]:

Aj(k, ω) =
1√

2k∥υtj

∞∑
n=−∞

Γn(bj)Z(ζjn) =
1√

2k∥υtj

8∑
m=1

rmk∥ρjbj
Y 2

(
R(Y, bj) +

Y

bj

)
(3.14)

Rxj(k, ω) =
ik⊥υtj√
2k∥υtj

∞∑
n=−∞

Z(ζjn) [Γn(bj)− Γ′
n(bj)]

=
ik⊥υtj√
2k∥υtj

[
1√

2k∥υtj

8∑
m=1

rmk∥ρjbj
Y 2

(
R(Y, bj) +

Y

bj

)
−

8∑
m=1

rmk∥ρj
Y 2

R′(Y, bj)

]
(3.15)

Ryj(k, ω) =
Ω2

j√
2k∥k⊥υ2tj

∞∑
n=−∞

nΓn(bj)Z(ζjn) =
1√

2k∥υtj

Ω2
j

k⊥υtj

8∑
m=1

rmk∥ρjbj
Y

R(Y, bj) (3.16)

and



Ahmed S. Eltrass Chapter 3. Mid-Latitude Plasma Instabilities 38

N(k, ω) =
ω(υnj + υpj)

Ωj

Ryj(k, ω) +
ωνjυnj
Ω2

jυtj
Rxj(k, ω) (3.17)

This version of the GDI dispersion relation, with all |m| ≥ 1 terms in the Bessel sums of
Aj(k, ω) and Rj(k, ω), is used to investigate the variation of GDI maximum growth rate with
the angle between the wave vector and the magnetic field direction (θ). Further numerical
calculations have shown that it is a reasonably good approximation to ignore all |m| ≥ 1
terms in the Bessel sums of Aj(k, ω) and Rj(k, ω). Also, the calculations show that the
maximum GDI growth rate is obtained at k∥ = 0 (i.e., θ ≈ 90◦) for all parameters under
consideration in this investigation. Neglecting the parallel wave vector (k∥ = 0), i.e., θ ≈ 90◦,
the Bessel sums of Aj(k, ω) and Rj(k, ω) are given by:

Aj(k, ω) = −exp(−bj)
ω + iνj

I0(bj) (3.18)

Rxj(k, ω) = − ik⊥υtj
ω + iνj

exp(−bj) [I0(bj)− I ′0(bj)] (3.19)

and

Ryj(k, ω) = − Ωj

k⊥υtj
[1− exp(−bj)I0(bj)] (3.20)

The diamagnetic drift velocity of the jth species is υnj = κnυ
2
tj/Ωj and the Pedersen drift

velocity is υpj = νjυE/Ωj.

Since frequencies much less than the ion gyro-frequency are considered, ω << Ωci, the
infinite Bessel function sums for Aj(k, ω) and Rj(k, ω) are neglected [Gary and Cole, 1983]
and only the zeroth order Bessel function is retained. This treatment is used to study the
properties of instabilities for short wavelengths, however, the well known results for the long
wavelength GDI could be also derived from this kinetic model. The short wavelength regime
would typically be expected to be excited with electric fields, E, larger than for the long
wavelength version. However, the E×B drift velocity is still much less than the ion thermal
velocity.

Figures 3.8a and 3.8b show the wave frequency and the growth rate, respectively, as a function
of wave number in the limit of collisionless electrons and collisional ions. The parameters
used for computations are for Gary and Cole [1983]. It can be noted that the GDI growth can
persist to very short wavelength (kρci >> 1). For υpi > 0.3υni, the kinetic GDI dispersion
relation yields maximum growth rate slightly larger than that of the fluid theory [Gary and
Thomsen, 1982]. The calculations of Gary and Cole [1983] established the conditions on the
electron and ion collision frequencies that allow the GDI to grow at kρci ≥ 1. If the E × B



Ahmed S. Eltrass Chapter 3. Mid-Latitude Plasma Instabilities 39

0 1 2 3 4 5 6 7
0

0.02

0.04

0.06

0.08

0.1

kρ
ci

ω
/Ω

ci
  (a) The Wave Frequency

0 1 2 3 4 5 6 7
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
x 10

−3

kρ
ci

γ/
Ω

ci

 (b) The Growth Rate

 

 

ν
i
=0.01Ω

ci

ν
i
=0.1Ω

ci

Figure 3.8: The GDI kinetic (a) wave frequency and (b) growth rate as a function of wave
number for two different values of the ion collision frequency. Here υni = 0.01υti, υE = 0.1υti,
θ = 90◦, and νe = 0.00.

drift velocity and ∇n are in the same direction in a collisional plasma, instabilities driven
by the Pedersen drift may grow. For weak E × B drifts, the results show that relatively
low electron densities are necessary for such growth. However, stronger electric fields may
permit the short wavelength mode to grow at typical ionospheric densities.

3.2.3 Parametric Investigation of GDI

The kinetic dispersion relation of the GDI is examined over a range of parameters to provide
perspective on the experimental observations that will be discussed in Chapter 4. Figure
3.9 shows the change of the GDI growth rate with the ionospheric electric field and the
density gradient scale length at 300 km altitude. The background plasma parameters used
are the same as for the TGI (see Table 3.1). As shown in Figure 3.9a, the GDI growth rate
increases with decreasing density gradient scale length. Figure 3.9b illustrates the increase
of the GDI growth rate with the ionospheric electric field. In both cases, the growth rate is
influenced by finite gyro-radius effects in the short wavelength regime k⊥ρci ∼ 1. Note that
the ionospheric electric fields during quiet-time conditions do not exceed 3 mV/m in the
mid-latitude F-region [Eltrass et al., 2014a; de Larquier et al., 2014]. In comparing Figures
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Figure 3.9: The GDI kinetic growth rates for different density scale lengths and electric fields
at altitude 300 km. (a) The growth rate for three different density scale lengths (Ln) and
fixed electric field (E = 0.5 mV/m). (b) The growth rate for three different electric fields (E)
and fixed density scale length (Ln = 400 km). The other parameters used for computations
are listed in Table 3.1.

3.9 and 3.4, the TGI exceeds the GDI growth rate across the entire wave number range
shown. In the short wavelength range of 10-15 m, the TGI growth is 4-5 times larger for the
largest value of electric field used in the calculations. Also, comparing Figures 3.4 and 3.9 for
a much longer wavelength of 1 km (k⊥ρci ∼ 0.01), the TGI growth rate (γ/Ωci ≈ 1× 10−5)
is still much greater than the GDI growth rate (γ/Ωci ≈ 2× 10−6).

Figure 3.10 illustrates the variation of TGI and GDI maximum growth rates with the angle
between the wave vector and the magnetic field direction (θ). The maximum growth rate
corresponding to each angle (θ) is calculated for the wave number regime 0 < kρci < 10 noting
the growth rate maximizes in the decameter-scale range. For the parameters considered here,
the computations show that the maximum growth rate of both TGI and GDI is obtained
where the wave vector of resistive drift waves is almost perpendicular to the magnetic field,
i.e., θ ≈ 90◦. However, the TGI resistive drift waves can propagate at larger angles off-
perpendicular to the magnetic field than the GDI drift waves. The range of θ through
which the GDI instability may propagate decreases as kρci increases. This implies that for
shortwave length kρci ≥ 1 (λ ≤ 15 m), the GDI resistive drift waves can only propagate at



Ahmed S. Eltrass Chapter 3. Mid-Latitude Plasma Instabilities 41

50 60 70 80 90

1

2

3

4

5

6
x 10

−4

θ°

γ/
Ω

ci

 

 

TGI Growth Rate
GDI Growth Rate

Figure 3.10: The variation of TGI and GDI maximum kinetic growth rate with the angle
between the wave vector and the magnetic field (θ). For each θ, the maximum growth rate
over the wavelength range 0 ≤ kρci ≤ 10 is shown.

a small angle off-perpendicular to the magnetic field.



Chapter 4

Experimental Radar Observations of
Mid-Latitude Irregularities

4.1 Quiet-Time Ionospheric Irregularities

During geomagnetically quiet conditions (Kp ≤ 2), the mid-latitude ionosphere (30◦ to 60◦

geomagnetic latitude) is a quiescent plasma but still populated by plasma density irregular-
ities generated by both plasma and neutral processes. The mid-latitude SuperDARN radars
frequently observe quiet-time decameter-scale ionospheric irregularities that have been pro-
posed to be responsible for the observed low-velocity Sub-Auroral Ionospheric Scatter (SAIS)
[e.g., Greenwald et al., 2006; Ribeiro et al., 2012; Kane et al., 2012]. Greenwald et al. [2006]
observed a new type of backscatter from mid-latitude ionospheric irregularities on the night-
side during quiescent conditions. Based on the coordination between the Millstone Hill
Incoherent Scatter Radar (ISR) and the SuperDARN HF radar located at Wallops Island,
Virginia, Greenwald et al. [2006] reported recurring quiet-time decameter-scale irregularities
with low drift velocities (< 100 m/s) in the nightside sub-auroral ionosphere. They showed
that these irregularities are excited on the equatorward wall of the mid-latitude ionospheric
trough, where opposed temperature and density gradients are presented. Using 3 years of
data from the second mid-latitude SuperDARN HF radar located at Blackstone, Virginia,
Ribeiro et al. [2012] showed that such irregularities are confined to local night and remain
equatorward of both the auroral region and the ionospheric projection of the plasmapause.
One question which remains unanswered is what type of plasma instability mechanism is
responsible for the growth of these decameter-scale ionospheric irregularities. In order to
understand the physical mechanisms responsible for the formation of these irregularities, a
new approach for the analysis of TGI and GDI growth rates is developed. By re-deriving
the electron density and temperature gradients in the plane perpendicular to B, a detailed
comparison of TGI and GDI is made for the observations of Greenwald et al. [2006] by the
development of the kinetic growth rate time series for both TGI and GDI [Eltrass et al.,

42
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2014a, b].

4.1.1 SuperDARN Observations

On the night of 22-23 February 2006, the Wallops SuperDARN radar and Millstone Hill ISR
were running co-located observations of sub-auroral ionospheric irregularities [Greenwald et
al., 2006]. The Wallops SuperDARN radar (37.93◦ N, −75.47◦ E) was operating in a standard
16-position azimuth-scanning mode with a dwell time of 3 seconds in each azimuth direction
and a scan repetition time of 60 seconds. The data are sampled at 110 range gates extending
from 180 km to 5130 km with a slant-range gate of 45 km. Each slant-range gate stores a
measure for the power, line-of-sight Doppler velocity, and spectral width of the backscatter.
Due to the large Doppler variability associated with the nominally low-velocity irregularities,
short dwell times were used. The geomagnetic coordinates of the backscatter positions are
calculated using the Altitude Adjusted Corrected GeoMagnetic (AACGM) coordinate system
[Baker and Wing, 1989]. The altitude and elevation are determined as a function of the slant-
range utilizing a simple linear model [Chisham et al., 2008]. The observations during this
event were predominantly from F-region decameter-scale ionospheric irregularities extending
from 500-1400 km in range from Wallops radar, relevant to latitudes from 52◦ to 59◦.

Figure 4.1 shows the observation geometry, where the Millstone Hill ISR pointing direction
is aligned with beam 9 of the Wallops SuperDARN radar [Eltrass et al., 2014b]. We also
display the backscatter distribution due to ionospheric density irregularities between 00:00
and 05:00 UT, showing that Millstone Hill ISR is ideally located below the backscatter
observed at Wallops SuperDARN radar. Beam 3 is directed about 11.5 ◦ to the east of the
geographic meridian, while beam 9 passes overhead of Millstone Hill. Figure 4.2 shows the
backscatter power and line-of-sight Doppler velocity observed by the Wallops SuperDARN
radar along beam 9 (top two panels) and beam 3 (bottom two panels) on the night of
February 22-23, 2006. The first and third panels show the relative backscattered power in
dB, while other panels show the line-of-sight Doppler velocity in m/s. The observations
during this event show both types of backscatter, ground and ionospheric scatter. First,
the scatter from higher magnetic latitudes over the time interval 22:00 to 00:00 UT (before
sunset) is ground backscatter, which occurs after an oblique reflection of the radar signal
by the ionosphere when the ionospheric plasma frequency is sufficiently high. The ground
scatter is observed with a small but predominantly negative Doppler velocity due to the
apparent upward motion of the ionosphere around sunset when photoionization drops. At
23:10 UT, the operating frequency of the radar is lowered from 14.5 MHz to 11.0 MHz to
accommodate for the drop in plasma critical frequency during the night [e.g., Davies, 1990].
This causes the discontinuity shown in Figure 4.2. After sunset (from 00:10 to 05:00 UT),
the radar begins to observe low-velocity Sub-Auroral Ionospheric Scatter (SAIS) [Greenwald
et al., 2006; Ribeiro et al. 2012] with a small but predominantly positive (i.e., westward)
Doppler velocity over latitudes from 56◦ to 59◦ on most of the Wallops radar beams. The
ionospheric irregularities responsible for the observed scatter are seen in the top-side F-



Ahmed S. Eltrass Chapter 4. Experimental Radar Observations of Mid-Latitude Irregularities 44

Figure 4.1: SuperDARN backscatter distribution between 00:00 and 05:00 UT on the night
of February 22-23, 2006. Beams 3 (left) and 9 (right) of the Wallops SuperDARN radar are
highlighted in blue. Also shown is the position and pointing direction (black beam) of the
Millstone Hill ISR during that night. The map is gridded with a geomagnetic coordinate
system.

region ionosphere and extend uniformly across the radar field-of-view. The signals remain
strong on beam 3 but weaken on beam 9 because the post-sunset loss of electrons in the
F-layer may not provide sufficient refraction to bend the radar signals to be orthogonal with
the geomagnetic field. The backscatter distribution shown in Figure 4.2 indicates that the
ionospheric irregularities seem more widespread in beam 3 than in beam 9. This results
from the difference in propagation geometry with respect to the geomagnetic field between
meridional and zonal beams [de Larquier et al., 2014].

The line-of-sight Doppler velocities of ionospheric scatter are L-shell fitted assuming a purely
zonal plasma flow [Ruohoniemi et al., 1989]. The irregularity Doppler velocities are calcu-
lated at 300 km altitude from 22:00 to 05:00 UT on 22-23 February 2006, showing that the
plasma drift speed in the plasmapause is quite small (< 50 m/s). Assuming the plasma drift
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TGI driven irregularities

Figure 4.2: Backscatter observed by the Wallops SuperDARN radar on 22-23 February 2006
from 22:00 to 05:00 UT in beam 9 (top 2 panels) and beam 3 (bottom 2 panels). The
backscatter power and Doppler velocities are shown for each beam.

is mainly driven by E×B, the F-region electric field is calculated as E = υB, where E is the
electric field and B is the geomagnetic field. The observed Doppler velocities in the F-region
during this event yield electric fields less than 3 mV/m. The calculated electric fields are
used to compute the GDI growth rates.

4.1.2 Millstone Hill ISR Observations

In order to understand the physical mechanisms responsible for the observed irregularities,
the data from the Millstone Hill ISR are analyzed. The Millstone Hill ISR is a UHF (440
MHz) radar consisting of a zenith-pointing and a steerable antenna dishes. For this exper-
iment, overhead measurements were obtained with the 68 m zenith-pointing antenna and
oblique measurements were obtained with the 46 m steerable dish at a geographic azimuth
of 33◦ and elevation angles of 48.8◦, 28.8◦, and 18.8◦. This azimuth direction shown in Figure
4.1 is aligned with beam 9 of the Wallops SuperDARN radar. Each look direction is inte-
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Figure 4.3: Summary of Millstone Hill ISR data on the night of 22-23 February 2006. (a)
Electron densities at 300 km altitude for each pointing directions. (b) Electron temperatures
at 300 km altitude for each pointing directions. (c) Meridional scale length for the electron
density (black) and temperature (red) between 53.8◦ and 58.1◦ magnetic latitude. Positive
gradients (dashed) are poleward and up, while negative gradients (solid) are equatorward
and down.

grated for 240 s before moving on to the next look direction to obtain a high Signal-to-Noise
Ratio (SNR) even with the low electron densities that exist after sunset at the F-region
peak near 300 km altitude. The zenith direction is alternated between each look directions,
giving its data a time resolution of 8 min compared to 24 min for the other three pointing
directions. The four Millstone Hill ISR positions intersect with the Wallops radar beam near
300 km altitude at magnetic latitudes 53.2◦, 54.8◦, 56.2◦, and 57.5◦.

Figure 4.3 summarizes the processed data from the Millstone Hill ISR throughout the exper-
iment with fairly quiet conditions. The first and second panels show electron densities and
temperatures, respectively, at 300 km altitude along the intersections of the four Millstone-
radar positions with the Wallops radar beam. The position in geographic coordinates and
magnetic latitude of each pointing direction at 300 km altitude is reported in Figure 4.3 in
order to estimate the horizontal gradients. The altitude of 300 km is chosen to be close to
the F-region peak altitude, where the SNR should be maximum. Similar curves are obtained
between 260 and 300 km altitude in order to estimate the vertical gradients. The topmost of
the plots shows that the electron density decreased from 30× 1010 m−3 at the beginning of
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Time

Figure 4.4: Electron density (black curves) and electron temperature (red curves) scale
lengths along (a) the meridional direction, (b) and the direction perpendicular to the geo-
magnetic field B. Positive gradients (dashed) are poleward and up, while negative gradients
(solid) are equatorward and down.

the experiment to 3×1010 m−3 at the end. Initially before sunset, there was no steep merid-
ional density gradient because of the solar illumination. Then, it became much steeper after
00:00 when the zenith antenna measured reasonable plasma densities at 300 km, whereas
the two most poleward directions of the steerable antenna showed much lower values at the
same altitude. The steepest part of the zonal gradient can be seen clearly from 00:00 to
01:30 UT in concert with the post sunset decay of the E- and F-regions plasma. The second
plot of Millstone data shows the electron temperatures measured at the 300 km intersection
points. At and before sunset, the solar EUV heating caused a positive equatorward electron
temperature gradient, however, from 00:30 to 01:30 UT, the temperature distribution was
slowly changed with the highest temperatures shifting toward the north and significantly
lower temperatures being observed on the zenith antenna. The positive poleward electron
temperature gradient may occur due to Landau damping of electromagnetic ion cyclotron
waves [Cornwall et al., 1971] or due to Coulomb collisions between thermal electrons and
mirroring energetic particles on the inner edge of the proton ring current.

