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ABSTRACT

The central focus of this dissertation is the investigation of ow channel e ects on
ionospheric dynamics, speci cally within the polar and sub-auroral regions. In the
polar region, the dynamics are heavily in uenced by magnetic reconnection, convec-
tion, and particle precipitation, with polar cap patches providing a reliable metric
for assessing the interaction of these processes. Research in this area is facilitated
by the use of Incoherent Scatter Radars (ISR), such as AMISR, and by missions in
Low Earth Orbit (LEO) that traverse the region multiple times daily. Conversely,
in the sub-auroral region, the completion of ionospheric currents leads to the for-
mation of an ionospheric trough, characterized by ow channels like Subauroral Po-
larization Streams (SAPS) and Subauroral lon Drift (SAID), as well as the STEVE
phenomenon. This region’s vastness and the lack of comprehensive satellite, radar,
and camera coverage make modeling an indispensable method for its exploration.

The second chapter examines a ow channel caused by a polar cap arc by ex-
ploiting a multi-sensor approach. F-region patches are used as proxies of the plasma

behavior as they travel across the polar cap. The study leverages the Resolute Bay

Vi



Incoherent Scatter Radar (RISR-N) volumetric sampling, along with all-sky imagery
and in-situ measurements, to investigate the dynamics between cold plasma move-
ment and auroral precipitation amid a high-latitude lobe reconnection event on the
dawn side. The interplay of transport and the release of magnetic stress from a
high-latitude reconnection surge resulted in the merging of patches and soft electron
precipitation, leading to zones with increased electron density and temperature.

The third chapter presents a 3D simulation of an extreme SAID ow channel in the
subauroral region. It is theorized that this type ow channel can be a precursors of the
STEVE phenomena, where extreme velocities and temperatures have been measured.
This Chapter utilizes a Field Aligned Current (FAC) density originating from the
magnetosphere as the primary source of energy, with other variables adapting as
needed. Several changes were made to the GEMINI model utilized. The simulations
demostrated how it is possible to obtain an extreme SAID ow channel that reaches
up to 12km/s when the system is driven by a current density from the magnetosphere.
The importance of the E-region chemistry is addressed a well as missing factors that
would a ect the channel growth.

The fourth chapter presents the rst results on how a 3D simulation of an extreme
SAID channel is a ected by the inclusion of macroscopic turbulent e ects caused by
the Farley-Buneman instability. Close form equations for the non-linear conductivities
and heating caused by the Farley-Buneman instability were utilized. These e ects
were directly added to GEMINI. This chapter shows how there is an increase in the
temperature and conductivities in the expected zone (100 to 120km) from the very
early moments of the simulations due to the large electric eld that an extreme SAID

creates.
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Chapter 1

Introduction

1.1 Overview

This dissertation addresses the role of ow channels in the dynamics of the ionosphere
both in the polar and sub-auroral regions. Flow channels are areas were ionospheric
plasma moves at a faster velocity relative to its surrounding environment. Although
there are a plethora of di erent ow channels, this dissertation focuses on mainly on
two: ow channels due to polar cap arcs and the Sub-Aurora lon Drift (SAID) ow
channel and its association with the Super Thermal Emission Velocity Enhancement
(STEVE) phenomena. The main focus becomes the e ect these channels have in the
ionospheric dynamics, both in the polar region for the case of the ow channel due
to polar cap arcs, and the sub-auroral region for the SAID/STEVE. Each Chapter
of this dissertation is meant to be a self contained study. Some general concepts
and de nition are given in Chapter 1, with each Chapter later on having its own

background and concepts explain in their respective introductions.

1.2 Motivation and Scienti ¢ Contributions

The following questions motivate the work presented in this dissertation:

1. How does reconnection under northward interplanetary magnetic eld (IMF)
a ect the transport and heating of high density plasma patches as they move

across the polar ionosphere? Chapter 2 addresses this question utilizing a multi-



sensor approach and modeling.