Following Greenwald et al. [2006], it is assumed that longitudinal gradients can be neglected
and horizontal gradients are purely meridional. The meridional gradients at each time step
are calculated at 300 km altitude between 53.5◦ and 58.1◦ magnetic latitudes, corresponding
to the two highest oblique pointing directions and the zenith direction. The scale lengths
Ln = (∇ ln(n))−1 and LT = (∇ ln(T ))−1 calculated from these gradients are reported in
Figure 4.4a, where positive gradients (dashed) are poleward, while negative gradients (solid)
are equatorward. Note that due to the intrinsic noisiness of the data, very large-scale lengths
occur but should not be interpreted as realistic softening of the gradients.
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Figure 4.5: The TGI and GDI geometry in the mid-latitude ionosphere relative to the Earth’s
magnetic field, temperature and density gradient, diamagnetic and Pedersen drifts, and the
wave vector of resistive drift waves. The perpendicular temperature and density gradients
are calculated as the sum of the projections of the horizontal and vertical gradients (∇H and
∇V , respectively).

Within the region of interest to this study, the geomagnetic field lines are inclined at about
70◦. Note that none of the Millstone Hill ISR pointing directions are perpendicular to the
geomagnetic field B, while the gradients required in the TGI and GDI theories are those
perpendicular to B (see Figure 4.5 and Chapter 3) [e.g., Eltrass et al., 2014a; Hudson
and Kelley, 1976; Gary and Cole, 1983]. Improving upon Greenwald et al. [2006], the
gradients are calculated in the direction perpendicular to B in the top-side F-region. The
perpendicular gradients are calculated by first estimating the vertical gradients with a linear
least-square fit along the zenith direction, and then adding their projection onto the direction
perpendicular to B to the projection of the meridional gradients onto the same direction (see
Figure 4.5). The scale lengths obtained with this method are shown in Figure 4.4b, where
positive (upward) gradients are shown as dashed lines and negative ones (downward) as solid
lines. Numerical values of the scale lengths shown in Figure 4.4 are summarized in Table
4.1. Note that the time period when meridional electron density and temperature gradients
are opposed differs from the period when perpendicular gradients are opposed.

Millstone Hill and SuperDARN measurements provide all the necessary information to com-
pute the TGI and GDI growth rates using the theory presented in Chapter 3.
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Table 4.1: The perpendicular and meridional electron temperature and density scale lengths
computed at altitude 300 km on 22-23 February 2006. Ln and LT are the density and
temperature scale lengths, respectively.

Time Meridional Perpendicular Meridional Perpendicular
[UT] LT , km LT , km Ln, km Ln, km
22 : 06 −3453.74 868.45 −1313.60 −374.73
22 : 27 −1886.18 726.01 −1421.30 −448.27
22 : 47 −1222.10 822.74 −1727.39 −469.28
23 : 07 −2914.85 805.59 −2971.34 −567.62
23 : 28 −2726.49 1115.63 −2865.43 −468.47
23 : 48 −2790.82 937.58 −1475.90 −361.29
00 : 09 −2821.48 974.13 −1150.84 −373.90
00 : 29 −4939.28 983.40 −1048.12 −409.85
00 : 49 −8385.69 895.30 −850.55 −320.23
01 : 10 −6879.65 613.72 −737.35 −316.89
01 : 30 −4335.24 1642.39 −649.24 −507.40
01 : 50 1819.27 982.43 −575.63 −306.20
02 : 11 1676.97 535.61 −564.68 −230.32
02 : 31 1450.07 402.50 −481.66 −186.71
02 : 52 1160.03 350.41 −462.21 −192.31
03 : 12 1016.65 356.42 −448.78 −187.23
03 : 32 1065.81 396.94 −456.18 −181.13
03 : 53 1293.91 538.69 −386.35 −168.32
04 : 13 1434.71 716.64 −389.94 −171.83
04 : 33 1509.62 578.31 −378.56 −160.80
04 : 54 1395.21 557.76 −363.20 −156.12

4.1.3 Irregularity Growth Rate Calculations

The TGI kinetic dispersion relation presented in Chapter 3 is employed to investigate the
TGI growth rate for SuperDARN measurements reported by Greenwald et al. [2006]. Figure
4.6 illustrates the increase of the TGI growth rate with the electron collision frequency. The
higher collision frequencies retard the flow of electrons along magnetic field lines and therefore
keep off-perpendicular wave modes from shorting out [Chen, 1984]. The parameters used for
computing the TGI growth rate are listed in Table 3.1.

The short wavelength (decameter-scale) irregularity regime relevant to SuperDARN obser-
vations is considered by computing a time series of the TGI and GDI growth rates from
the kinetic theory of Chapter 3. These growth rates are calculated according to the radar
frequency when the electron density gradients, electron temperature gradients, and the back-
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Figure 4.6: The TGI kinetic growth rate (equation 3.5) at altitude 300 km for different
electron collision frequencies. The shown wavelength range 1.1 < kρci < 1.6 corresponds to
the operating frequency range of the Wallops SuperDARN radar throughout the experiment.

ground electric field are available. The operating frequency of the Wallops SuperDARN radar
was 14.5 MHz until 23:10 UT, then 10-11 MHz for the remainder of the experiment. HF
coherent-scatter radars are sensitive to Bragg scattering from small-scale electron density ir-
regularities in the ionosphere having a wavelength equal to one-half of the radar wavelength.
According to Bragg’s condition of scattering, the scale size of the TGI irregularities for this
study is in the range of ∼ 10-15 meters. These parameters yield 1.1 < kρci < 1.6 (decameter-
scale waves) as shown in Figure 4.6. Before 23:10 UT, the growth rates of TGI and GDI
are calculated at a fixed wavelength of 10.5 m (kρci ≃ 1.6). After this time, the rest of the
growth rates are calculated with wavelengths ranging from 13.5 to 15 m (1.1 < kρci < 1.23).
The gradients required in the kinetic theory of TGI and GDI are those perpendicular to
B (see Figures 3.2 and 4.5). However, meridional gradients (20◦ off-perpendicular to the
magnetic field) could be examined to explain the assumption of Greenwald et al. [2006] that
the meridional gradients dominate the TGI growth.

A time series for the growth rates of both TGI and GDI is calculated as shown in Figure 4.7.
The growth rates are computed for both perpendicular and meridional electron temperature
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Figure 4.7: The time series of TGI and GDI growth rates for (a) meridional and (b) per-
pendicular scale lengths shown in Figure 4.4. The growth rates are calculated over the
wavelength range 1.1 < kρci < 1.6, which corresponds to the operating frequency range of
the Wallops SuperDARN radar throughout the experiment.

and density gradients listed in Table 4.1. Figure 4.7a shows that there is a small meridional
growth for both TGI and GDI before 01:30 UT. After this time, the meridional TGI growth
rate is enhanced due to the opposed temperature and density gradients, while the meridional
GDI growth rate is still small. These growth rates match with the prediction of Greenwald
et al. [2006] but do not provide the complete picture. Figure 4.7b shows the perpendicular
TGI and GDI growth rates during the experiment. It can be seen that there is a relatively
small growth for GDI throughout the experiment, while the TGI growth rate stays relatively
high. After 01:50 UT, the perpendicular TGI growth rate is enhanced due to smaller density
and temperature scale lengths. Comparing panels a and b of Figure 4.7, the perpendicular
TGI growth rate is greater than the meridional one by a factor ∼ 2. Also, TGI growth rates
are greater than those of GDI by a factor of 7-8 between 01:50 and 05:00 UT.
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4.1.4 Discussion

The mid-latitude decameter-scale ionospheric irregularities are generally observed on the
nightside. During the day, the observation of these irregularities is controlled by both the
electrical conductance of the underlying ionosphere and the F-region electron density. The
absence of these irregularities during the day may occur since the perturbation charges of the
F-region may be shorted-out by a current flow to the E-region [Vickrey and Kelley, 1982].
However, even if they exist during the daytime, the electron density variation can affect
signal propagation in such a way that the radar signals do not encounter the irregularities
at all [Kane et al., 2012].

A complete comparison of TGI and GDI is done for SuperDARN observations at the night-
side plasmapause reported by Greenwald et al. [2006]. As shown in Figure 4.7, the TGI
and GDI growth rates for this experiment are calculated as a function of universal time
corresponding to both perpendicular and meridional gradients. Figure 4.7 illustrates that
there is a relatively small growth for GDI throughout the experiment, while the TGI growth
rate stays relatively high. The perpendicular TGI growth rates are greater than those of
GDI up to a factor of ∼ 8. This suggests that the observed decameter-scale ionospheric
irregularities are produced by the TGI or a cascade product from it, while the GDI plays
a relatively minor role in the generation of these irregularities. The GDI does not have a
significant role in the primary irregularity generation, however, it should not be ruled out
at this time that turbulent cascade processes of both TGI and GDI may contribute to the
observed irregularities. The calculations here show the TGI growth exceeds that of the GDI
growth in the wavelength of observations (10-15 m), as well as in the long wavelength regime
(km). A cascade process may occur from km-scale irregularity structures down to the ob-
served decameter-scale irregularities. Such critical physics, e.g., wave cascading, can most
effectively be investigated with nonlinear plasma simulation models. The simulation results
will be discussed in Chapter 5.

Figure 4.4a revealed opposed meridional temperature and density gradients at the night-
side mid-latitude ionosphere after 01:30 UT. Initially, there was no steep meridional density
gradient due to solar illumination of the F-region, but it became much steeper after 00:00
UT because of F-region sunset. Before sunset, solar heating caused a positive equatorward
electron temperature gradient. In the time interval from 01:00-02:00 UT, the meridional
electron temperature gradient changed direction and the positive gradient in electron tem-
perature reversed from equatorward to poleward. The positive poleward meridional electron
temperature gradient may have occurred due to Coulomb collisions between thermal elec-
trons and trapped energetic particles in the poleward region, while the reduction of electron
temperatures in the equatorward region was due to post-sunset cooling [Greenwald et al.,
2006].

The perpendicular temperature and density gradients at the nightside mid-latitude iono-
sphere are opposite throughout the experiment, while the meridional gradients are opposed
only after 01:30 UT. The TGI growth rate is largely affected by the variations of the temper-
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ature and density gradients. As shown in Table 4.1 and Figure 4.4, the perpendicular and
meridional scale lengths become much smaller after 01:30 UT, causing the large enhance-
ment of the TGI growth rate shown in Figure 4.7. Panels a and b of Figure 4.7 show that
the perpendicular TGI growth rate is greater than the meridional one and dominates for
the duration of the experiment, while the meridional TGI growth starts only after 01:30.
The perpendicular TGI growth rate challenges the suggestion of Greenwald et al. [2006]
that the dusk scatter associated with the GDI [Ruohoniemi et al., 1988] may account for the
irregularities observed between 00:00 and 01:40 UT. The dusk scatter appears immediately
after the local sunset and does not typically connect with scatter from other irregularity
types in a smooth transition such as seen in Figure 4.2. The continuity of the scatter shown
in Figure 4.2 along with the growth rate calculations suggest that the TGI is the most likely
generation mechanism for the irregularities observed during the experiment and the GDI is
expected to play a relatively minor role in irregularity generation. The TGI growth rate can
also explain the observed low-velocity SAIS between 00:10 and 05:00 UT shown in Figure
4.2.

The TGI growth may not be observed by the Wallops SuperDARN radar before sunset
due to two distinct reasons. The first is the signal propagation effects in which the radar
signals encounter these irregularities under unsuitable magnetic aspect conditions or do
not encounter them at all [e.g., Davies, 1990]. Using a ray-tracing model coupled with
the International Reference Ionosphere (IRI) [de Larquier et al., 2014], the propagation
conditions are shown to be favorable for observing decameter-scale irregularities in the F-
region before sunset. This suggests that propagation aspect conditions did not limit the
observation of irregularity backscatter. The second potential explanation is the high E-
region conductivity, which may short-out the F-region TGI electric fields before and around
sunset in spite of favorable growth conditions for the TGI. After sunset, the TGI irregularity
were able to grow for the remainder of the experiment as suggested by the TGI growth rates
shown in Figure 4.7. The role of the E-region in shorting out F-region electrostatic fields
before sunset raises the importance of knowing the wavelength of these irregularities. The
irregularities with scale sizes smaller than 1 km are greatly attenuated when mapped from
the F- to the E-region [e.g., Farley, 1959; Kelley, 2009]. This implies that for the E-region to
be responsible for shorting out the F-region TGI electric fields before and around sunset, the
irregularities should be in the km-scale. This result suggests that a turbulent cascade process
may occur from km-scale primary TGI irregularity structures down to the decameter-scale
irregularities. Such physics will be investigated with plasma simulation models in Chapter
5.
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4.2 Comparison with Disturbed-Time Plasma Wave

Irregularities

The storm-time ionospheric irregularities at mid-latitudes are sufficiently strong to cause
signal power fluctuations, known as ionospheric scintillation, in transionospheric satellite
transmissions such as the Global Positioning System (GPS) [e.g., Basu et al., 2001; Ledv-
ina et al., 2002; Mishin et al., 2003]. This raises the importance of knowing the cause
and distribution of these ionospheric plasma irregularities to maintain the performance of
satellite-ground data transmission. Potential space weather applications have paid the at-
tention to the spatial temporal variability of the mid-latitude sub-auroral ionosphere during
magnetic storm periods [e.g., Mishin et al., 2003; Ledvina et al., 2002; Foster et al., 2002;
Basu et al., 2001, 2008]. During disturbed geomagnetic conditions, large regions hosting
an ionospheric density gradient exist in the evening sector at sub-auroral latitudes in the
top-side ionosphere [e.g., Coster et al., 2005; Spiro et al., 1979; Evans et al., 1983; Anderson
et al., 1991, 1993]. These density gradients are often associated with streams of enhanced
plasma convection known as Sub-Auroral Plasma Streams (SAPS) [e.g., Foster and Burke,
2002], and with Storm-Enhanced Densities (SEDs) [e.g., Erickson et al., 2002]. Several pre-
vious studies investigated the characteristics of SAPS using the measurements of Millstone
Hill ISR during disconnected events over a span of two solar cycles starting in 1979 [e.g., Yeh
et al., 1991; Erickson et al., 2002]. Satellite measurements reveal the existence of wave-like
structures embedded within the SAPS [Mishin et al., 2002, 2003, 2004; Streltsov and Mishin,
2003; Streltsov and Foster, 2004; Foster et al., 2004]. Basu et al. [2001] and Ledvina et al.
[2002] reported intense mid-latitude UHF and L1-band scintillations within structured SAPS
over the eastern continental United States. Mishin et al. [2004] showed that strong SAPS
wave structures and irregular plasma density troughs are associated with strong opposite
temperature and density gradients, which represent the precise conditions required for the
development of the F-region Temperature Gradient Instability (TGI) [e.g., Hudson and Kel-
ley, 1976; Eltrass et al., 2014a; Eltrass and Scales, 2014]. Satellite observations also indicate
the presence of small-scale density, electric field, velocity, and electron temperature struc-
tures in SAPS storm-time mid-latitude trough structures [e.g., Mishin et al., 2003]. Keskinen
et al. [2004] suggested that the Temperature Gradient Instability (TGI) in association with
the Gradient Drift Instability (GDI) could be responsible for generating these small-scale
structures in the trough wall region.

4.2.1 SuperDARN Observations

During the nights of 15-16 October 2014 (quiet geomagnetic conditions Kp < 2) and 10-11
October 2014 (active geomagnetic conditions 3 < Kp ≤ 4), the Blackstone SuperDARN
radar (37.10◦ N, 282.05◦ E) and the Millstone Hill Incoherent Scatter Radar (ISR) (42.6◦

N, 288.5◦ E) were running co-located observations of sub-auroral ionospheric irregularities.
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Figure 4.8: Backscatter echoes from the Blackstone SuperDARN radar on the nights of
October 15-16 and October 10-11, 2014. Backscatter power and line-of-sight Doppler velocity
measured along beam 13 during the two events are shown in panels (a, c) and (b, d),
respectively.

The Blackstone SuperDARN radar was operating in a standard 16-position azimuth-scanning
mode with a dwell time of 3 seconds in each azimuth direction and a scan repetition time
of 60 seconds. The observations during the two events were predominantly from F-region
decameter-scale ionospheric irregularities extending from 500-1400 km in range from Black-
stone radar, relevant to latitudes from 52◦ to 60◦.

Figure 4.8 shows the backscatter power and line-of-sight Doppler velocity observed by the
Blackstone SuperDARN radar through the two events along beam 13 on the nights of Oc-
tober 15-16 (quiet-time) and October 10-11 (disturbed-time), 2014. Figure 4.8a-c shows
the relative backscattered power in dB, while Figure 4.8b-d shows the line-of-sight Doppler
velocity in m/s. The line-of-sight Doppler velocities of ionospheric scatter are L-shell fitted
assuming a purely zonal plasma flow [Ruohoniemi et al., 1989]. The irregularity Doppler
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velocities are calculated at 300 km altitude from 00:00 to 08:00 UT on both events, showing
that the plasma drift speed in the plasmapause is quite small (< 50 m/s) during quiet-time
but relatively high during active periods (< 150 m/s). The observations during the two
events show both types of backscatter, ground and ionospheric scatter. First, the scatter
from higher magnetic latitudes over the time interval 00:00 to 02:00 UT is ground backscat-
ter. After 02:00, the radar begins to observe ionospheric scatter over latitudes from 54◦ to
60◦ on most of the radar beams. The ionospheric irregularities responsible for the observed
scatter are seen in the top-side F-region ionosphere and extend uniformly across the radar
field-of-view.