2. How does a Sub-Auroral lon Drift (SAID) driven by a large current density in
sub-auroral regions explain the high temperatures and velocities measured in a
Super Thermal Emission Velocity Enhancement (STEVE) event? Chapter 3
addresses this question by utilizing the Geospace Environment Model of lon-

Neutral Interactions (GEMINI) to simulate the ionosphere in 3D.

3. How do the macroscopic e ects of the Farley-Buneman instability (FBI) in the
E-region a ects a simulation of an extreme SAID/STEVE in the sub-auroral
region? Chapter 4 addresses this question by adding non-linear conductivities

(NLC) and anomalous electron heating (AEH) to the GEMINI simulation.

The scienti ¢ contributions of this dissertation can be separated by chapter. The
contributions of Chapter 2, which is the study of plasma patches as they cross the
polar cap under the in uence of a ow channel and northward magnetic reconnetion,

are:

The interplay between plasma transport in the polar cap, high latitude recon-
nection, and soft precipitation can accelerate, heat, and increase the density of
an existing F-region patch, as well as force it to leave the polar region through

a region far from midnight.

Suggest a new and innovative mechanism for forming a \hot patch™, where it
is not hot due to being a newly created patch by soft precipitation, but rather

an existing F-region patch that is heated

This study underscores the importance of comprehensive observations distributed
across space and time to study the mesoscale and ne-scale ionospheric dynam-

ics in areas experiencing intricate forces



The contributions of Chapter 3, which is the study of how an extreme SAID
can achieve values comparable to the ones measured during STEVE events by 3D

simulation, are:

It is possible to obtain an extreme SAID ow channel that reaches up to 12km/s
when the system is driven by a current density from the magnetosphere with a
value of 0.6 A=m?, which is lower than the maximums measured by Nishimura

et al. (2020a).

The simulations have revealed complex structures and behaviors, emphasizing

the importance of 3D over 2D simulations in capturing these phenomena.

The chemistry in the E- and lower F-region becomes crucial to the generation
of the extreme SAID, with the reaction between [O™] + [N;] ¥ [NO™] + [N]

becoming fundamental.

Under a constant current density driver, the channel growth in velocity is not
uniform. Fast velocities are reached in the eastern side rst since it has less
plasma to deplete due to plasma recombination. The western side grows slower
due to the larger plasma in that region, but reaches velocities up to 10% higher

than its opposite side.

The omission of inelastic terms helps the channel to grow even more than it
would in real system. Same can be said about the impact ionization e ect on

the conductance.

The contributions of Chapter 4, which is the expansion of a 3D simulation of an
extreme SAID by including the macroscopic turbulent e ects of the Farley-Buneman

instability, are:



1. The results of Milikh and Dimant (2003); Dimant and Milikh (2003); Dimant
and Oppenheim (2011a) and Dimant and Oppenheim (2011b) were included
into the FORTRAN code of GEMINI.

2. These simulations show an increase in the temperature and conductivities in the
expected zone (100 to 120km) from the very early moments of the simulations

due to the large electric eld that an extreme SAID creates.

3. The inclusion of turbulent e ects has a dampening e ect on the channel velocity
growth, increasing the conductance and density in the E-region. Towards the
end of the simulation the turbulent e ects become less prevalent due to the

extremely depleted plasma of the E-region.

1.3 The Solar-Terrestrial Environment

The Earth’s near-space environment is a natural plasma laboratory, providing an op-
portunity to study the behaviors and interactions of the magnetosphere-ionosphere
system and its plasma, including how they mix, heat, and circulate. There are sev-
eral great textbooks from which one can delve into this world, such as Kelley (2009),
Schunk and Nagy (2009), and Hargreaves (1992) for a great overview of the iono-
sphere. Brekke (2012) also o ers a great book the polar atmosphere. All concepts
and topics on this Chapter are directly taken from those four books.

The solar-terrestrial environment, also known as geospace, includes the Earth’s
upper atmosphere, the ionosphere, and the magnetosphere. Figure 1 1 shows a sim-
pli ed schematic of the solar-terrestrial enviroment, where the external energy sources
are solar radiation, galactic cosmic rays, and the solar wind. The magnetosphere is a
region of space surrounding Earth where the magnetic eld dominates. It’s essentially
a protective bubble that shields the planet from the solar wind. When the solar wind

reaches the magnetosphere, it is de ected around the planet, with the magnetopause



acting as the boundary between the Earth’s magnetosphere and the solar wind. The
magnetosphere is generated by the movement of electrically conductive uids inside
a planet. In Earth’s case, this is the molten iron in the outer core, which creates
a magnetic eld as it moves. Close to the planet, the magnetic eld lines resemble

those of a simple magnetic dipole, like a bar magnet, with a north and south pole.

Nightside
magnetopause

‘ current
/— Plasma
mantle

Plasma sheet

| L\:! boundary

~._layer current

Figure 1 1: Simpli ed diagram of the geospace enviroment (Pollock
et al., 2003)

On the dayside magnetopause, the dynamic pressure exerted by the solar wind is
balanced by the magnetic pressure of the geomagnetic eld. The solar wind cannot
gain direct access to the magnetosphere due to the magnetopause. Instead, the solar
wind ows along the surface of the magnetopause from the dayside to the nightside.
However, the steady state can be broken via two mechanisms: magnetic reconnection
and viscous interaction processes. Magnetic reconnection represents a fundamental
mode of energy transfer into and out of the geospace system.

The ionosphere is a crucial layer of Earth’s atmosphere that extends from about



approximately 80 to 1000 kilometers above the surface. Its name comes from the
idea of an ionized layer in the upper atmosphere, originally discovered by Marconi
by bouncing radio-waves o it in order to achieve long range transmissions. It’s
characterized by the presence of ions and free electrons, which are created by the
ionization of the atmosphere’s gases due to solar UV radiation. Figure 1 2 shows how
the ionosphere is structure in altitude for both the densities and temperature of the

plasma as taken directly from the International Reference lonpshere (IRI1) model.

2008-03-26T21:00
Glat, Glon: 60, 0

1000 A — Ne 10004 — Ti
O+ Te
— H+
—— He+
— Ot
800 A NO+ 800 A
N+
£ 600 £ 600
(9] [
© ©
2 2
= =
< <
400 A 400 A
200 A 200 A
108 10° 1010 101t 1012 500 1000 1500 2000 2500
Density (m~3) Temperature (K)

Figure 1 2: Plasma densities and temperatures from IRI. Taken at
nighttime.

The ionosphere has the characteristic of being quasi-neutral, meaning that the
sum of the ion densities is roughly equal to the density of electrons. It can be divided
into several layers. The D-region exists from 60 to 90km and it exist mostly during
the day time. The 90km to 150km range in the ionosphere is called the E-region,
with the F-region existing from 150km upwards. All these regions vary in density

and ionization levels and can expand and contract based on solar activity. Figure 1 2



show show the E-region is mostly compromised of heavier ions, like [NO™] and, [O5],
while the F-region favour lighter ions.

On the other hand, the atmosphere can be considered an ocean of neutral gas
encircling the Earth. It is compromised of many layers, though for the purpose
of the solar-terrestrial environment one is of particular interest: the thermosphere.
The Thermosphere extends from approximately 85km where the mesopause exist, all
the way to 800km where the exosphere begins. Figure 1 3 shows the composition
of the thermosphere as well as its temperature structure as taken directly from the
Mass Spectrometer and Incoherent Scatter (MSIS) model from the Naval Research
Laboratory (NRL).

Neutral Atmosphere

800 ; 800 -
—n0O —Tn
700 —nN 700
nO2
—nN2
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£500 = 500
< \ <
3400+ B 400+
2 =
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200 \ > 200 f
\
t00r 5= =S 100

0 ol s .
10'° 10" 1020 200 400 600 800
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Figure 1 3: Neutral densities and temperatures from MSIS. Taken at
nighttime.