4.2.2 Millstone Hill ISR Measurements

The data from the Millstone Hill Incoherent Scatter Radar (ISR) are analyzed to determine
the physical mechanisms responsible for the observed ionospheric irregularities during the
two events. For this experiment, overhead measurements are obtained with the 68 m zenith-
pointing antenna and oblique measurements were obtained with the 46 m steerable dish
to provide quantitative estimates of vertical and horizontal ionospheric structure in the F-
region ionosphere within the field-of-view of the Blackstone SuperDARN radar. The gradient
measurement region is centered on a point with geodetic latitude and longitude coordinates
of (43.55◦, −84.89◦), intersecting beam 13 of the Blackstone system at 300 km altitude. The
altitude of 300 km is chosen to be close to the F-region peak altitude, where the Signal-to-
Noise Ratio (SNR) should be maximum. Using Millstone Hill steerable antenna, elevation
scanning is done from 8◦ to 12◦ at a fixed azimuth of −80◦, while azimuth scanning is
performed from −105◦ to 60◦ at a fixed elevation of 10◦. The zenith direction is alternated
between each look directions, giving its data a time resolution of 5 min compared to 30 min
for other pointing directions. Slow azimuth and elevation scans are performed around the
300 km point to provide the horizontal and vertical structure.

Combining measurements from the zenith scans and the azimuth scans, the Millstone Hill
ISR data are used to calculate the horizontal and vertical gradients. Within the region of
interest to this study, the geomagnetic field lines are inclined at about 70◦. The electron
density and temperature gradients are calculated in the direction perpendicular to B in the
top-side F-region by first estimating the vertical gradients with a linear least-square fit along
the zenith direction, and then adding their projection onto the direction perpendicular to B
to the projection of the horizontal gradients onto the same direction (see Figure 4.5). The
perpendicular density and temperature scale lengths for both events are shown in Figure
4.9a-b, where positive (upward) gradients are shown as dashed lines and negative gradients
(downward) as solid lines. It can be noted that the quiet-time scale lengths (> 300 km) are
larger than those obtained during the disturbed-time event (> 100 km).
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 (a) Perpendicular scale lengths on 15−16 October 2014

 

 

00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00
10

2

10
3

10
4

Time [UT]

S
ca

le
 le

ng
th

 [k
m

]
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Figure 4.9: Electron density (black curves) and electron temperature (red curves) scale
lengths along the direction perpendicular to the geomagnetic field B during the nights of (a)
October 15-16 and (b) October 10-11, 2014. Positive gradients (dashed) are poleward and
up, while negative gradients (solid) are equatorward and down.

4.2.3 Growth Rate Comparisons

The decameter-scale irregularity regime relevant to SuperDARN observations is investigated
by computing a time series of the TGI and GDI growth rates using the linear kinetic theory
presented in Chapter 3. The growth rates are computed according to the radar frequency
when the electron density gradients, electron temperature gradients, and the background
electric field are available. Figures 4.10a and 4.10b show the TGI and GDI growth rates for
quiet-time (October 15-16) and disturbed-time (October 10-11) events, respectively. Figure
4.10a shows that there is a relatively small growth for GDI throughout the quiet-time ex-
periment, while the TGI growth rate stays relatively high. It can be noted that the TGI
growth rates are greater than those of GDI by a factor of ∼ 9-10 between 02:00 and 08:00
UT. Figure 4.10b illustrates that there is initially a growth for both TGI and GDI during
the disturbed-time experiment. After 02:00, the TGI and GDI growth rates are enhanced
due to smaller scale lengths for the remainder of the experiment, however, the GDI growth
rates are slightly larger than those of the TGI. Comparing panels a and b of Figure 4.10,
the disturbed-time growth rates are larger than the quiet-time ones by a factor ∼ 3 for TGI
and a factor ∼ 12 for GDI.
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Figure 4.10: The time series of TGI and GDI growth rates on the nights of (a) October 15-16
and (b) October 10-11, 2014. The growth rates are calculated over the wavelength range
1.1 < kρci < 1.5, which corresponds to the operating frequency range of the Blackstone
SuperDARN radar throughout the two experiments.

4.2.4 Discussion

A complete comparison of TGI and GDI is made for mid-latitude SuperDARN observations
at the nightside during quiet and disturbed periods by the development of the growth rate
time series of both TGI and GDI. Figure 4.10a shows that the TGI exceeds the GDI growth
rate by a factor of ∼ 9-10 and dominates for the duration of the quiet-time experiment. This
explains the observed low-velocity SAIS between 02:00 and 08:00 UT shown in Figure 4.8b.
The growth results suggest that the observed decameter-scale ionospheric irregularities under
quiet conditions are produced by the TGI or a cascade product from it, while the GDI does
not have a significant role in the generation of these irregularities. On the other hand, Figure
4.10b shows the large growth for both TGI and GDI during the disturbed-time experiment,
suggesting that the TGI in concert with the GDI may cause the observations of disturbed-
time mid-latitude ionospheric irregularities shown in Figure 4.8c. Comparing Figures 4.10a
and 4.10b, the TGI and GDI growth rates during the disturbed-time event are larger than
those of the quiet-time event. This is because the disturbed F-region is characterized by
smaller scale lengths, larger electric fields, and larger temperature ratios (Te/Ti), which
would imply larger growth rate as explained in Chapter 3.

At the beginning of both experiments (before 02:00 UT), the TGI and GDI growth rates
may not be observed by the Blackstone radar due to signal propagation effects in which
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the radar signals encounter these irregularities under unsuitable magnetic aspect conditions
or do not encounter them at all [e.g., Davies, 1990]. Another reason for the delay between
sunset (00:00 UT) and irregularity observations (02:00 UT) could be the E-region as the
controlling factor for irregularity growth. The reasonable agreement between experimental
and theoretical results of this study suggests that a TGI turbulent cascade is the most likely
generation mechanism for the quiet-time irregularities that cause the observed low-velocity
SAIS, while turbulent cascade processes of both TGI and GDI may cause the observations
of ionospheric irregularities during disturbed geomagnetic conditions. This lends further
support to the belief that the E-region may be responsible for shorting out the F-region TGI
and GDI electric fields before and around sunset and ultimately resulting in irregularity
suppression.



Chapter 5

Simulation of TGI Irregularities in
the Mid-Latitude Ionosphere

5.1 Computational Modeling

Although the linear theory of Chapter 3 provides the insight for the initial linear growth of the
plasma instability process, it cannot fully describe the nonlinearly saturated behavior and the
associated particle transport. When the plasma waves are observed with radars, they have
already evolved into a nonlinear state. Such nonlinear evolution, e.g., wave cascading, is most
likely critical for ultimately determining the scale size of the irregularities observed by the
radar observations [Eltrass et al., 2014a]. The physics associated with plasma instabilities
can most effectively be investigated with plasma simulation models. The computational
plasma simulation is an efficient tool to provide physical insight and predictions for plasma
instabilities. Plasma simulations comprise two general methods based on kinetic and fluid
description. This classification can be divided further into tree types of plasma simulation
as following:

• Fluid and magnetohydrodynamic codes: the fluid simulation is the oldest and simplest
method in plasma simulation. The equations in the fluid formulation treat each plasma
species as a moving fluid ignoring the important wave and particle interaction. The fluid
simulation approach neglects the identity of individual particles and only the collective nature
of plasma particles is considered. Due to the nature of fluid treatment, fluid simulation
methods are most appropriate for scale lengths much larger than the ion gyro-radius ρci
and time scales larger than the inverse of the ion gyro-period Ω−1

ci (see Figure 5.1). In a
magnetized plasma, the fluid formulation is replaced by magnetohydrodynamic equations to
simulate the plasma as a single fluid.

• Particle-In-Cell (PIC) codes: the PIC simulation is an efficient approach for simulating
small time scales and small spatial scales with full kinetic effects. As shown in Figure 5.1, the

60
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Figure 5.1: Time and space scales for different plasma simulation methods.

time scales for PIC codes are typically on the order of electron plasma period, while the PIC
space scales are on the order of the Debye length λD. In this approach, the plasma behavior
is modeled by following the motion of a large number of charged particles interacting with
each other and with externally applied fields. Note that each particle has a set of attributes
such as mass, position, charge, and momentum. Equations included in the PIC simulation
are the discretized version of Maxwell’s equations, Newton’s second law of motion, and the
Lorentz force equation (see Appendix C).

• Hybrid codes: this simulation approach is appropriate for scales larger than ρci and Ω−1
ci

but shorter than the fluid scales (intermediate scales as shown in Figure 5.1), in which a
mixing of the particle-like and the fluid-like behavior occurs. In the hybrid codes, fluid and
particle treatments are applied to different components of a given plasma, i.e., electrons are
treated as a massless fluid, while the ions and neutrals are treated as simulation particles
with kinetic effects [Winske et al., 2003]. Hybrid codes allow the modeling of the ionospheric
plasma irregularities at ion scales (ion gyro-radius and ion inertial spatial scales) but they do
not solve processes at electron scales (electron gyro-radius and electron Debye length scales).

Of the three types of plasma simulations described above, the Particle-In-Cell (PIC) sim-
ulation is the suitable approach for studying the nonlinear evolution of decameter-scale
ionospheric irregularities observed by SuperDARN radars (which is the focus of this study).
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5.1.1 Basic Formulation of Plasma Simulation

The Vlasov equation describes the kinetic plasma evolution as follows:

∂fj
∂t

+ υ · ∇fj +
qj
mj

(E + υ ×B) · ∂fj
∂υ

= 0 (5.1)

where fj(x, υ) is the velocity distribution of the jth plasma species, qj is the species charge,
and mj is the species mass. The electric field E and the magnetic field B are obtained
using Maxwell’s equations, which contain the sources terms from the moments of all plasma
species.

The Maxwell’s equations in term of the velocity distribution can be expressed as:

∇× E = −∂B
∂t

(5.2)

∇×B = µ

(
n∑

j=1

qj

∫
fjdυ + ϵ

∂E

∂t

)
(5.3)

ϵ∇ · E =
n∑

j=1

qj

∫
fjdυ (5.4)

∇ ·B = 0 (5.5)

where ϵ is the medium permittivity and µ is the medium permeability. If all charged particles
in a plasma are free, then ϵ ≃ ϵ0 and µ = µ0, where the subscript 0 denotes the quantity in
vacuum. The Vlasov equation along with Maxwell’s equations make up a complete descrip-
tion for the kinetic behavior of the plasma evolution. This set of equations could be further
simplified by electrostatic field approximation (no magnetic variations with time) depending
on different applications. The Particle-In-Cell (PIC) method is a kinetic treatment adopted
to solve these equations.

5.1.2 Electrostatic Field Approximation

The ionosphere is a low-β plasma (β << 1), where β is the ratio of plasma pressure to
magnetic pressure. The ionospheric magnetic field is sufficiently large such that the magnetic
field variations can be neglected at all frequencies (∂B/∂t = 0). Based on the Faraday’s law
(∇ × E = 0), the electric field can be written as E = −∇Φ, where Φ is the electrostatic
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potential. Using this result and substituting into the Gauss’s law (equation 5.4), the Poisson’s
equation can be written as:

ϵ0∇2Φ = −
n∑

j=1

qjnj (5.6)

Since small charge differences in the ionosphere can cause large electric fields, the ionospheric
plasma should exhibit charge neutrality ∂ρ/∂t ≈ 0, where ρ is the charge density and J is
the current density. This implies that ∇ · J = 0 and that the number of electrons per unit
volume should be equal to the number of positive ions of all types. Also, the conduction
current is much larger than the vacuum displacement current (ϵ0∂E/∂t) for all frequencies
of interest. Therefore, the displacement current in the Ampère’s law (equation 5.3) can be
neglected. Now, the Maxwell’s equations for the electrostatic treatment can be written as:

E = −∇Φ (5.7)

∇×B = µ

n∑
j=1

qj

∫
fjdυ = µJ (5.8)

ϵ∇ · E =
n∑

j=1

qj

∫
fjdυ = ρ (5.9)

∇ ·B = 0 (5.10)

These equations along with Vlasov equation form the basis for the electrostatic treatment
of the ionospheric plasma. Note that a pure electrostatic model is computationally more
feasible than a fully electromagnetic model and consequently provides more resolution of the
electrostatic parametric processes that produce ionospheric plasma instabilities. In essence
of the above, the electrostatic approximation is used in this study to model the mid-latitude
ionospheric TGI.

5.2 Plasma Simulation Model

The application of particle simulation to the study of nonlinear evolution of drift waves has
a relatively long history [Lee and Okuda, 1978]. The conventional particle models based
on the guiding center electrons and gyrating (Vlasov) ion processes [Lee and Okuda, 1978]
are not practical for studying low-frequency drift waves. The reason is that high-frequency
space-charge waves increase the noise level in the simulation plasma, which can lead to the
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suppression of irregularity growth of the low-frequency drift waves. Also, when the saturation
amplitude of the instability is lower than the noise level, the nonlinear physics can also be
lost [Lee, 1987]. The conventional models [Lee and Okuda, 1978], limited by large noise level
as well as by small time steps and small grid sizes, are not suitable for simulating the TGI
nonlinear evolution relevant to SuperDARN observations.

The development of the gyro-kinetic particle simulation method [Lee, 1987] was motivated
to be able to investigate the nonlinear kinetic effects (for example, the electron behavior in
drift waves). The gyro-kinetic model provides a way to separate the spatial scales for the
background inhomogeneity from those associated with the perturbations [Lee, 1987]. In doing
this, the density and temperature gradients become input parameters for the simulation.
This allows the study of steady-state drift wave turbulence problems through the elimination
of time and spatial scales associated with global transport from the simulation [Lee, 1983].
This reflects the realistic experimental situation for SuperDARN observations, where the
density and temperature gradients, which drive the TGI, tend to persist as a quasi-static
profiles caused by the continuous replenishment of the plasma. The turbulence considered
is driven by diamagnetic drifts (from both temperature and density gradients) to simulate
replenishing gradients. This model is also appropriate for shallow density gradients 1

n
dn
dx
>> λ

(suitable for SuperDARN decameter-scale observations).

5.2.1 Gyro-Kinetic Simulation Model

In order to investigate the nonlinear evolution of the Temperature Gradient Instability (TGI)
in the mid-latitude ionosphere, the gyro-kinetic simulation model, which contains the non-
linearities relevant to F-region irregularities, is employed. The gyro-averaged Vlasov-Poisson
system of equations are solved using particle simulation methods, in which the particle gy-
ration is removed from the equations of motion [Lee, 1983; Dubin et al., 1983]. This model
allows the use of time steps longer than the gyro-period Ω−1

ci (and the plasma period ω−1
pe )

and grid sizes longer than the Debye length (λD) [Lee, 1987]. Therefore, the computational
efficiency for the gyro-kinetic approach is much improved in the time step and grid size re-
quirements compared with conventional simulations [Lee and Okuda, 1978]. The low noise
level of this model provides the possibility of simulating a much larger volume of plasma for
the same number of particles [Krommes et al., 1986].

The simulation geometry used in the investigation of the TGI gyro-kinetic approach is shown
in Figure 5.2. The magnetic field is assumed to be nearly parallel to the z-direction and
lies in the x-z plane described by angle θB as shown. The positive y-axis is the direction of
the density gradient, while the negative y-axis is the direction of the temperature gradient.
The drift waves propagate primarily in the x-direction because computations show that the
maximum TGI growth rate is obtained where the wave vector of resistive drift waves is
almost perpendicular to the magnetic field.

As noted previously in Chapter 4, Eltrass et al. [2014a, b] identified the presence of
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Figure 5.2: The gyro-kinetic TGI simulation geometry relative to the magnetic field, the
temperature and density gradients, and the wave vector of resistive drift waves. The tem-
perature and density gradients are assumed to be opposite and perpendicular to the magnetic
field.

decameter-scale irregularities in the mid-latitude ionosphere throughout the experiment of
Greenwald et al. [2006]. They also concluded that a cascade process may occur from km-
scale irregularity structures down to the observed decameter-scale irregularities. Therefore,
the TGI kinetic dispersion relation is used here to calculate the growth rate and wave fre-
quency for the km-scale to investigate the conclusions of Eltrass et al. [2014a, b] that the
turbulent cascade process of TGI may contribute to the mid-latitude irregularities. This is
critical for guiding and validating the simulation results. In order to consider the linear TGI
mode with km-scale, the scale lengths are chosen to be somewhat larger (LT = −1400 km
and Ln = 500 km), however, these values are still within the range of experimental obser-
vations at altitude 300 km as shown in Table 4.1 [Eltrass et al., 2014a; de Larquier et al.,
2014]. Figure 5.3 shows the wave frequency and the growth rate relevant to SuperDARN
observations at altitude 300 km using the parameters listed in Table 3.1.

The nonlinear gyro-kinetic equations, used in the present simulation scheme, have been
derived earlier [e.g., Rutherford and Frieman, 1968] through the use of the well-known gyro-
kinetic ordering. This ordering assumes that ω/Ωj, ρj/L, k∥/k⊥, and qΦ/T are of order of
ϵ << 1, where j = e or i is the particle species index, ω is the wave frequency, L is the
equilibrium scale length, Φ is the electrostatic potential, qΦ/T is the electrostatic potential
normalized to average plasma temperature, and ϵ is a smallness parameter. The electrostatic
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Figure 5.3: The TGI (a) wave frequency and (b) growth rate of the kinetic dispersion relation
(equation 3.5) at altitude 300 km. The parameters used for calculations are listed in Table
3.1.

gyro-kinetic (i.e., gyro-averaged) Vlasov equation for a plasma in a uniform magnetic field
can be written in the particle variable space as [Lee, 1983; Dubin et al., 1983]:

∂F̃

∂t
+ υ∥ ·

∂F̃

∂x
− q

m

1

Ω

∂ψ̃

∂x
× b̂ · ∂F̃

∂x
− q

m

∂ψ̃

∂x
· b̂ ∂F̃
∂υ∥

= 0 (5.11)

where b̂ is the external magnetic field unit vector. This gyro-kinetic equation is a drift-kinetic
equation which describes the time evolution of a gyro-phased averaged distribution function
F̃ in (x, υ∥) phase space due to a gyro-phased averaged potential ψ̃. F̃ represents only a part
of the total plasma response in the present formulation, however, the frequency independent
part of the response is accounted for by the modified Poisson’s equation.

The gyro-kinetic potential equation in the particle variable space can be expressed as [e.g.,
Lee, 1987]:

∇2Φ− τ

(
Φ− Φ̃

)
λ2D

+

(
ρs
λD

)2

∇⊥ ·
[
(ni − n0)

n0

∇⊥Φ

]
=

−e(n̄i − ne)

ϵ0
(5.12)

where
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Figure 5.4: The geometric relationship of the gyro-kinetic method relative to the guiding
center position (R⃗), the actual particle position (x⃗), and the gyro-radius (ρ⃗).