The ionosphere and magnetosphere are intricately linked, as depicted in Figure
11, creating a system that signi cantly in uences radio communications, satellite

functionality, and climate patterns. Magnetic eld lines serve as conduits between



the ionosphere and magnetosphere, enabling interactions. Convergent magnetosphere
acts as a sort of lens at high latitudes, focusing energy into a limited spatial region.
High latitude ionosphere is an interesting area since it provides a point of direct

contact between the magnetosphere and the ionosphere through eld align currents.

1.4 The High-Latitude lonosphere

The ionosphere at high latitudes is a critical zone within the solar-terrestrial frame-
work, where it is impacted not only by the underlying atmosphere but also by its
connection to the magnetosphere’s outer regions through the geomagnetic eld and
FAC as Figure 1 4 shows. A substantial portion of the solar wind’s energy that en-
ters the magnetosphere (white translucent arrows in Figure 1 4 is dissipated in the
high-latitude ionosphere through electromagnetic energy transfer (white translucent
arrows) and auroral particle precipitation (black arrows with white translucent tips).
The majority of this electromagnetic input is transformed into Joule heating, while
a smaller fraction accelerates the atmospheric neutral winds. Typically, the energy
from Joule heating is about double that of auroral precipitation. From an energy
perspective, the merging of the solar wind and magnetosphere constitutes a magneto-
spheric generator, establishing the electric elds that drives often complex convection
patterns in the ionosphere.

Many phenomena of the polar ionosphere may be directly traced to reconnection,
including the formation of fast ow channels (Zou et al., 2015), poleward moving au-
roral forms (Oksavik et al., 2004), poleward boundary intensi cations (PBI’s) along
the nightside separatrix (De la Beaujardiere et al., 1994; Zou et al., 2016), ionospheric
up ow in the cusp (Strangeway et al., 2000) and nightside auroral regions (Semeter
et al., 2003). On a large scale, ionospheric plasma convection depends on the IMF

orientation. For periods of southward interplanetary magnetic eld (IMF), observa-
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Figure 1 4: The high latitude ionosphere and its connection to the
magnetosphere. Taken from Vaivads (1998)

tional evidence suggests that, on average, there is a balance between magnetopause
reconnection on the dayside and magnetotail reconnection on the nightside (Dungey,
1961), and convection has been traditionally viewed as a large-scale two-cell pattern
because of solar wind-magnetosphere-ionosphere interaction, which can be seen as
the central channel accompanied by to return channels on each side on Figure 1 4.
Dynamic phenomena in the ionosphere such as instabilities and turbulence generally
occurs as a consequence of the coupling of the solar wind, magnetosphere, and iono-

sphere. The analysis of these variations in plasma density, potential, and magnetic
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and electric elds indicates the presence of a turbulent state in the ionospheric en-
vironment. This turbulent state appears to be fundamental to some key dynamic
processes and is capable of in uencing the cross-scale coupling in an essential way
(De Michelis and Tozzi, 2020). The e ects of turbulence in the subauroral regions
due to the Farley Buneman instability is explored in Chapter 4

It is becoming clear that the magnetosphere-ionosphere system is frequently driven
by dynamic mesoscale structures ( 100{500 km),playing a critical role in space
weather dynamics (Lyons et al., 2016). Within the high latitude ionosphere there
are two regions that will become the focus of this dissertation: the polar region and
the subauroral region.

In the polar region we can de ne two di erent main areas: the auroral zone and
the polar cap. The auroral zone, or auroral oval, is a region where the probability
of aurora (northern lights, southern lights, etc) is higher than its surroundings. The
color of the Aurora are produced by the interactions between uxes of energetic
electrons and protons precipitating along magnetic eld lines and the neutrals of
the upper atmosphere. The characteristically green color associated with the aurora
is caused by atomic oxygen being excited by the precipitating particles. The fact
that the probability for occurrence of aurora increases with increasing latitude was
known in Europe by the old Greeks and probably earlier, but that the occurrence
probability does not increase all the way to the pole seems to have been known by
the 1830s (Kamide and Chian, 2007). The southern and northern auroral zones are
statistically de ned from visual observations. Historical data allowed Feldstein and
Starkov (1967) to create full auroral zone maps that include the dayside for di erent
geomagnetic levels of geomagnetic activity as seen in Figure 1 5

From Figure 15 we can see how when there is more geomagnetic activity, the

auroral oval is signi cantly larger and expands equatorwards. The auroral zone is not
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Figure 15: Auroral oval for di erent geomagnetic levels. Geomag-
netic activity increases from left to right. Taken from Kamide and
Chian (2007) who adapted it from Feldstein and Starkov (1967)

the only area in the polar region where aurora appears. Poleward of the auroral zone
exist the polar cap, an area that can be de ned as the zone where geomagnetic eld
lines are connected to the solar wind, therefore crossing the magnetopause. During
the reconnection process, magnetic eld lines go from being in a close ux state
(they do not cross the magnetopause boundary) to open ux state (they cross the
magnetopause boundary) (Lockwood, 1998). The auroral oval is not the only area
where aurora occurs, with the polar cap showing sun aligned polar cap arcs during
northwards IMF (Lassen and Danielsen, 1989). Chapter 2 goes into more detail about
this type of auroras and other polar cap phenomena such as polar cap patches.
Equatorwards of the auroral zone, there is a region commonly referred as the sub-
auroral zone. This zone is characterised by mapping to the inner magnetosphere when
one follows the magnetic elds lines which in this case includes the magnetospheric
currents R1 and R2 shown in Figure 1 1. Chapter 5 of Mishin and Streltsov (2021)
provides an in depth analysis of plasma ows, waves and auroral phenomena in this
region. Sub Auroral Polarization Streams (SAPS), proton aurora, Sub-Aurora lon
Drift (SAID), and the STEVE aurora (Nishimura et al., 2021) are among the phe-
nomena that happens in this region, with the later two being analyzed and explained

further in Chapter 3.



12
1.5 Some Important Fundamental Concepts

1. Cyclotron frequency

The cyclotron frequency is the frequency at which ions or electrons gyrate under
the e ects of an ambient magnetic eld. With an initial velocity, the Lorentz
force (FL = gq[us B]) causes the particles to gyrate around a magnetic eld
line. Electron and ions gyrate in opposite directions due to the dependence of
the Lorentz force on q. The frequency at which it gyrates around this magnetic

eld lined is called the cyclotron frequency

_ 0B
= (1.1)

2. Plasma Frequency

The plasma frequency describes the ability of the charged particles to oscillate.
If electrons move in the frame of reference of the ions, an electric eld will be
built up pushing the electrons back towards the ions, causing the electrons to
overshoot their original location. The electrons will therefore oscillate around
their original position, with the frequency at which they do known as the plasma
frequency.

1=2

2
Nsls (1.2)
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3. Boltzmann equation

The Boltzmann equation is a starting point for the derivation of di erent trans-
port equations, as well as the basis for kinetic theory. Instead of following

each individual particle, the Boltzmann equation follows the distribution of the
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particles, as seen in the equation below.

@+VS rf3+E rvfs:%

T m. T (1.3)

. The meaning of fs(r; vg; t)

In the Boltzmann equation, a distribution function for the particles is utilized.
This distribution function, in the 3D case, has seven variables. The rst three,
represented for r, describes the position in 3D of the particles. The second
three, represented by vs the velocities of the particles. Finally, t represents the
time. Utilizing a Maxwellian distribution in 3D, fs(r;Vs;t) has the following
shape:

3=2

1
Ms ms[vs  Us(r; t)]z

fs(r; vs; t) = ng(r; t) 7 KeTo(r D) 2K To(r 1)

(1.4)

Which gives the distribution function of particles in 3D space, velocity space,
and time. In this case r, vg, and t are independent variables. The distribution
functions represents the number of particles of species s that at a time t are
located in a d®r volume in space, as well as a d®vs volume in velocity space.
From this distribution function it is possible to obtain several other variables
by calculating its moments with respect to the velocity. The zero moment of
the distribution function is calculated by integrating it over all velocities, which
gives the total plasma density in space and time:

yal
s(r; vs; )dPvs = ng(r; t) (1.5)
a1

For the rst moment of the distribution function is obtained by multiplying
the distribution function by vs and integrating over all possible velocities and

dividing it by the total plasmna density. This results in the drift velocity of the
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plasma us(r; t) in space and time.