Φ̃(R⃗) =
∑
k⃗

Φ(k⃗)J0(υ⊥k⊥/Ω) exp(i⃗k · R⃗) (5.13)

ψ(R⃗) = Φ̄(R⃗)− q

2T

(υt
Ω

)2
|∂Φ(R)
∂R⊥

|2 (5.14)

Here, the guiding center position (R⃗) is related to the actual particle position (x⃗) through

x⃗ = R⃗ + ρ⃗, where ρ⃗ = b̂ × υ⊥/Ω is the gyro-radius [Tajima, 1989]. This is illustrated in

Figure 5.4. ψ(R⃗) is the potential at the particle guiding center used in the particle equations
of motion (which will be stated shortly), τ = Te/Ti, ρs =

√
τρci, ρci = υti/Ωci is the ion

gyro-radius, n0 is the constant background ion density, ne is the electron density, ni is the
ion density, and n̄i is the gyro-averaged ion density. As shown in Figure 5.5a, the gyro-
averaged density of a single guiding center ion particle is calculated by treating the ion as a
ring of charge distributed at 4 points on this ring. The gyro-kinetic theory implies that the
charge rings should be sampled at 4 spatial points for most applications to be numerically
accurate [Lee, 1987; Tajima, 1989]. The potential (or electric field) at the guiding center
is calculated from averaging 4 points on the gyro-orbit as shown in Figure 5.5b, where
⟨E⟩θ = (E1 + E2 + E3 + E4)/ 4. The gyrophase-averaging procedure removes the fast gyro-
motion effects, and thus eliminates the unwanted high-frequency waves, while the important
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Figure 5.5: Illustration of the gyro-averaging process, where ions are treated as charge rings
and sampled at 4 spatial points [Lee, 1987]. (a) The gyro-averaged density of a single ion
particle is constructed by collecting charge density on the grid points associated with the 4
shaded cells. (b) The electric field at guiding center is calculated from averaging at 4 points
on the gyro-orbit.

finite Larmor radius effects are retained. The gyro-phase-averaging procedure is described in
detail in Lee [1983]. The potential equation (5.12) is solved using Pseudo-spectral methods
(see Appendix C).

For the jth particle, the equations of motion based on the gyro-kinetic Vlasov relation are
given by:

dR⃗j

dt
= υ∥j b̂−

q

mΩ

(
∂ψ

∂R⃗
× b̂+ K⃗ × b̂ψ

) ∣∣∣
Rj ,µj

(5.15)

and

dυ∥
dt

= − q

m

∂ψ

∂R⃗
· b̂
∣∣∣
Rj ,µj

(5.16)

where

K⃗ ∼=
[
κn −

(
1.5− υ2

2υ2t

)
κT

]
and υ =

√
υ2∥ + υ2⊥
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Figure 5.6: The velocity vector scattering geometry. Two random angles Ψ and ϕ are
calculated to appropriately perform the change in the velocity vector due to collisions.

υ is the total particle velocity, υ∥ is the particle velocity parallel to the magnetic field unit vec-

tor b̂, υ⊥ is the particle velocity perpendicular to b̂ (E×B diamagnetic drift), and µ = υ2⊥/2.
The gyro-kinetic particle pushing equations are virtually identical to those of the guiding
center model [Lee and Okuda, 1978] except for adding the density and temperature gradi-
ent terms which are constants. Electrons are treated with the drift kinetic approximation,
while ions are treated with gyro-kinetic approximation allowing for finite gyro-radius effects
through gyro-averaging.

In order to simulate collisional effects (total electron collisions) in the ionosphere, the scat-
tering angle at each time step in the velocity space is calculated for the jth drift-kinetic
electron then corrections to the velocity vector are applied. This is illustrated in Figure 5.6.
The probability of collision of the jth drift-kinetic electron in a time step ∆t is given by
[Birdsall, 1991]:

P = 1− exp(−νe∆t) (5.17)

where νe is the total electron collision frequency. The scattering angle ϕj at each time step
for the jth drift-kinetic electron is given by:

ϕj = [−2νe∆t ln(1− rj)]
1/2 (5.18)
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where ∆t is the time step for the simulation and rj is a random number between (0, 1). The
new velocities (υ̃∥, υ̃⊥) can then be evaluated from the old velocities (υ∥, υ⊥) by

υ̃∥j = υ∥j
[
1− (ϕj)

2
]1/2 − υ⊥j(ϕj) sinΨj (5.19)

υ̃⊥j =
(
υ2∥j + υ2⊥j − υ̃2∥j

)1/2
(5.20)

where Ψ is a random scattering angle between (0, 2π). The scattering angles are calculated
to describe the change in the velocity vector due to the collision which will typically conserve
the magnitude of velocity (momentum). This scheme is accurate and energy conserving for
each particle at each time step. The Monte Carlo Collision calculations used in the present
work were described in detail in Birdsall [1991].

5.3 Simulation Results

A two-dimensional electrostatic periodic computational model is used to investigate the non-
linear evolution of the TGI. The range of the instability time scales for which the model is
meaningful is of the order of several minutes, and, as a result, an electrostatic approxima-
tion is used. Also, the plasma is assumed to be quasi-neutral everywhere. The simulation
domain is chosen to contain the primary long wavelength (km) unstable drift modes while
still resolving the short wavelength (dkm) modes resulting from any subsequent cascading
processes. In this model, instead of the usual ωpedt ≈ 1 and △ ≈ λD for unmagnetized plas-
mas, the stability conditions now become

(
k∥/k⊥

)
(λD/ρci)ωpedt ≈ 1 and △ ≈ ρci, where

k∥/k⊥ << 1, and subscripts ∥ and ⊥ denote parallel and perpendicular to the external mag-
netic field, respectively. The dominant ion species at the altitude 300 km corresponding to
SuperDARN observations is O+, which implies the use of mi/me = 16× 1836.

The calculation is performed on a 256× 512 cell grid (x, y) which is periodic in the x- and
y-directions. The simulation parameters in units of grid size ∆ (equal for x and y) and ion
cyclotron frequency Ωci are Lx × Ly = 256∆ × 512∆ with cell sizes ∆x = ∆y = 2.67 m, N
(total number of simulation particles per species) = 49× 256× 512, ρci = ∆ = 1, Te/Ti = 1,
κnρci = 1 × 10−3, κTρci = 2 × 10−3, time step = Ωci∆t = 2.5, and the number of time
steps is 1400. The difference between the two species comes from the fact that the ions are
advanced in time with a gyro-phase-averaged potential, whereas the electrons are under the
influence of a bare potential. The instability is driven by an external source in the form of
a time-independent background inhomogeneity.

The simulation results include important diagnostics to provide the most important physics
of the TGI evolution. For each species j, the field energy WE, the average heat flux Qj, and
the local diffusion coefficient Dj are given by [e.g., Lee and Tang, 1988]:
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Figure 5.7: The normalized electrostatic field energy for three TGI simulations with varying
electron collision frequency.

WE =
∑
i,j

| Ei,j |2 (5.21)

Qj =
N∑
j=1

(
υ∥/υtj

)2
υEj

N
(5.22)

Dj =
1

κn

N∑
j=1

υEj

N
(5.23)

where Ei,j is the grid electric field, υEj
is the E × B drift (guiding center drift for each

particle), υ∥ is the parallel drift velocity, and N is the total number of particles in the
simulation. Note that the y-component of υEj

is used for calculating equations (5.22) and
(5.23).

As shown in Figure 5.7, the TGI instability exhibits two distinct stages of development,
i.e., the linear growth stage that fits the predictions of linear theory in Chapter 3 and the
nonlinear oscillations associated with saturation. Three TGI simulations with the gyro-
kinetic model, which have normalized electron collision frequency of νe/Ωce = 0.0, 3.4 ×
10−5, and 9.1 × 10−5, were performed. Figure 5.7 shows the normalized field energy for
the three cases. With the introduction of collisions, the TGI instability grows faster and
the saturation amplitude scales by a factor of ∼ √

νe without exceeding an upper bound
qΦ/kBTe ≈ (ω/Ωci)/(k⊥ρci)

2. This result has consistencies with previous work focused on
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Figure 5.8: The normalized (a) electron heat flux and (b) electron diffusion coefficient for
different electron collision frequencies.

weakly collisional drift waves [e.g., Federici et al., 1987; Lee and Tang, 1988; Dimits and Lee,
1991]. It can be noted that the time scales for growth and nonlinear development are longer
for the collisionless case than for the two collisional runs. From the slope of the linear growth
of the field energy, the growth rate for the third run, which corresponds to unscaled νe = 800
Hz of ionospheric altitude 300 km, can be calculated (γ/Ωci ≈ 3× 10−4) and compared with
the linear theory calculations (γ/Ωci ≈ 1.5×10−4). The linear growth rates of the three runs
are in reasonable agreement with the maximum growth rates for their respective values of
νe using the linear theory.

The use of multiple spatial scale expansion in the simulation allows the determination of
anomalous particle transport caused by TGI instabilities. Figures 5.8a and 5.8b show the
normalized electron heat flux and diffusion coefficient, respectively. The heat flux and dif-
fusion coefficient maximize near the time of the saturation of the field energy. They are
driven by the E × B diffusion of resonant electrons and enhanced with increasing the elec-
tron collisions. An approximate expression for the diffusion coefficient [e.g., Dimits and Lee,
1991] is D ≈ γ/k2⊥, where γ is the maximum linear growth rate, and k⊥ is the perpendicular
wave number of the maximum growth rate. This expression can be shown to be in good
agreement with the simulation results. For example, Figure 5.8b gives De/ρ

2
ciΩci ≈ 5× 10−2
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Figure 5.9: Two-dimensional snapshots at t = 100/Ωci of (a) normalized electron density
and (b) electric potential wave number spectrum in the linear growth stage. In (a), the
TGI waves propagate in the x-direction. In (b), the wave number spectrum shows the TGI
km-scale irregularities.

for νe/Ωce = 9.1× 10−5, whereas the approximate formula gives De/ρ
2
ciΩci ≈ 6× 10−2. Since

periodic boundary conditions are imposed for the waves, the diffusion coefficient is ambipolar
(Di ≈ De) in the simulation [Lee and Tang, 1988]. The particle diffusion is shown in Figure
5.2 to be along the density gradient direction and opposite to the temperature gradient.

Focusing on the third run νe/Ωce = 9.1 × 10−5, which is most applicable for SuperDARN
observations at altitude 300 km, periodic snapshots of the electron density and the wave
number spectrum were investigated to consider the density irregularities in detail. The
normalized electron density snapshot during the linear growth stage shown in Figure 5.9a
illustrates the formation of the TGI wave fronts. The TGI waves propagate in the x-direction
with phase velocity vph ≡ ω/kx. The phase velocity of these waves (∼ 3× 10−2 m/s) lies in
the range predicted by linear theory which is the diamagnetic drift velocity. As discussed
in Eltrass et al. [2014a], the diamagnetic drift velocity is typically too small relative to
the E ×B drift for SuperDARN radar measurement. The wave number spectrum snapshot
shown in Figure 5.9b illustrates the km-scale TGI irregularities in the linear growth stage.
The initial simulation mode growth corresponds to k⊥ρci ≈ 0.06 in Figure 5.9b which is to
be compared to k⊥ρci ≈ 0.08 from linear theory which is in reasonable agreement.

In the saturation stage, the formation of nonlinearly enhanced density regions is shown in
Figure 5.10a. These nonlinearly generated fluctuations are responsible for the saturation of
the instability. The TGI saturation is associated with the emergence of radially extended
streamers with propagation velocity of vpr ≃ 0.1vph, where vph is the phase velocity in the x-
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Figure 5.10: Two-dimensional snapshots at t = 1200/Ωci of (a) normalized electron density
and (b) electric potential wave number spectrum in the saturation stage. In (a), the nonlin-
early enhanced density regions shown in the inset box are of decameter-scale (9-15 m). In
(b), the wave number spectrum shows the TGI decameter-scale irregularities.

Table 5.1: Comparison of spectral indices for averaged power spectra of potential and density
in Temperature Gradient Instability (TGI).

Parameter νe/Ωce = 0.0 νe/Ωce = 3.4× 10−5 νe/Ωce = 9.1× 10−5

δN , P (kx) 2.1± 0.3 2.2± 0.3 2.3± 0.2
δΦ, P (kx) 4.8± 0.3 5.0± 0.3 5.2± 0.3

direction and vpr is the radial velocity in the y-direction. The radial advection of enhanced
density regions is generated due to the effect of spatial coherent potential fields and the
electron diffusion. The saturation mechanism for TGI can be viewed as the E ×B trapping
of resonant electrons shown in the inset box of Figure 5.10a [e.g., Federici et al., 1987; Dimits
and Lee, 1991]. The wave number spectrum snapshot presented in Figure 5.10b shows the
TGI decameter-scale structures in the saturation. Comparing Figures 5.9b and 5.10b, a wave
cascading process has occurred from km-scale primary TGI irregularity structures down to
decameter-scale irregularities.

The wave number power spectra P (kx) of the density and potential fluctuations associated
with the evolution of the TGI instability have also been calculated. The density δN and
potential δΦ spectra can be represented by power-laws k−n, where n is the spectral index.
As shown in Figure 5.11, the 1-D potential wave number spectrum for νe/Ωce = 9.1× 10−5

illustrates the time evolution for the TGI irregularities from km-scale (linear growth stage) to
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Figure 5.11: The time evolution of the 1-D potential wave number spectrum, where P (kx)
is the spatial power spectra averaged over the x-directions in arbitrary units. The spectral
index of k−5.2 is calculated from the linear slope of potential wave spectrum.

decameter-scale (saturation stage). For the potential wave spectrum, we find P (kx) ∝ k−nx
x ,

nx = 5.2 ± 0.3, while for the density fluctuations, we find P (kx) ∝ k−nx
x , nx = 2.3 ± 0.2.

The power spectra for the other two cases, i.e., νe/Ωce = 0.0 and 3.4 × 10−5, are displayed
in Table 5.1. In general, the spectral indices for the density and potential are slightly
steeper for the more collisional case (νe/Ωce = 9.1 × 10−5) than for the other two cases.
These computed spectral indices of TGI are comparable with other known instabilities,
which cause irregularities in the F-region ionosphere, such as the Gradient Drift Instability
(GDI) [Keskinen and Huba, 1990] and Kelvin-Helmholtz instability [Keskinen et al., 1988].
The power spectra calculations suggest that the TGI wave cascading may contribute to the
observed SuperDARN irregularities at mid-latitudes [ Greenwald et al., 2006; de Larquier et
al., 2014; Eltrass et al., 2014a, b].
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5.4 Discussion

The present work has demonstrated the usefulness of gyro-kinetic particle simulation as a
computational tool for studying the TGI decameter-scale irregularities in the F-region iono-
sphere, where the plasma is collisional and drift instabilities are thought to be active. The
gyro-kinetic model used in this study contains the nonlinearities corresponding to F-region
irregularities. The model equations can be solved in their entirety via particle simulation
without making prior judgments concerning the relative importance of each of the nonlin-
ear terms. This is the first attempt to study the nonlinear evolution of the TGI in the
mid-latitude ionosphere, which provides meaningful correlations between the experimental
observations of Chapter 4 and the theoretical results of Chapter 3.

The simulation results show that the TGI saturation amplitude is greatly enhanced by
collisions and appears to be rapidly approaching an upper bound as a function of ∼ √

νe.
The saturation occurs due to the coherent radial advection of regions of nonlinearly enhanced
density. This particle bunching, due to E×B trapping, is the cause of the electron-drift-wave-
induced diffusion. The resonant particles play an important role in the TGI growth, as they
interact with the TGI wave and contribute to the instability. However, as the amplitude of
the wave increases, the resonant particles start to move relative to the wave in nearly circular
trajectories, causing the electrons to be E × B trapped [Federici et al., 1987]. The E × B
trapping of resonant electrons leads the wave-particle resonance process to be inhibited and
saturation occurs. Also, this E × B trapping inhibits further growth of the wave for the
collisionless case. Nevertheless, a stronger E×B trapping is required for the collisional case
to overcome the destabilizing effects of the collisions [e.g., Dimits and Lee, 1991]. This is
why the saturation amplitude is increased with collisions as shown in Figure 5.7. Also, the
electron collisions play the same role in enhancing the heat flux and the diffusion coefficient,
as they make more electrons lie in the nonlinearly broadened resonance.

The SuperDARN radar observations are in the decameter-scale regime which is of the order
of the ion gyro-radius (ρci ≈ 3 m). The development of the gyro-kinetic approach, which
extends into the kinetic regime, allows the investigation of the TGI as the cause for these
radar irregularities. The simulation results show that the scale size of the nonlinear electron
density clumps (globs) during the TGI saturation stage are on the order of ∼ 3−5ρci, which
corresponds to 9-15 meters. This suggests that the particle bunching shown in the inset
box of Figure 5.10a may be responsible for the decameter-scale irregularities observed by
the SuperDARN radars. This result reveals that these irregularities may occur due to the
coherent advection of regions of nonlinearly enhanced electron density. This implies that
the TGI irregularities may be of km-scale (or longer) in the linear growth (long wavelength)
and a cascade process occurs from km-scale irregularity structures down to the observed
decameter-scale irregularities as would be observed by the SuperDARN radars.

The mid-latitude decameter-scale ionospheric irregularities due to TGI are generally observed
on the nightside. The absence of these irregularities during the day may occur due to the high
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E-region conductivity, which shorts out any electrostatic fields generated by the TGI in the
F-region [e.g., Vickrey and Kelley, 1982]. The role of the E-region in shorting out F-region
electrostatic fields during the day raises the importance of knowing the wavelength of these
irregularities. The irregularities with scale sizes smaller than 1 km are greatly attenuated
when mapped from the F- to the E-region [e.g., Farley, 1959; Kelley, 2009]. This implies
that for the E-region to be responsible for shorting out the F-region TGI electric fields before
and around sunset, the irregularities should be in the km-scale. This result agrees with the
simulation calculations, which suggest that a turbulent cascade process occurs from km-scale
primary TGI irregularity structures down to the decameter-scale irregularities.

The spatial power spectra of the electrostatic potential and density fluctuations associated
with the TGI are computed and found to be P (kx) ∝ k−5.2±0.3

x and P (kx) ∝ k−2.3±0.2
x , re-

spectively. The spectra calculations of TGI lie in the same range of the previous numerical
simulations of GDI [e.g., Keskinen, 1984; Keskinen and Huba, 1990; Guzdar et al., 1998],
showing that the spectral indices of TGI and GDI density irregularities are of the order 2.
An interpretation of the spectral analysis is that TGI and GDI irregularities are initially gen-
erated at kilometer-scale, become unstable and dissipate their energy by generating smaller
sized (decameter-scale) irregularities, known as turbulent cascade processes. Note that the
growth times for the disturbed mid-latitude irregularities are on the order of several min-
utes [e.g., Mishin and Blaunstein, 2008; Keskinen et al., 2004], which is consistent with the
TGI and GDI simulation results. This suggests that ionospheric density, electric field, and
electron temperature irregularities can be driven in the mid-latitude ionosphere from the
TGI in association with the GDI. The experimental observations along with simulation re-
sults suggest that turbulent cascade processes of both TGI and GDI may be responsible for
the decameter-scale irregularities that occur under disturbed conditions of the mid-latitude
F-region ionosphere.



Chapter 6

Potential Impact of Mid-Latitude
Irregularities on GPS Signals

6.1 Introduction

This chapter provides an overview of the Global Navigation Satellite System (GNSS), the
ionospheric effects on GPS signals, and the radio wave propagation through ionospheric
irregularities relevant to this investigation. In this chapter, the potential impact of the
mid-latitude ionospheric irregularities on GPS signals is investigated utilizing modeling and
observations. The disturbed-time mid-latitude ionospheric irregularities presented in Chap-
ter 4 are sufficiently strong to cause amplitude and phase scintillations for GPS signals.
Also, the computational results in Chapter 5 suggest that these ionospheric irregularities are
of km-scale (or longer) and a cascade process occurs from km-scale irregularity structures
down to the observed decameter-scale irregularities. This raises the importance of analyzing
multiple GPS data sets at mid-latitudes to investigate the conclusions that turbulent cascade
processes of both TGI and GDI are responsible for the mid-latitude GPS scintillations. The
GPS measurements along with simulation results of Chapter 5 are investigated to obtain
the spectral characteristics of irregularities producing ionospheric scintillations. Both GPS
spectral measurements and simulation results are compared with previous in-situ satellite
measurements during disturbed periods at mid-latitudes.

6.1.1 Global Navigation Satellite System (GNSS)

Global Navigation Satellite System (GNSS) is a satellite navigation system with global cov-
erage. It includes constellations of Earth-orbiting satellites that broadcast their locations in
space and time. GNSS systems have revolutionized both the defense and consumer product
industries and their applications have become ubiquitous in today’s society. In the near
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Figure 6.1: The GPS satellite constellation. The shown red lines represent the line-of-sight
visible satellites for the ground GPS receiver.

future, more satellites and constellations, more broadcast frequencies, more advanced signal
structures, and better ability to take into account the impact of the earth’s upper atmosphere
will allow unprecedented accuracy and open the door to even more uses. Currently oper-
ational GNSS constellations include the United States’ Global Positioning System (GPS)
and the Russian Federation’s GLObal NAvigation Satellite System (GLONASS). Two other
global GNSS systems are expected to be fully operational by 2020 at the earliest: the Euro-
pean Union/European Space Agency satellite navigation system (Galileo) and China’s global
navigation satellite system (BeiDou/Compass). France, India, and Japan are in the process
of developing regional navigation systems. Once all these regional and global systems are
working the GNSS technology will provide a user with access to positioning, navigation and
timing signals from more than 100 satellites. The impact of the new capabilities will extend
from basic science to more practical engineering and technology including geophysical explo-
ration, airline and spacecraft tracking, surveying, precision agriculture, unmanned vehicles,
and research areas like ionospheric studies.

Global Positioning System (GPS) is a space-based satellite navigation system providing
particularly coded satellite signals that can be processed to calculate a fully three-dimensional
navigation solution by solving a series of four independent equations for the time offset in
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the receiver clock and their three position coordinates [Hofmann-Wellenhof et al., 2001].
The GPS constellation is composed of 24 to 32 medium Earth-orbit satellites in six different
orbital planes with an inclination of around 55◦ [e.g., Hofmann-Wellenhof et al., 2001]. The
spacecraft orbits are located 26,600 km from the center of the Earth and designed to have at
least six satellites line-of-sight from almost everywhere on Earth’s surface (see Figure 6.1).
All satellites broadcast their ephemeris and timing information at the same two frequencies:
L1 (1575.42 MHz) and L2 (1227.6 MHz). Satellite signals are encoded using Code Division
Multiple Access (CDMA) spread-spectrum technique, allowing messages from individual
satellites to be distinguished from each other based on a high-rate Pseudo-Random Noise
(PRN) code unique to each satellite. The L1 carrier is modulated by both the coarse-
acquisition (C/A) code and the encrypted precise (P(Y)) code, while the L2 carrier is only
modulated by the P(Y) code [Hofmann-Wellenhof et al., 2001]. Most civilian receivers only
use the L1 C/A code signal which gives accuracies of 5-15 m. Military receivers use the P(Y)
code on both L1 and L2, yielding accuracies of 3-5 m. The GPS dual frequency receivers (L1
and L2) provide the ability to measure the dispersive properties of the refractive ionosphere
that can be used to remove ionospheric errors and to feed assimilative ionospheric models
[e.g., Hajj et al., 2004; Coster et al., 2005]. Due to the huge applications of GPS technology,
a modernization process is underway satellites to provide more benefits for both military
and civilian users.

6.1.2 Ionospheric Effects on GPS Signals

The ionosphere represents one of the largest source of positioning error for the GPS appli-
cations. The electron density dependent refractive index of the ionosphere produces range
errors and range rate errors for GPS signals. This results from the change in optical path
length caused by the Total Electron Content (TEC) of the intervening ionosphere [Klobuchar,
1996]. The TEC is defined as the total number of free electrons in a rectangular solid with
a one-square-meter cross section along a path between the receiver and the satellite. Figure
6.2 illustrates the propagation delays introduced on GPS signals by the ionospheric TEC.
Note that the product of the phase velocity and the group velocity of GPS signals is equal
to the square of speed of light, i.e., υgυp = c2. So, the higher TEC slows down the group
velocity and speeds up the phase velocity to keep their product a constant. A faster phase
velocity produces unexpected phase shifts that challenge the tracking loops in GPS receivers’
phase lock loops, while a slower group velocity causes ranging errors. For an undisturbed
ionosphere, these are the only effects that impact the performance of GPS signals. However,
the GPS signals can be perturbed by electron density fluctuations in the ionosphere that
may cause fluctuations in the received signal characteristics, known as scintillations [Crane,
1977; Gwal et al., 2004].

Ionospheric scintillation is characterized by rapid variations in the amplitude and phase of
the radio signals due to variations in the local index of refraction along the propagation path.
The ionospheric irregularities producing GPS scintillations are predominantly at altitudes
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Figure 6.2: Diagram showing the ionospheric refraction process that introduces propagation
delays on GPS signals.

extending from 200 to 1000 km in the F-region ionosphere, with the primary disturbance
region being typically between 250 and 400 km. As GPS radio waves propagate though
electron density irregularities, they experience different values of TEC. Consequently, when
the radio waves emerge from an irregularity layer, they interfere constructively and destruc-
tively according to their relative phases. As a result, when the radio signals reach the
GPS receiver, they suffer from amplitude fading up to 30 dB and phase variations resulted
from the same diffractive process that drives amplitude scintillation. The physical concept
of ionospheric scintillation is depicted in Figure 6.3. The intense radio wave scintillations
present additional stresses to the GPS receiver tracking loop and can induce cycle slips or
even cause GPS receivers to stop tracking the signals from GPS satellites which is known as
loss of lock. This phenomenon represents a major problem for navigational applications as it
may increase navigation errors or cause navigation failure. Also, the presence of ionospheric
scintillation leads to the degradation of the positioning accuracy of GPS and can reduce
the signal quality or even cause failure of the signal reception. Fortunately, several studies
of space weather forecasting, using the characterization of plasma instabilities, provide the
picture of the ionospheric climate to avoid the degradation of the GPS performance. On the
other hand, the effect of scintillations on the received GPS radio signals may be utilized to
investigate the structure of electron density fluctuations in the ionosphere.

The ionospheric radio wave scintillations in low- and high-latitude regions depend on the
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Figure 6.3: Diagram showing the radio wave propagation through a disturbed ionosphere.
The ionospheric irregularities introduce phase shifts that become amplitude fluctuations as
the wave propagates below the ionosphere.

geomagnetic conditions, the seasonal variations, and the time of the day [Aarons, 1982].
Previous studies showed that the scintillations are frequently observed near the geomagnetic
magnetic equator, including the Appleton anomalies, and within the auroral oval and polar
cap [Aarons, 1982; Basu et al., 1988]. Several workers investigated the effect of geomagnetic
variations on the occurrence of scintillations at equatorial and low-latitude regions [e.g.,
Aarons et al., 1980; Rastogi et al., 1981, 1990; Das Gupta et al., 1985; Pathan et al., 1991].
During solar maximum years, the strongest L-band scintillation with signal power fades
exceeding 20 dB occurs in the equatorial anomaly regions, where ionospheric storms typically
form after sunset and last for several hours [Aarons, 1982; Basu et al., 1988]. The scintillation
amplitudes at low-latitude regions rely on the growth of irregularities over the magnetic
equator. After sunset when the eastward electric field is enhanced, an electromagnetic form
of the Rayleigh-Taylor instability mechanism forms the equatorial F-region irregularities
[e.g., Dungey, 1956; Basu et al., 1978; Tsunoda, 1981; Kelley, 1989]. The growth of Rayleigh-
Taylor instability causes plume-like structure in electron density distribution, which produces
intense amplitude and phase scintillations from VHF to UHF. The formation and dynamics
of these ionospheric bubbles and plumes are described in detail in the work of Basu et al.
[1983]. During magnetic storms, the high-latitude ionospheric irregularities are formed due
to the sweeping of ionospheric blobs from the dayside over the polar cap onto the nightside.
These irregularities produce short-lived scintillations for GPS users at high-latitudes [Basu
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et al., 2002]. Smith et al. [2008] showed that individual auroral arcs can cause diffractive
fading of GPS signals due to the E-region precipitation. Coster et al. [2005] investigated
the GPS scintillations in the auroral and polar cap regions by the aid of GPS Total Electron
Content (TEC) mapping. Several studies showed the predominance of phase scintillations at
high-latitudes than amplitude scintillations [e.g., Mitchell et al., 2005; Kinrade et al., 2012].

The equatorial and high-latitude ionospheric irregularities have been studied in detail for
many decades to investigate their influence on GPS signals. On the other hand, the mid-
latitude ionospheric scintillation is still largely unexplored due to lack of models and obser-
vations that can explain the characteristics of mid-latitude scintillations. In the context of
this chapter, we restrict our interest to the potential impact of mid-latitude irregularities
on GPS scintillations. The radar observations in Chapter 4 in conjunction with simulation
results in Chapter 5 suggest that turbulent cascade processes of both TGI and GDI may be
responsible for the disturbed-time irregularities that cause GPS scintillations. This needs
to be verified by analyzing GPS data sets at mid-latitudes to monitor the amplitude and
phase scintillations and to obtain the spectral characteristics of irregularities producing GPS
scintillations.

6.2 Wave Propagation through Ionospheric Irregular-

ities

Several previous studies provided thorough information regarding the wave propagation
through an irregularity layer [e.g., Tatarskii, 1971; Yeh and Liu, 1982]. We will outline
the concept of the one-dimensional weak scattering of radio waves by ionospheric irregular-
ities. Assuming that the irregularities have scale sizes much larger than the incident radio
wave’s wavelength and that the variations in permittivity along the ray path are small, the
scalar Helmholtz wave equation can be used to model the radio wave propagation through
an irregular scattering medium [e.g., Yeh and Liu, 1982]. The Helmholtz wave equation is
given by:

∇2A+ k2
[
1 + ϵ1(´⃗r)

]
A = 0 (6.1)

where A is the electric field amplitude, k is the wave number of the incident radio signal,
ϵ1 is the deviation from free space permittivity, r is the distance from the irregularities to
the receiver, and ´⃗r is the location of the irregularities. Assuming the incident signal is a
plane wave, and the irregularities have wavelengths much larger than the Fresnel radius
(rF =

√
2λr), the solution for the Helmholtz wave equation is [Beach, 1998]:
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Figure 6.4: Coordinate system illustrating the radio wave propagation through a random
scattering medium (the ionosphere) [After Kintner et al., 2007].

A(r) = −exp[ik(r +R)]

4π(r +R)

[
1 +

ik

2

∫ L/2

−L/2

ϵ1(0, 0, ź)dź

]
(6.2)

where R is the distance from the satellite to the irregularities, the ź-direction is along the
ray path, and L is the thickness of the irregularity layer. This is illustrated in Figure 6.4.

The solution of Helmholtz wave equation models the primary effect on wave propagation
through Fresnel-scale electron density irregularities as a function of the integral of permit-
tivity fluctuations along the ray path. Note that this solution is a function of the wave
number, thus a function of the wave frequency, implying that ionospheric scintillations of
L1 and L2 GPS signals from the same satellite will be affected differently by the ionospheric
irregularities. This also suggests compressing the irregularities into a thin layer, which is
known as a phase screen approximation [e.g., Booker et al., 1950; Buckley, 1975; Yeh and
Liu, 1982; Pidwerbetsky and Lovelace, 1989]. The phase screen model defines an infinitely
thin layer that introduces only random phase fluctuations on the incident signal proportional
to the electron content in that layer, whereas the amplitude remains unperturbed [Yeh and
Liu, 1982]. As the wave passes though the screen, the induced phase perturbations evolve,
causing amplitude and phase scintillations. This model assumes that the phase screen or the
irregularity is characterized by a power-law electron density spectrum [e.g., Rino, 1979a, b],
which will be described shortly.
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The intensity of the observed scintillation is typically quantified by a metric called the
amplitude scintillation index S4. The S4 index is defined as the ratio of the standard deviation
of the received signal power to the average signal power computed over a period of time
[Briggs and Parkin, 1963]:

S4 =

√
⟨I2⟩ − ⟨I⟩2

⟨I⟩2
(6.3)

where I is the signal intensity (amplitude squared), and the angular brackets represent en-
semble time averaging, commonly taken over a 60 second interval. The averaging time period
could be arbitrarily larger or smaller than 60 second, however, it must be long compared
to the Fresnel length (rF ) divided by the irregularity drift speed [e.g., Kintner et al., 2007].
The S4 index may be interpreted as the fractional fluctuation of the signal (i.e., S4 = 0.0
indicates no scintillation, whereas S4 = 1.0 indicates saturation).

Phase scintillations are primarily produced by ionospheric density fluctuations at small wave
numbers near the first Fresnel radius (rF/

√
2 ). The former quantity (small wave numbers)

is produced by the TEC changes along the wave path, while the latter quantity (near the
first Fresnel radius) is caused by the interference between different phases exiting the thin
diffractive layer [ Kintner et al., 2007]. The phase deviation of the GPS signal produced
during transit of the ionosphere is given by:

ϕ =
40.3

cf
TEC (6.4)

where ϕ is the signal phase deviation, TEC =
∫
nedρ is the total electron content, f is the

signal frequency, and c is the speed of light.

Phase scintillation monitoring is usually measured by means of the standard deviation of ϕ
in radians, known as the sigma-phi (σϕ) index. The σϕ index is sensitive to how the phase
measurements are detrended, which may admit receiver clock noise or GPS satellite motion
[e.g., Forte and Radicella, 2002; Forte, 2005; Beach, 2006]. The detrended phase data are
used to estimate important spectral parameters such as the strength of the phase Power
Spectral Density (PSD) and the associated spectral index [e.g., Rino, 1979a, b; Rufenach,
1972].

6.3 GPS Scintillations at Mid-Latitudes

The mid-latitude ionospheric region is assumed to be a less active scintillation environment
and is considered to be absent of L-band GPS scintillations. This general claim results from
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the lack of observational resources that explain the characteristics of mid-latitude scintil-
lations in addition to the absence of necessary mechanisms commonly required to produce
irregularities. Recent studies reveal that the assumption of an inactive mid-latitude iono-
sphere is a poor claim and that ionospheric processes producing the mid-latitude scintillations
are less understood [e.g., Fukao et al., 1991; Kelley et al., 2000; Makela et al., 2000; Swartz
et al., 2000; Basu et al., 2001; Ledvina et al., 2002; Mishin et al., 2003; Kelley, 2009]. The
storm-time ionospheric irregularities at mid-latitudes are sufficiently strong to cause ampli-
tude and phase scintillations for GPS signals [e.g., Basu et al., 2001, 2008; Ledvina et al.,
2002; Mishin et al., 2003]. Basu et al. [2001] and Ledvina et al. [2002] reported intense
mid-latitude UHF and L1-band scintillations within structured SAPS over the eastern con-
tinental United States. These previous studies raise the importance of re-examining the
notion of an inactive mid-latitude ionosphere and understanding the physical mechanisms
responsible for the irregularities that cause GPS scintillations.

6.3.1 Scintillation Measurements

Ionospheric scintillation measurements are recorded using Connected Autonomous Space
Environment Sensor (CASES) GPS receivers at Virginia Tech University (37.205◦ latitude,
−80.417◦ longitude, and 620.33 m altitude) during the period January-December 2014. The
CASES monitor is a dual frequency GPS L1 Legacy Civil Code (L1CA) and GPS L2 Civil
L Code (L2CL) software-defined receiver. It was developed by Cornell, UT Austin, and
Atmospheric Space Technology Research Associates (ASTRA). The CASES receivers utilize
a general purpose Digital Signal Processor (DSP) to perform all the data acquisition, track-
ing operations, and science and navigation operations. The low rate scintillation data are
recorded in the form of binary file that can be converted into ASCII text file called scint.log.
The high rate data are recoded typically at 100 Hz (100 samples per second). Data types
included in the high rate data are the in-phase accumulation (I), quadrature accumulation
(Q), and phase. These parameters are recorded in the form of ASCII text file named iq.log.
The CASES receiver provides the ability to obtain raw GPS data for accessing ionospheric
effects (e.g., TEC, individual channel carrier to noise power (C/N0), S4, and σϕ). The full
specifications and characteristics of CASES receiver are described in detail in Crowley et al.
[2011] and O’Hanlon et al. [2011]. Deshpande et al. [2012] developed a method for analyz-
ing the CASES high rate data at high-latitudes and compared the results with a Novatel
GSV4004 GPS receiver.