Al
1

o Vs Ts(r; Vs; 1)d3vs = ug(r; t) (1.6)
a1

Finally the second moment of the distribution function is obtained by multiply-
ing the distribution function by the average kinetic energy of the particles with
respect to the drift velocity of all particles %ms(vS us(r; t))? and dividing by
the total plasma density. This results in the factor that depends temperature

of the plasma in space and time, as well as the Boltzmann constant.

1
Ms

. ) (Vs us(r:t))zfs(r;vs;t)d%s:gkas(r;t) (1.7)
1

[O"] + [N,] ¥ [NO™] + [N] Chemical Reaction

Several chemical reactions happen in the lower ionosphere which either recom-
bine the plasma by a reaction that transform an ion into a neutral or changes
the plasma composition by a reaction that transforms and ion into a di erent
ion. A main reaction that this dissertation will study is the reaction that trans-
form [O™*] into [NO™] (St-Maurice and Laneville, 1998). The time this reaction
takes is temperature dependent as seen in Figure 1 6, with the rst kink at ap-
proximately 3,000K. Meaning that the reaction becomes faster and faster after

the e ective temperature surpasses 3,000K.
. lonospheric Conductivity

In a simple circuit composed of a voltage generator and a resistor, there will
be current owing through such resistor, with the resistor value giving as a
value that directly relates such current and voltage. This is also known as

Ohms Law. In the ionosphere, the relationship between current density and
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Figure 1 6: Reaction coe cient of the [O™] + [N;] chemical reaction

electric eld can be considered to have a similar behavior as a circuit, with the

relationship between them being called ionospheric Ohms Law:
J= " E (1.8)

The electric conductivity is anisotropic because of the e ect of the magnetic
eld, therefore it is represented by a tensor and three conductivities are de ned.

Those are the parallel, Pedersen and Hall conductivities.

2 3
' P H O
- =4 H o) 0 ) (19)
0 0 j

Given this equation, the Pedersen conductivity is the conductivity parallel to
the electric eld and perpendicular to the magnetic eld, the Hall conductivity
is perpendicular to the electric eld and magnetic eld while the parallel con-
ductivity is parallel to the magnetic eld. Figure 1 7 shows the values of the

di erent types of conductivities in the dayside ionosphere at midlatitudes. The
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Figure 1 7: Pedersen, Hall and parallel conductivities. Taken from
Kelley (2009)

parallel conductivity ( o in the gure) is much larger than the Pedersen or Hall

conductivities.

1.6 Transport Equations

In the same manner that one can calculate the velocity moments of the distribution
function f4(r; vs; t) to obtain things like plasma density, drift, and temperature, the
same can be with the Boltzmann equation, from which it is possible describe the
spatial and temporal evolution of such velocity moment, treating the plasmaasa uid.
The zero velocity moment can be obtained by directly integrating the Boltzmann
equation in velocity space. From it, the rst transport equation arises, called the

continuity equation:
@ns
ot

The continuity equation is the statement that mass must always be conserved. To

+r (nsus) =0 (1.10)

calculate the rst velocity moment of the Boltzmann equation one must multiply
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ms(vs Ug) and integrate over all velocities, which results in the momentum equation.

es X
G H [E + Us B] = sh Sn(Un Us) (1.11)
S

n

Dsus + Ps
Dt NsMg

The momentum equation is the statement that momentum must always be conserved,
and all di erences in momentum must be cause by a pressure gradient or an external
force. For this particular example, only the gravitational force and the Lorentz force
where included. In this case, the Ds=Dt is known as the convective derivative and it

is equal to:
Ds _ @
— = — + .
Dt _ ot Us I (1.12)
The second moment is calculated by multiplying by 1=2ms(vs Us)? and integrating

over all velocities. This is known as the energy equation, and has the following shape:

Ds 3 5 XX ngm
> 5Ps =hs(r us) = Lns]n k(T Ts) sn+ Mnp(un Us)2 sn
n

Dt 2
(1.13)
The energy equation is the statement that energy must be conserved. In this case,
sn and ¢, are velocity dependent correction factors that are di erent for di erent
collision processes. It is possible to continue and obtain even more uid equations to
describe a plasma by obtaining the pressure tensor equation, the heat ow equation,
etc. This allows from a more comprehensive analysis of the plasma, but it also

increases the mathematical complications of working on the problem.