The recorded GPS data are analyzed to monitor the amplitude and phase scintillations
from January to December 2014. These analyzed data are used to investigate the nighttime
ionospheric scintillations at mid-latitudes under various sets of geomagnetic and seasonal
conditions. The amplitude scintillation index S4 is used to estimate the intensity of the
observed scintillation. The S4 index is normally detrended by separating scintillation from
thermal noise, multi-path, and other impacts [Van Dierendonck et al., 1993]. In this work,
we have taken the value of S4 index 0.2 as the threshold value of the ionospheric amplitude
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Figure 6.5: S4 measurements for four different GPS satellites in view during the night of
10-11 October 2014.

scintillation. During the night of 10-11 October 2014 (see Chapter 4 for radar observations),
S4 indices reached a peak value of approximately 0.35, indicating a scintillation activity.
Figure 6.5 shows the S4 index for four different satellites in view during this night, with
magnetic Kp ≤ 4. These four satellites were chosen because they exhibited the largest S4

indices. For some nights withKp = 5 or more, S4 indices reached values up to∼ 0.5, revealing
a strong scintillation activity. Such events can degrade or even disrupt communication and
navigation systems relying upon transionospheric radio wave propagation. We have also
studied the occurrence of nighttime phase scintillation during 2014. The phase measurements
are detrended by filtering low frequency effects below the cut-off frequency of 0.1 Hz to remove
the phase noise and receiver oscillator impacts [Van Dierendonck et al., 1993]. The detrended
carrier phase results for two satellites in view during the night of 20-21 October are plotted
in Figure 6.6, showing a phase scintillation activity. A frequent phase fluctuation together
with amplitude fading may result in the loss lock of the phase lock loop.

Similar measurements are also collected using a dual-frequency GPS Ionospheric Scintilla-
tion/TEC Monitor (GISTM) [Van Dierendonk et al., 1993]. This receiver is installed in
Millstone Hill Observatory, Westford, Massachusetts (42.6◦ N, 288.5◦ E). The GISTM moni-
tor is based on a dual frequency L1/L2 NovAtel GSV4004B model that can be used to provide
ionospheric TEC and scintillation data. The GSV4004B GPS receiver measures phase and
amplitude scintillations at 50 Hz rate for all visible GPS satellite (up to 10). Amongst other
outputs, the GSV4004B GPS receiver provides detrended S4, σϕ, C/N0, and a noise floor for
C/N0 and S4 correction computations. All these parameters are stored in the form of .ism
files that can be converted into ASCII text files [Van Dierendonck, 2005]. The measurements
show that L-band amplitude scintillations occur less often at mid-latitudes but still exist in
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Figure 6.6: Phase scintillation measurements for two different GPS satellites in view during
the night of 20-21 October 2014.

association with magnetic storms.

6.3.2 Amplitude Scintillation Analysis

The first observations of strong mid-latitude GPS scintillations at latitudes corresponding to
the northeastern United States were measured on 25-26 September 2001 [Basu et al., 2001;
Ledvina et al., 2002]. These intense amplitude scintillations (S4 ≈ 0.8) occurred during the
main phase of a moderate geomagnetic storm (Dst = −100 nT) when a Storm-Enhanced
Density (SED) event coupled with a broad and structured ionospheric trough occurred over
the eastern United States [e.g., Erickson et al., 2002; Ledvina et al., 2002]. Several studies
suggested that these scintillations were created in regions of large ionospheric velocities,
and associated with fast ionospheric drifts in Sub-Auroral Polarization Streams (SAPS)
[e.g., Foster and Vo, 2002; Ledvina et al., 2004; Foster et al., 2004]. Other occurrences
of mid-latitude GPS scintillations were reported in Japan during magnetic storms over a
2-year period [e.g., Kintner et al., 2007]. These scintillation events were associated with
Traveling Ionospheric Disturbances (TIDs) of large-scale structures (100 km). The L-band
scintillations may be related to the large drift velocities and associated velocity shear at mid-
latitudes. Also, the L-band scintillations exist on or near steep electron density gradients,
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implying that a process that produces ionospheric irregularities is required to cause GPS
scintillations. The sharp ionospheric temperature and density gradients during magnetic
storms derive various plasma instability processes that cause GPS signals to scintillate. All
the aforementioned observations reveal less understood ionospheric physical mechanisms that
exist at mid-latitudes and that cause irregularities leading to ionospheric GPS scintillations.

We have studied the occurrence of nighttime ionospheric scintillation using data from GPS
stations at mid-latitudes during the period January-December 2014. The results show weak
to moderate amplitude scintillations of GPS L1 signals occurring at mid-latitudes in the
presence of ionospheric irregularities during disturbed geomagnetic conditions. In order for
GPS scintillations to occur, a wave must pass through ionospheric structures on the order of
the Fresnel radius. This reveals that large-scale ionospheric irregularities, roughly 350-400
m, are required to cause a GPS wave’s amplitude to fluctuate at some observation point on
the ground. This is one reason for GPS scintillations being not frequent at mid-latitudes
but common at the equatorial anomalies, where large plasma irregularities are generated
by spread F drifts. In this study, the scintillation results along with radar observations in
Chapter 4 suggest that the observed decameter-scale irregularities that cause SuperDARN
backscatter, co-exist with kilometer-scale irregularities that cause L-band scintillations. The
results also reveal that mid-latitude scintillations are more common than previously thought,
however, intense scintillations may be so exacting that only rare occurrences are possible.
The reasonable agreement between experimental and computational results suggests that
turbulent cascade processes of both TGI and GDI are responsible for the disturbed-time
irregularities that cause GPS scintillations. Further insight could be obtained by analyzing
multiple data sets from fast sampling GPS receivers at mid-latitudes.

6.4 Spectral Measurements of Density Irregularities at

Mid-Latitudes

As the radio signals pass through ionospheric irregularities, the spatial pattern of varying
intensity is converted into temporal fluctuations or scintillations that can be recorded by
the ground GPS receiver. Parameters such as the strength of density fluctuations and ir-
regularities in the power spectrum can be used to study the distribution of the spatial scale
lengths in the ground scintillation pattern. The phase scintillation spectrum on ground can
be expressed as [Rino, 1979a]:

Sϕ(f) =
T

(f 2
0 + f 2)

p/2
(6.5)

where T is the spectral strength of the PSD at 1 Hz, f0 is the outer scale frequency which
corresponds to the maximum irregularity size, and p is the ground spectral index. The



Ahmed S. Eltrass Chapter 6. Potential Impact of Mid-Latitude Irregularities on GPS Signals 90

spectral index of a power spectrum p is the magnitude of the spectral slope that can be
obtained by a linear fit between the upper and lower cut-off frequencies on a log-log scale.
The in-situ irregularity spectral index n can be related to the ground spectral index p by
n = p− 1 [e.g., Bhattacharyya and Rastogi, 1985, 1991; Rino et al., 1981; Basu et al., 1983].
When f >> f0, the phase PSD can be expressed as:

Sϕ(f) = Tf−p (6.6)

The amplitude scintillation spectrum follows the same relationship, however, it is attenuated
after a cut-off frequency, known as the Fresnel frequency. Note that the radio wave must pass
through ionospheric structures on the order of the Fresnel radius to experience amplitude
scintillation. The Fresnel radius gets translated into the Fresnel frequency for the amplitude
scintillation power spectrum. The Fresnel frequency is given by:

fF =
Vrel
rF

=
Vrel√
2λr

(6.7)

where fF is the Fresnel frequency, Vrel is the relative velocity between the satellite and
the irregularity, λ is the wavelength, and r is the distance from the irregularities to the
receiver. Note that the signal fluctuations caused by ionospheric irregularities are inversely
proportional to the frequency of the incident signal. Yeh and Liu [1982] showed that the
longer Fresnel length of the lower frequency signals corresponds to larger power spectral
densities within the irregularities, implying that lower frequency signals are greatly influenced
by irregularities than higher frequency signals.

Several theoretical and experimental studies have shown that the spectra of electron density
fluctuations and the associated amplitude and phase scintillation spectra follow a power-law
between an inner and an outer scale size [e.g., Rumsey, 1975; Rino, 1979a, b; Rufenach,
1972]. Wernik et al. [1997] reported that the spectra of electron density fluctuations obey
the power-law quite well at high frequencies for weak scintillation and that spectrum appears
to be Gaussian rather than a power-law for strong scintillation. For irregularities following
a power-law spectrum, the plot of spectral power in dB versus log frequency should be
a straight line for frequencies in excess of the Fresnel frequency, while the spectral power
in dB versus frequency squared for Gaussian irregularities should be a straight line above
the Fresnel frequency [e.g., Singleton, 1974; Banola et al., 2005]. Strangeways [2009] and
Strangeways et al. [2011] showed that the ground spectral parameters can be estimated from
the observed amplitude and phase scintillations (S4 and σϕ) when high sample rate data are
not readily available. Several workers investigated the relation between the ground spectral
index and the irregularity intensity [e.g., Rino et al., 1981; Livingston et al., 1981; Wernik
et al., 2007; Conker et al., 2003; Aquino et al., 2007].
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Figure 6.7: Power spectra of amplitude scintillation recorded at 04:50 UT on October 11,
2014. The spectral index p and the Fresnel frequency fF are 2.8 and 0.09 Hz, respectively.
The selected portion for estimating the spectral index is shown by two vertical dashed lines.

6.4.1 GPS Spectral Measurements

The recorded scintillation measurements at Virginia Tech University are analyzed to ob-
tain the spectral characteristics of irregularities producing ionospheric scintillations at mid-
latitudes. The power spectrum of a scintillation event is calculated for every 5 minutes of
data interval (3000 data points) via Fast Fourier Transform (FFT) to obtain the spectral
index of the density irregularities (p). Figure 6.7 shows the power spectra of amplitude
scintillation at 04:50 UT on October 11, 2014 computed for the raw data to get the GPS
spectral index. As shown in Figure 6.7, there are three main portions of scintillation power
spectra: low frequency portion in the left, then the high frequency roll-off part which con-
tains the information about the ionospheric irregularities [e.g., Banerjee et al., 1992], and
finally the noise floor in the right. The Fresnel frequency can be defined as the transition
frequency between the low frequency and the high frequency roll-off part. Since the scintilla-
tions discussed in this work are weak to moderate, the spectrum of received signal follows a
power-law spectrum with a single slope [Singleton, 1974; Banola et al., 2005]. Consequently,
the spectral slope (p) is estimated from the linear high frequency roll-off portion of the log-log
plot of power spectrum by fitting a straight line to the steepest part using the least square
technique [e.g., Banola et al., 2005]. As shown in Figure 6.7, the power spectral index for
the irregularities is calculated and found to be 2.8. Note that the power falls off as f−p for
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Figure 6.8: Variation of spectral index (p) with amplitude scintillation index (S4) for scintilla-
tion measurements during January-December 2014. On average, the spectral index increases
with increasing S4 index for weak to moderate amplitude scintillations.

frequencies f above the roll-off frequency when the ionospheric irregularities follow a power-
law k−n, where k is the irregularity wave vector. As mentioned previously, the slope (p) of
scintillation power spectrum is related to the irregularity spectral index (n) by n = p − 1
[e.g., Bhattacharyya and Rastogi, 1985, 1991].

Figure 6.8 shows the relationship between the S4 index and the spectral index p for scintil-
lation measurements during January-December 2014. The spectral index for the data under
consideration ranges from 2.2 to 2.8. The results indicate that the spectral index increases
with S4 indices for weak to moderate scintillation (0.1 < S4 ≤ 0.4). However, for strong
scintillation (S4 ≥ 0.4), the spectral index seems to be a constant value. In the range of S4

between 0.1 and 0.4, the average p is 2.5, which is comparable to the mid-latitude in-situ
irregularity spectral index minus one [e.g., Mishin and Blaunstein, 2008].

The GPS spectral parameters for the events under consideration are also calculated from
the scintillation indices using the approach of Strangeways [2009]. In this method, the scin-
tillation indices (S4 and σϕ) are transformed into spectral parameters without the need of
determining PSDs from time series of high sample rate data. This approach determines
the GPS spectral parameters utilizing the known general fading frequency behavior of the
PSD spectrum. Based on the difference between the scintillation indices, analytical equa-
tions of the standard deviations of the phase and amplitude detrended time series together
with the integrals of their power spectral densities are used to determine the spectral index
for a presumed value of the Fresnel frequency. The spectral index calculations using this
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approximated method are in reasonable agreement with the high rate spectral results.

6.4.2 Satellite In-Situ Spectral Measurements

The satellite in-situ measurements of electron density fluctuations provide direct information
about the structure of ionospheric irregularities that may cause scintillation of radio waves on
transionospheric links. Several previous studies utilized satellite passes over storm-time mid-
latitude troughs from one or several polar orbiting satellites to investigate the characteristic of
SAPS events [e.g., Mishin et al., 2003; Wang et al., 2008, 2011, 2012; Henderson et al., 2010].
The observations reveal rapidly fluctuating plasma drifts, magnetic fields, and ionospheric
densities associated with either structured SAPS or elevated electron temperature. The
Defense Meteorological Satellite Program (DMSP) F13 and 14 satellites, while flying near
the regions of intense radio signal scintillations, detected mid-latitude small-scale density,
electric field, velocity, and electron temperature structures during the magnetic storms of
September 1999 and 2001. During these events, the geographic local times of the orbits are
either near the 1800-0600 (F13) or 2100-0900 (F14, F15) meridians. Each satellite carries a
suite of sensors to measure the drift motions of ionospheric ions and electrons, the electron
densities and temperatures, and perturbations of the Earth’s magnetic field. The DMSP
satellite overflights indicated that the small-scale irregularities responsible for the intense
mid-latitude UHF and L1-band scintillations were collocated with the SAPS-related density
trough equatorward and poleward walls [e.g., Mishin et al., 2003; Basu et al., 2001], revealing
that regions of strongest irregularities and GPS scintillations are causally relayed.

Using DMSP satellite data, Mishin and Blaunstein [2008] calculated the power spectral den-
sities of mid-latitude irregularities as a function of spatial wave number during scintillation
intervals on 26 September 2001. They showed that the power spectra of the density irreg-
ularities in the range of 10 > k ≥ 1 km−1 admit a power-law characterization k−n with a
spectral index n ∼ 1.7− 2. As shown in Figure 6.9, the spatial wave number regime corre-
sponding to spatial wavelengths between several hundred meters and several tens of meters
is well-represented by a power-law, yielding a spectral index of 1.8. The data available to this
study are not sufficient to use in-situ satellite measurements and calculate the power spectral
densities for the events under investigation. However, the spectra simulations of TGI and
GDI density irregularities [e.g., Eltrass and Scales, 2014; Keskinen and Huba, 1990] along
with ground GPS measurements are in reasonable agreement with DMSP satellite measure-
ments for previous disturbed-time events in the nightside sub-auroral ionosphere [e.g., Foster
and Rich, 1998; Mishin et al., 2003; Mishin and Blaunstein, 2008]. Also, the growth times
for the disturbed mid-latitude irregularities are on the order of several minutes [e.g., Mishin
and Blaunstein, 2008; Keskinen et al., 2004], which is consistent with the TGI and GDI
simulation results. An interpretation of the spectral analysis is that TGI and GDI irregular-
ities are initially generated at kilometer-scale, become unstable and dissipate their energy by
generating smaller sized (decameter-scale) irregularities. The in-situ satellite observations
along with GPS measurements lend further support to the belief that turbulent cascade
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Figure 6.9: The power spectra for the DMSP F13-14 measurements of density irregularities
as a function of spatial wave number during the shown periods on 26 September 2001 [After
Mishin and Blaunstein, 2008]. The spectral index of k−1.8 is determined from the linear slope
of the power spectra.

processes of the TGI and GDI may cause the observations of mid-latitude GPS scintillations
during disturbed-times. Further investigations require producing co-located experimental
observations by satellites, ground radars, and GPS receivers.

6.4.3 Spectral Analysis

The recorded scintillation data at Virginia Tech University are analyzed to obtain the spectral
characteristics of mid-latitude irregularities producing GPS scintillations and to estimate
the relation between amplitude scintillation index S4 and the spectral index p. For weak
to moderate L-band scintillations, the power spectra falls off as f−p for frequencies f above
the Fresnel frequency, where the spectral slope p is around 2.8. The statistical results for
spectral analysis show an increase in the spectral index p with increasing scintillation index
S4 for weak to moderate L-band scintillation (0.1 < S4 ≤ 0.4). Other studies reported the
same relationship for L-band scintillations observed at low- and high- latitudes [e.g., Kersley
and Chandra, 1984; Fang and Liu, 1984]. An interpretation of this behavior is that S4 index
depends on the phase fluctuation which is determined by the density power spectral index.

Using DMSP satellite data, the spectral characterization of mid-latitude irregularities admits
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a single power-law with a spectral index of n ∼ 1.7 − 2 for scale sizes less than 1 km [e.g.,
Foster and Rich, 1998; Mishin et al., 2003; Mishin and Blaunstein, 2008]. The ground spectral
indices for the present study are shown to be between 2.2 and 2.8, where the mean value is
around 2.5 for weak to moderate GPS scintillations. The GPS spectral indices lie in the same
range of the numerical simulations of TGI and GDI, however, they are slightly different than
those in the irregularity spectra (n = p− 1) because of the nonlinear transformations on the
signal propagating through the irregularity and space. Both simulation results and ground
observations are consistent with previous DMSP satellite measurements during magnetic
storm periods [e.g., Foster and Rich, 1998; Mishin et al., 2003; Mishin and Blaunstein, 2008].
In view of observed power-law variation of the irregularity spectrum, ionospheric structures
on the order of the Fresnel radius (i.e., 350-400 m for L-band) will contribute mostly to
amplitude scintillation, while irregularities of smaller-scales will introduce less amplitude
fluctuations. The radar observations along with GPS measurements suggest that decameter-
and large-scale irregularities may coexist under disturbed conditions of the mid-latitude F-
region ionosphere. This also suggests that turbulent cascade processes of both TGI and GDI
may be responsible for the disturbed-time irregularities that cause GPS scintillations.



Chapter 7

Conclusions and Future Work

7.1 Summary and Conclusions

The research presented in this dissertation focuses on modeling and analyzing the plasma
wave irregularities at mid-latitudes through the coordination between SuperDARNHF radars,
Incoherent Scatter Radars (ISRs), and GPS receivers under various sets of geomagnetic con-
ditions. The potential impact of mid-latitude irregularities on GPS signals is investigated
utilizing modeling and observations.

In Chapter 3, the electrostatic dispersion relation for the Temperature Gradient Instability
(TGI) has been extended into the kinetic regime appropriate for SuperDARN radar frequen-
cies by including Landau damping, finite gyro-radius effects, and temperature anisotropy.
The kinetic dispersion relation of TGI is solved and underscores limitations in fluid theory for
short wavelengths (decameter-scale waves). The variations of TGI growth rate with electron
collision frequency, temperature gradients, density gradients, and the angle between wave
vector and magnetic field have been studied. The kinetic dispersion relation of the GDI
with finite ion gyro-radius effects has also been solved to consider decameter-scale waves
generation. The TGI and GDI calculations are obtained over a wide range of parameters to
provide perspective on the experimental observations in Chapter 4.

In Chapter 4, data from the Millstone Hill ISR and the Wallops SuperDARN radar have
been analyzed to identify the plasma instability mechanisms responsible for the formation of
widespread decameter-scale mid-latitude irregularities. Improving upon previous results of
Greenwald et al. [2006], the temperature and density gradients are calculated in the direction
perpendicular to the geomagnetic field in the top-side F-region. A critical comparison of TGI
and GDI is made for SuperDARN observations by studying the variation of TGI and GDI
growth rates for both perpendicular and meridional gradients as a function of universal time.
The growth rate calculations suggest that the TGI is the dominant plasma instability during
the experiment, while the GDI does not play a significant role in the primary SAIS irregu-
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larity generation. This result modifies previous conclusions of Greenwald et al. [2006] which
relied on the dusk scatter associated with the GDI [Ruohoniemi et al., 1988] to explain the
initial observed irregularities after sunset. The TGI growth rates due to perpendicular and
meridional gradients are shown to be important, however, the perpendicular growth is more
significant. The perpendicular TGI growth rate persists throughout the entire experiment
and can explain the observed low-velocity SAIS. The absence of the observed irregularities
before and around sunset is due to the high E-region conductivity, which leads to the sup-
pression of irregularity growth. This is the first experimental confirmation that mid-latitude
decameter-scale ionospheric irregularities are produced by the TGI or by turbulent cascade
from primary irregularity structures produced from this instability.

Chapter 4 has also investigated the TGI and GDI as the cause of mid-latitude decameter-scale
ionospheric irregularities during disturbed geomagnetic conditions. Co-located experimental
observations by the Blackstone SuperDARN radar and the Millstone Hill ISR are performed
under quiet and disturbed sets of geomagnetic conditions to identify what plasma instability
mechanisms predominate. A time series for the growth rate of both TGI and GDI is de-
veloped for these events, showing that the TGI is the most likely generation mechanism for
quiet-time irregularities, while the TGI in association with the GDI or a cascade product
from them may be responsible for the disturbed-time observations.

Chapter 5 has demonstrated the usefulness of gyro-kinetic particle simulation as a compu-
tational tool for studying the TGI decameter-scale irregularities in the F-region ionosphere,
where the plasma is collisional and drift instabilities are thought to be active. While linear
theory predicts the dominant wavelengths, it cannot fully describe the nonlinearly saturated
behavior as observed by radars. The nonlinear evolution of the TGI is investigated utilizing
gyro-kinetic Particle-In-Cell (PIC) simulation techniques with Monte Carlo collisions for the
first time. The purpose of this investigation is to identify the mechanism responsible for
the nonlinear saturation as well as the associated anomalous transport. It is found that
the saturation amplitude level and the associated diffusion are greatly enhanced as a result
of electron collisions. The simulation results indicate that the nonlinear E × B convection
(trapping) of the electrons is the dominant TGI saturation mechanism. The spatial power
spectra of the electrostatic potential and density fluctuations associated with the TGI are
also computed and the results show wave cascading of TGI from kilometer scales into the
decameter-scale regime of the radar observations. The spectra calculations of TGI lie in
the same range of previous numerical simulations of GDI [e.g., Keskinen and Huba, 1990;
Guzdar et al., 1998], showing that the spectral index of TGI and GDI density irregularities
are of the order 2. An interpretation of the spectral analysis is that initially TGI or/and
GDI irregularities are generated at large-scale size or sizes (km-scale) and the dissipation
of the energy associated with these irregularities occurs by generating smaller and smaller
(decameter-scale) irregularities. The TGI and GDI wave cascading confirm the assumption
that the E-region may be responsible for shorting out the F-region TGI and GDI electric
fields before and around sunset and ultimately leading to irregularity suppression.

In Chapter 6, we have investigated the influence of mid-latitude ionospheric irregularities on
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the GPS signals by analyzing data from GPS receivers at mid-latitudes. These analyzed data
are used to study the amplitude and phase fluctuations of the GPS signals and to investigate
the spectral index variations due to ionospheric irregularities. The GPS measurements show
weak to moderate scintillations of GPS L1 signals occurring at mid-latitudes in the presence
of ionospheric irregularities during disturbed geomagnetic conditions. The results show that
mid-latitude scintillations are more common than previously thought, however, intense scin-
tillations may be so exacting that only rare occurrences are possible. The spectral indices of
the spectra observed on the ground are comparable with the numerical simulations of TGI
and GDI, however, they are slightly different than those in the irregularity spectra due to
the nonlinear transformations on the signal propagating through the irregularity and space.
Both simulation results and ground observations are consistent with previous DMSP satellite
measurements during magnetic storm periods in the nightside sub-auroral ionosphere [e.g.,
Foster and Rich, 1998; Mishin et al., 2003; Mishin and Blaunstein, 2008]. The scintillation
results along with radar observations suggest that the observed decameter-scale irregularities
that cause SuperDARN backscatter, co-exist with kilometer-scale irregularities that cause L-
band scintillations. The alignment between the experimental, theoretical, and computational
results of this study lends further support to the belief that turbulent cascade processes of
TGI and GDI may cause the observations of GPS scintillations that occur under disturbed
conditions of the mid-latitude F-region ionosphere.

7.2 Future Work

The results of the work presented in this dissertation bring to light a wide number of scientific
and engineering research aspects as follows:

• The radar observations along with GPS measurements reveal that the claim of an in-
active mid-latitude ionosphere is a poor assumption and that plasma instability processes
producing the mid-latitude irregularities are less understood. The alignment between exper-
imental, theoretical, and computational results suggests that a TGI turbulent cascade may
be responsible for the observed quiet-time irregularities, while turbulent cascade processes of
both TGI and GDI may cause the disturbed-time irregularities. Important aspects of these
mechanisms should be studied in further detail including different spatial scales, nonlinear
cascading, and the impact of E-region conductance. This could be determined by produc-
ing in-situ measurements of electric fields, densities and temperatures in the bottom- and
top-side F-region. Further investigations require the coordination between in-situ satellite
measurements, ground radar observations, and GPS data under various sets of geomagnetic
and seasonal conditions.

• The GPS scintillation results imply that that large-scale ionospheric irregularities, at least
350-400 m, should exist to cause the measured GPS L-band scintillations. The GPS measure-
ments along with radar observations suggest that the observed decameter-scale irregularities
that cause SuperDARN backscatter, co-exist with kilometer-scale irregularities that cause
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L-band scintillations. This needs to be further verified by observing these larger scale sizes
via in-situ satellite measurements and conducting a statistical analysis to characterize and
examine the existence of these large-scale irregularities. The GPS measurements also reveal
that mid-latitude scintillations are more common than currently appreciated. Further in-
sight could be obtained by analyzing multiple data sets from fast sampling GPS receivers,
which are adequate to directly measure diffractive scintillations at mid-latitudes.

• All of the physics to model the storm-time ionospheric irregularities is not included in the
current simulation model [e.g., Mishin et al., 2003; Keskinen et al., 2004]. The disturbed F-
region is characterized by rapidly fluctuating plasma drifts, magnetic fields, and ionospheric
densities associated with either structured SAPS or elevated electron temperature. Keskinen
et al. [2004] developed a fluid model for the TGI and GDI small-scale structures in the storm-
time mid-latitude SAPS-driven density trough ionosphere. The effects included in this model
are ring current precipitation, parallel currents, rapid sub-auroral ion drifts, temperature
and density gradients, and storm-induced neutral winds. The nonlinear evolution associated
with these processes can be studied by developing gyro-kinetic plasma simulation models that
contain the different effects relevant to the disturbed F-region irregularities. Also, developing
computational models to study the relation between velocity shear, density gradients, and
irregularity formation in the sub-auroral ionospheric trough should be the next step for
research in this area.

• Another effort should be focused on studying the morphology and characteristics of the
high-latitude irregularities resulted from the complex magnetosphere-ionosphere coupling
mechanisms. Important aspects for the feasible mechanisms that cause irregularity genera-
tion should be considered in detail including the nonlinear evolution using high performance
computing techniques, and the potential impact on GNSS scintillations. The radio wave scin-
tillations at high-latitudes are still less understood due to lack of models and observations
that can explain the cause and distribution of the polar and auroral irregularities.

• As GPS is fully modernized and other GNSS satellite systems become operational, several
new signals and codes will usher in a new era of ionospheric science. The GNSS low fre-
quency signals will encounter more frequent and severe diffractive and refractive ionospheric
scintillations than higher frequencies. For example, the use of GPS L5 signal (1176.45 MHz)
will allow the investigation of GPS scintillations at longer Fresnel lengths (intense irregular-
ities) in addition to the experience of more phase shift for the same density perturbation,
compared to L1 signal. Future work on this topic may involve a detailed comparison between
L1 and L5 scintillations. Furthermore, extensive scintillation data processing is required in
order to model and characterize the correlation of scintillations between signals at different
frequencies. Also, the study of occurrence of scintillation and its effects on different GNSS
receivers during high and low solar activity is a growing research area.

• The Virginia Tech GNSS laboratory has recently seen major expansions including fast
sampling ionospheric scintillation monitors that track GPS L1/L2/L5, GLONASS L1/L2,
BeiDou B1/B2, and Galileo E1/E5a/E5b signals. This will increase the number of TEC
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and scintillation measurement data points that can be used to provide more reliable and
precise navigation, accurate three dimensional imaging and TEC maps, and an improved
understanding of ionospheric physics via assimilative models. This improvement along with
understanding the plasma instabilities behind the ionospheric irregularities that develop
GNSS scintillations, will pave the way to better models for irregularity development and,
eventually, scintillation prediction. The evolution of the Virginia Tech GNSS laboratory also
includes space qualified GNSS receivers and advanced Spirent signal simulators with GPS
L1/L2/L5 and Galileo E1/E5 constellations. This will open the door for a wide number
of research topics such as spacecraft low Earth-orbit closed-loop GNSS Hardware-In-Loop
(HIL) GNSS simulations, space mission design, formation flying applications using multiple
GNSS receivers, atmospheric modeling, and signal obscuration.



Appendix A

Simplified Approximations for the
TGI Kinetic Dispersion Relation

Starting from the TGI kinetic electrostatic dispersion relation with full kinetic effects for
Landau damping, finite gyro-radius k⊥ρci ≥ 1, temperature anisotropy, and electron colli-
sions [e.g., Kadomtsev, 1965; Miyamoto, 1978]:
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Neglecting the temperature anisotropy, the parallel temperature and density gradient, Te =
Ti, κe = κi = κ, and no collisions for now, the simplified full kinetic dispersion relation is
given by:
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where f0(bj) = (1− bj) + bjI
′
0(bj)/I0(bj) and bj = (k⊥ρj)

2. For electrons, be ≃ 0 → I0(b0) ≃
1 → I ′0(be)/I0(be) ≃ 0 → f0(be) ≈ (1−be). For ions, k⊥ρi ≤ 1 → I ′0(bi)/I0(bi) ≃ 0 → f0(bi) ≈
(1− bi). Substituting into (A.2), we get:
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This implies
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where ω∗ = k⊥υ
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teκ/Ωe is the diamagnetic frequency. Assume that ζe << 1, ζeZ(ζe) →
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The dispersion relation is obtained from the real part of the above expression (A.6)
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Neglecting terms of order ζ−2
i for ζi >> 1

ω =
ω∗Γ0(bi)

Γ0(bi)− 2− k2λ2D
(A.8)



Ahmed S. Eltrass Appendix A. Simplified Approximations for the TGI Kinetic Dispersion Relation 103

As ρ2i >> λ2D then the last term k2λ2D can be neglected.

ω =
ω∗Γ0(bi)

Γ0(bi)− 2
(A.9)

This provides the finite gyro-radius correction on the drift wave frequency [e.g., Hudson and
Kelley, 1976]. Note that 2 is replaced by (Ti/Te+1) if the electron and ion temperatures are
not equal. Simplifying equation (A.6), we get:
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Assuming ζ2e << 1
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Assuming ω → ω + iγ which implies γ/ω << 1 for small growth rate
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For small growth rate γ/ω << 1, the imaginary part is approximately
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The imaginary part of the dispersion relation is roughly approximated as
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The solution for the collisionless growth rate is therefore
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The quadratic behavior in the growth rate can be seen in equation (A.16). Note that the
second term in equation (A.16) is the universal growth of the drift wave. Equation (A.16)
also includes the ion Landau damping effect, which is small outside the damping regime
ζi >> 1. Considering the first term in the growth rate expression (A.16), we get:

γ =

√
πω2

Γ0(bi)ω∗

[
ω − (ω∗ − 1

2
ωT )

k∥υte

]
(A.17)

Since there is a little modification from the diamagnetic drift velocity caused by the density
gradient, assume that ω− (ω∗ − 1

2
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∗ and substitute in (A.17). Then, the wave
frequency ω can be expressed as:
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Then the collisionless growth rate is given by:
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In order to incorporate the collisional effects in the ionosphere, the total electron collision
frequency νe is included in the dispersion relation (A.5) as follows:
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where ζe = (ω + iνe)/k∥υte. Assume as before be → 0, Γ0(be) → 1 and ω ≈ ω∗ << νe, thus,
ζe = iνe/k∥υte. However, ζe >> 1 and ζeZ(ζe) → −1 − 1/2ζ2e + iζe

√
π exp(ζ2e ) which is still

true for the ion functions as before. Now the dispersion relation (A.20) could be written as:
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Neglecting ζ−2
i , ζ−2

e for ζi >> 1, ζe >> 1, and assuming ω + iνe ≈ iνe, the real part can be
expressed as:
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The real part yields the same wave frequency as without collisions. The imaginary part can
be written as:
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Neglecting any ion Landau damping, we get
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The solution for the collisional growth rate is therefore
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Again assume ω − (ω∗ − 1
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Using the expression of the wave frequency ω = ω∗Γ0(bi)/(Γ0(bi)− 2), the collisional growth
rate is given by:
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For τ = Te/Ti ̸= 1, the general expressions for the TGI collisional wave frequency and growth
rate are given by:
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The growth rate expression (A.29) has a quadratic behavior for long wavelengths. The
growth rate maximizes for short wavelengths due to finite gyro-radius effects. These results
are consistent with Federici et al. [1987]. The results in equations (A.28) and (A.29) reduce
to that of Hudson and Kelley [1976] in the long wavelength regime k⊥ρci << 1, which
corresponds to λ >> 15 m.



Appendix B

Numerical Analysis for Instability
Kinetic Dispersion Relations

The purpose of this appendix is to outline the numerical analysis of the electrostatic disper-
sion relations for both the Temperature Gradient Instability (TGI) and the Gradient Drift
Instability (GDI). The TGI and GDI dispersion relations presented in Chapter 3 are solved
numerically to obtain the growth rate and wave frequency. An improved root finding scheme
is employed by combining the Bisection and Newton-Raphson techniques. First, the Bisec-
tion method assumes the root is bracketed in an interval [a, b], then the Newton-Raphson
method attempts to find the root utilizing its rapid convergence rate. If the root estimate
falls outside the interval [a, b], then the Bisection method is used to narrow the interval
sufficiently such that the Newton-Raphson method will converge.

The plasma dispersion function Z(ζj) in both the TGI and GDI dispersion relations is approx-
imated using the Padé method [e.g., Rönnmark, 1982, 1983]. The rational approximations
resulted from this method are suitable for numerical solution. Note that the derivatives of
the susceptibilities with respect to ω are also needed to solve the dispersion relations because
Newton’s method requires the derivative. These derivatives are obtained using the form of
Rönnmark [1982]. Since the GDI dispersion relation is more complicated than the TGI one,
it will be investigated in further detail. The kinetic dispersion relation of GDI including
finite ion gyro-radius effects is given by [Gary and Cole, 1983]:
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Here j = e, i stands for electron or ion. bi = (k⊥ρci)
2, ζjn = (ω + nΩj)/
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2k∥υtj, Γn(bj) = In(bj) exp(−bj), and Z(ζj) is the plasma dispersion function. By

introducing a Padé approximant for the plasma dispersion function Z(ζjn), the infinite sums
of Bessel functions of Aj(k, ω) and Rj(k, ω) can be reduced to a summable form. In this
appendix it is required to derive expressions of the infinite sums that can be used in numerical
solution of the GDI dispersion relation. It is required to prove that:

∞∑
n=−∞

Γn(bj)Z(ζjn) =
8∑

m=1

rmk∥ρjbj
Y 2

(
R(Y, bj) +

Y

bj

)
(B.6)

Here Z(x) =
∑8

m=1 rm/(x−cm) and Y = ω/Ωce(mi/me)−cmk∥ρce
√
mi/me, where rm and cm

are the residues and poles of Padé approximant [Rönnmark, 1983], respectively. Substituting
in the left-hand-side of (B.6), we get:

∞∑
n=−∞

Γn(bi)Z

(
ω/Ωce − n(me/mi)

k∥ρce
√
me/mi

)

=
∞∑

n=−∞

Γn(bi)
8∑

m=1

rm

(ω/Ωce − n(me/mi)) /
(
k∥ρce

√
me/mi

)
− cm

=
∞∑

n=−∞

Γn(bi)
8∑

m=1

rmk∥ρce
√
me/mi

ω/Ωce − n(me/mi)− cmk∥ρce
√
me/mi
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=
8∑

m=1

rmk∥ρce
√
me/mi

∞∑
n=−∞

Γn(bi)

ω/Ωce − n(me/mi)− cmk∥ρce
√
me/mi

=
8∑

m=1

rmk∥ρce
√
me/mi

∞∑
n=−∞

Γn(bi)

ω/Ωce(mi/me)− n− cmk∥ρce
√
mi/me

=
8∑

m=1

rmk∥ρce
√
mi/me

∞∑
n=−∞

Γn(bi)(mi/me)

ω/Ωce(mi/me)− n− cmk∥ρce
√
mi/me

(B.7)

Let Y = ω/Ωce(mi/me)− cmk∥ρce
√
mi/me, we get:

∞∑
n=−∞

Γn(bi)Z

(
ω/Ωce − n(me/mi)

k∥ρce
√
me/mi

)
=

8∑
m=1

rmk∥ρce
√
mi/me

∞∑
n=−∞

Γn(bi)

Y − n
(B.8)

Since
∑∞

n=−∞ Γn = 1, we get:

∞∑
n=−∞

nΓn

Y − n
+ 1 =

∞∑
n=−∞

(
nΓn

Y − n
+ Γn

)
(B.9)

so,

∞∑
n=−∞

nΓn

Y − n
+ 1 =

∞∑
n=−∞

(
nΓn

Y − n
+ Γn

Y − n

Y − n

)
(B.10)

therefore,

∞∑
n=−∞

nΓn

Y − n
= Y

∞∑
n=−∞

nΓn

Y − n
− 1 (B.11)

also,

∞∑
n=−∞

n2Γn

Y − n
= −

∞∑
n=−∞

(
(Y 2 − n2)Γn

Y − n
− Y 2 Γn

Y − n

)
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= −
∞∑

n=−∞

[
(Y + n)Γn − Y 2 Γn

Y − n

]
= −Y + Y 2

∞∑
n=−∞

Γn

Y − n
(B.12)

Since
∑∞

n=−∞ nΓn = 0 and Γn = Γ−n, we obtain:

Y
∞∑

n=−∞

Γn

Y − n
=

1

Y

∞∑
n=−∞

n2Γn

Y − n
+ 1 (B.13)

thus,

∞∑
n=−∞

Γn(bi)

Y − n
=

1

Y 2

∞∑
n=−∞

n2Γn(bi)

Y − n
+

1

Y
(B.14)

Substituting in the right-hand-side of (B.8), we get:

∞∑
n=−∞

Γn(bi)Z

(
ω/Ωce − n(me/mi)

k∥ρce
√
me/mi

)
=

8∑
m=1

rmk∥ρce
√
mi/me

(
1

Y 2

∞∑
n=−∞

n2Γn(bi)

Y − n
+

1

Y

)

=
8∑

m=1

rmk∥ρce
√
mi/me

(
bi
Y 2

∞∑
n=−∞

n2Γn(bi)

bi(Y − n)
+

1

Y

)

=
8∑

m=1

rmk∥ρce
√
mi/mebi

Y 2

(
∞∑

n=−∞

n2Γn(bi)

bi(Y − n)
+
Y

bi

)
(B.15)

The form of the function R(Y, bi) of Rönnmark [1983] is given by:

R(Y, bi) =
∞∑

n=−∞

n2Γn(bi)

bi(Y − n)
(B.16)

Substituting in the right-hand-side of (B.15), we prove that

∞∑
n=−∞

Γn(bi)Z

(
ω/Ωce − n(me/mi)

k∥ρce
√
mi/me

)
=

8∑
m=1

rmk∥ρce
√
mi/mebi

Y 2

(
R(Y, bi) +

Y

bi

)
(B.17)
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Substituting from (B.17) into (B.2, B.3, and B.4), we finally get the expressions that will be
used in numerical solution of the GDI dispersion relation:

Aj(k, ω) =
1√

2k∥υtj

8∑
m=1

rmk∥ρjbj
Y 2

(
R(Y, bj) +

Y

bj

)
(B.18)

Rxj(k, ω) =
ik⊥υtj√
2k∥υtj

[
1√

2k∥υtj

8∑
m=1

rmk∥ρjbj
Y 2

(
R(Y, bj) +

Y

bj

)
−

8∑
m=1

rmk∥ρj

∞∑
n=−∞

Γ′
n(bj)

Y − n

]

=
ik⊥υtj√
2k∥υtj

[
1√

2k∥υtj

8∑
m=1

rmk∥ρjbj
Y 2

(
R(Y, bj) +

Y

bj

)
−

8∑
m=1

rmk∥ρj
Y 2

R′(Y, bj)

]
(B.19)

Ryj(k, ω) =
1√

2k∥υtj

Ω2
j

k⊥υtj

8∑
m=1

rmk∥ρjbj
Y

R(Y, bj) (B.20)

The resulting expressions are valid for all real k and well suited for numerical solution. As
mentioned previously, the derivatives of the susceptibilities with respect to ω are needed to
solve the GDI dispersion relation. They are obtained using the form of Rönnmark [1982].



Appendix C

A Description of the Electrostatic
Gyro-Kinetic Simulation Model

C.1 Plasma Simulation Algorithm

In this section, we briefly discuss the two-dimensional Particle-In-Cell (PIC) electrostatic
plasma simulation model used in this study. As shown in Figure C.1, the simulation box
is defined in physical space, thus two spatial dimensions x and y are assumed. The plasma
length in both x- and y-directions Lx and Ly are divided into the number of grid cells
nx and ny, respectively. Thus, there are nx + 1 and ny + 1 grid points in the x- and y-
directions, respectively. The index i is used to denote grid points in the x-direction and the
index j for the y-direction. The parameters ∆x and ∆y are Lx/nx and Ly/ny, respectively.
The Particle-In-Cell (PIC) electrostatic computational cycle with collisional effects used in
this study is shown in Figure C.2. The algorithm used in the computational loop involves
the basic steps of advancing position and velocity of species, calculating charge density,
calculating potential and electric fields, and interpolating fields to grid points.

The nonlinear gyro-averaged Vlasov-Poisson system of equations are solved using Particle-
In-Cell (PIC) simulation methods. This can be summarized as follows:

• Initialize particles in coordinate and velocity space (uniform electron and ion density with
no background E field) and calculate the fields at t = 0.

• Advance the particle velocities in the presence of the electric field from the Lorentz force
equation. The parallel acceleration for electrons and ions can be expressed as:

electron : υ̃
n+1/2
∥ = υ

n−1/2
∥ +

q

m
En

∥ dt (C.1)

112
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Figure C.1: 2-D simulation box set up with discretization of the plasma length.

ion : υ̃
n+1/2
∥ = υ

n−1/2
∥ +

q

m
⟨E∥⟩nΘdt (C.2)

where ⟨⟩Θ denotes the gyro-averaging operation. The gyro-averaged E is used only for ion
parallel acceleration.

• Advance the particle positions one time step and accumulate charge density to get the
predicted positions. The predicted parallel and perpendicular positions of electrons are
given by:

Parallel : x̃n+1
∥ = xn∥dt+ υ

n+1/2
∥ dt (C.3)

Perpendicular : x̃n+1
⊥ = xn−1

⊥ +
E⃗n × B⃗0

B2
0

2dt+
[−κ⃗n + (3/2− (υn)2/2υ2t ) κ⃗T ]× B⃗0

B2
0

2dt (C.4)

Similarly, the predicted parallel and perpendicular positions of ions are calculated using the
gyro-averaged E and they are given by:

Parallel : x̃n+1
∥ = xn∥dt+ υ

n+1/2
∥ dt (C.5)
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Figure C.2: Computational cycle for the Particle-In-Cell (PIC) gyro-kinetic simulation model
with collisional effects.

Perpendicular : x̃n+1
⊥ = xn−1

⊥ +
⟨E⃗⟩

n

Θ × B⃗0

B2
0

2dt+
[−κ⃗n + (3/2− (υn)2/2υ2t ) κ⃗T ]× B⃗0

B2
0

2dt(C.6)

where, E⃗n is the weighted electric field at time n, (υn)2 = (υn⊥)
2 + (υn∥ )

2 is the total velocity.
The total velocity can be approximated from averaging the parallel velocity and the right-
hand-side of equation (C.6). The predicted electron densities ñe and ion gyro-averaged
densities ¯̃ni are calculated using the predicted positions.

• Calculate the predicted potential and electric field from the Vlasov and modified Poisson’s
equations. The electrostatic gyro-kinetic potential equation in the particle variable space
can be expressed as [e.g., Lee, 1987]:

∇2Φ− τ

(
Φ− Φ̃

)
λ2D

+

(
ρs
λD

)2

∇⊥ ·
[
(ni − n0)

n0

∇⊥Φ

]
=

−e(n̄i − ne)

ϵ0
(C.7)

The gyro-averaged Poisson equation is solved in the spectral domain (kx, ky) using pseu-
dospectral methods [Appendix C.2] to obtain the predicted potential at guiding center:
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(kλD)
2δΦk⃗ + τ

[
1− Γ0(k

2ρ2ci)
]
δΦk⃗ +

ρ2ci

[
(i⃗kδn̄ik⃗)⊗ (i⃗kδΦk⃗) + δn̄ik⃗ ⊗ k2δΦk⃗

]
= δn̄ik⃗ − δn̄ek⃗ (C.8)

or

δΦk⃗ =

[
δn̄ik⃗ − δn̄ek⃗

]
− ρ2ci

[
(i⃗kδn̄ik⃗)⊗ (i⃗kδΦk⃗) + δn̄ik⃗ ⊗ k2δΦk⃗

]
(kλD)2 + τ [1− Γ0(k2ρ2ci)]

(C.9)

This equation is solved iteratively with the use of pseudospectral methods [Appendix C.2] to
perform the convolution ⊗ operation. Then, the predicted gyro-averaged potential at time
n+ 1 is:

ψ(R⃗) = Φ̄(R⃗)− q

2T

(υt
Ω

)2
|∂Φ(R)
∂R⊥

|2 (C.10)

The predicted electric field E⃗ = −∇ψ is calculated in the spatial domain as follows:

For electrons : En+1/2 =
(
En+1 + En

)
/2 (C.11)

For ions : ⟨E⟩n+1/2
Θ =

(
⟨Ẽ⟩n+1

Θ + ⟨E⟩nΘ
)
/2 (C.12)

After the predicted electric field is calculated, it is interpolated back to the particle position.

• Calculate the corrected electron and ion positions and the gyro-averaged ion density uti-
lizing the predicted gyro-averaged field at the half time step. The ion and electron corrected
positions xn+1

⊥ are calculated by correctly time centering as follows:

electron : xn+1
⊥ = xn⊥ +

E⃗n+1/2 × B⃗0

B2
0

dt+

[
−κ⃗n +

(
3/2− (υn+1/2)2/2υ2t

)
κ⃗T
]
× B⃗0

B2
0

dt(C.13)

ion : xn+1
⊥ = xn⊥ +

⟨E⃗⟩
n+1/2

Θ × B⃗0

B2
0

dt+

[
−κ⃗n +

(
3/2− (υn+1/2)2/2υ2t

)
κ⃗T
]
× B⃗0

B2
0

dt (C.14)
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where, x̃ = x⊥ + x∥b̂ is the total position.

• Use the gyro-averaged modified Poisson equation to calculate the corrected guiding center
potential and electric field using the corrected gyro-averaged ion density and electron density.

δΦk⃗ =

[
δn̄ik⃗ − δn̄ek⃗

]
− ρ2ci

[
(i⃗kδn̄ik⃗)⊗ (i⃗kδΦk⃗) + δn̄ik⃗ ⊗ k2δΦk⃗

]
(kλD)2 + τ [1− Γ0(k2ρ2ci)]

(C.15)

Then, the corrected gyro-averaged potential at time n+ 1 is calculated as follows:

ψ(R⃗) = Φ̄(R⃗)− q

2T

(υt
Ω

)2
|∂Φ(R)
∂R⊥

|2 (C.16)

Finally, the corrected electric field E⃗ = −∇ψ is calculated in the spatial domain.

C.2 Spectral and Pseudospectral Methods

Discretization techniques of differential equations comprise three methods: finite difference
approximation, finite element approximation, and spectral methods. Spectral methods are
much faster than other discretization techniques in that they need less grid points to produce
a comparably accurate solution [Orszag, 1971a]. Spectral methods are the best choice for
simulations involving nonlinear terms such as turbulence studies and ionospheric plasma
instabilities.

The forward and inverse Fourier Transform equations in a continuous domain, respectively,
are given by:

H(k) =

∫ ∞

−∞
h(x)e2πikxdx (C.17)

h(x) =

∫ ∞

−∞
H(k)e−2πikxdx (C.18)

Assume that h(x) is a continuous function with a bandwidth less than the Nyquist critical
wave number kc = 1/2∆x. The function h(x) is sampled at evenly spaced and discrete time
intervals ∆x and is expressed as:

h(x) = ∆x
∞∑

n=−∞

hn
sin [2πkc(x− n∆x)]

π(x− n∆x)
(C.19)
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where

hj = h(xj), xj = j∆x, j = 0, 1, 2, ....N − 1 (C.20)

The points hj are called nodes or grid points. The discrete Fourier coefficients of N points
complex-valued function are given by:

H(kn) =

∫ ∞

−∞
h(x)e2πikxdx ≃

N−1∑
j=0

hj∆xe
2πiknxj = ∆x

N−1∑
j=0

hje
2πijn

N (C.21)

The Discrete Fourier Transform (DFT) of the N points function hj is expressed as

Hn =
N−1∑
j=0

hje
2πijn

N (C.22)

The Inverse Discrete Fourier Transform (IDFT) is given by:

hj =
1

N

N−1∑
n=0

Hne
−2πijn

N (C.23)

The N-point DFT has been computed using an algorithm called the Fast Fourier Transform
(FFT) [Press et al., 1992], which is very fast and efficient approach.

Several operations are performed in the current simulation model using spectral methods as
following:

• Differentiation: taking a derivative in the Fourier transform space consists of simply mul-
tiplying each Fourier coefficients with the imaginary unit times the corresponding wave
number. The differentiation of a function in Fourier space is given by:

F{dh
dx

} = ikhk (C.24)

where, F denotes the Fourier Transform operation and k is the Fourier wave number.

• Laplacian (∇2): since ∇2 = ∂2

∂x2 +
∂2

∂y2
in 2-D, the Laplacian operator in the Fourier space

becomes a multiplication of each Fourier coefficients with −k2, where k2 = k2x + k2y in 2-D.
The first order derivative k and the Laplacian coefficient k2 in a continuous domain are
replaced by κ and K2 in two-dimensions [Birdsall and Langdon, 1991], respectively, where

κ = k1

[
sin(k1∆x1)

k1∆x1

]
k̂1 + k2

[
sin(k2∆x2)

k2∆x2

]
k̂2 (C.25)



Ahmed S. Eltrass Appendix C. A Description of the Electrostatic Gyro-Kinetic Simulation Model 118

and

K2 = k21

[
sin(k1∆x1

2
)

k1∆x1

2

]2
+ k22

[
sin(k2∆x2

2
)

k2∆x2

2

]2
(C.26)

• Convolution: nonlinear terms such as the ones found in the modified poisson equation
(C.7) need a careful treatment by spectral methods. The Fourier space convolution arises
from products of functions u(x) and v(x) in real x space. This can be expressed as

wk =
∑

p+q=k

upvq |p|, |q| ≤ N/2 (C.27)

where p, q, k are the Fourier mode numbers.

The pseudospectral method proposed by Orszag [1971a, b] utilizes suitable discrete Fourier
transforms to express wk as local product of Fourier-transformed fields. The inverse DFT
given in (C.23) is used to transform up and vp to Ui and Vj in physical space, where Ui and
Vj are defined at exactly N points of xj = 2π/N for j = 0, 1, ...N − 1. Thus, Wj can be
expressed as the local product UjVj of the transform fields, and then the DFT is used to
return to the Fourier space. This approach can be summarized as following:

uk, vk
IFFT−−−→ Uj, Vj

×−→ Wj
FFT−−−→ ŵk (C.28)

The aliased convolution sum ŵk can be expressed as:

ŵk =
1

N

N−1∑
j=0

UjVje
−ikxj =

1

N

N−1∑
j=0

∑
|p|≤N/2

upe
−ipxj

∑
|q|≤N/2

vqe
−iqxj (C.29)

or

ŵk =
∑

|p|, |q|≤N/2

upvq
1

N

N−1∑
j=0

e−i(p+q−k)xj (C.30)

Using the discrete transform orthogonality relation, equation (C.30) can be written as:

ŵk =
∑

p+q=k

upvq +
∑

p+q=k±N

upvq = wk +
∑

p+q=k±N

upvq (C.31)

For any k < N/2, a nonzero aliasing error may occur from the discontinuity and the steep
gradient effects. Patterson and Orszag [1971] showed that if the set of allowable modes used



Ahmed S. Eltrass Appendix C. A Description of the Electrostatic Gyro-Kinetic Simulation Model 119

in the convolution sum is reduced, there will not be any modes that contribute to the aliased
terms. They presented an algorithm to truncate Fourier modes that lie outside a sphere of
radius αK, where K = N/2 and α ≥ 2

√
2

3
≈ 0.94. Applying this approach in the current

simulation, the modes within a sphere of radius 0.94K are investigated. Truncation of the
modes outside the sphere is performed using a filter of the form e−αn

[Birdsall and Langdon,
1991], where α = k/kmax. This filter smoothes the boundary by attenuating the higher order
Fourier coefficients. Pseudospectral approximations are much faster than spectral methods
in handling the nonlinearities. This comes from the fact that the evolution of convolution
using spectral method requires at least twice the number of FFTs as the corresponding
pseudospectral method [Orszag, 1972].
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