1.7 GEMINI Model

The Geospace Environment Model of lon-Neutral Interactions (GEMINI) is a ver-
satile three-dimensional ionospheric model, speci cally designed to capture a wide
range of phenomena occurring at medium to small spatial scales (200 m to 10,000

km). GEMINI is designed to function in either two or three dimensions, utilizing gen-
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eral orthogonal curvilinear coordinates, typically a tilted dipole (Huba et al., 2000)
or a Cartesian system. The model employs a uid system of equations (Schunk, 1977;
Blelly and Schunk, 1993) to describe the dynamic behavior of the ionospheric plasma,
which is self-consistently coupled to an electrostatic treatment of auroral and neu-
tral dynamo currents. The uid system includes three conservation equations (mass,
momentum, and energy) for each ionospheric species s relevant to the E-, F-, and

topside F-regions (s = O*, NO*, N;, Oy, N*, H").

0 s

—+ 1 (sVs)=msPs Lss (1.14)
@t
" #
0 s <
= sVs) +r ( sVsVs) e = rps+ g+ —0E+ s st (Vt Vs) €,
gt m, BT
(1.15)
%( s s) +r ( s sVs) = ps(r Vs) r h (1-16)
1 =< skB st 2 My 2
2(T T ——
( s l) . ms + mt ( S t) 3 kB (VS Vt)

Source terms for the continuity equations 1.14 encapsulate both chemical pro-
duction and impact ionization (Ps), as well as chemical loss (Ls). To calculate
source terms in the continuity equation for photoionization, the method presented
by Solomon and Qian (2005) is used, along with solar uxes obtained from the EU-
VAC model (Richards et al., 1994). The semi-empirical method of Fang et al. (2008,
and references therein), known as the Fast Auroral Snapshot Global Model (FANG),
is utilized to compute impact ionization, with Swartz and Nisbet (1972) for the heat-
ing rates. Alternatively, GEMINI can use the suprathermal electron transport code
Global Auroral Model (GLOW) (Solomon, 2017) to specify ionization and heating
rates (D az Pena et al.,, 2021). Chemical reactions for the ionospheric model are

taken from Diloy et al. (1996) and St-Maurice and Laneville (1998, and references
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therein).

Equation 1.15 includes gs, the charge of each species, v, the drift velocity of species
t (which can be either charged or neutral), and ¢, the collision frequency of charged
species s with species t. Notably, the momentum equation (Eq. 1.15) is only solved in
a time-dependent form for the direction parallel to the geomagnetic eld (denoted by
the unit vector &;). The partial pressure ps is related to the speci c internal energy
and temperature by an equation of state, such as the ideal gas law. Heat uxes in
Equation 1.16 (hs) are speci ed by a simple model of thermal conduction for the ions:
hs =  srTs, where ¢ is the thermal conductivity, taken from Schunk (1975).

The present work focuses on electrodynamic and thermal descriptions in the
model. To approximate the momentum in dimensions perpendicular to the geo-
magnetic eld line, a steady-state momentum approximation yielding an ionospheric
Ohm’s Law is employed:

-J?: ? E? (117)

The various empirical models and inputs to GEMINI are shown schematically,
along with typical outputs, in Figure 1 8. The user de nes electrodynamic boundary
conditions in the con g.nml le, and the initial plasma conditions are calculated
using the International Reference lonosphere model (IR12016). Neutral winds and
density are incorporated into the simulation using the MSIS2.0 and HWM14 models,
respectively. Particle precipitation can be included through either FANG or GLOW.
After these initial conditions are set, the model runs an equilibrium simulation, during
which the model is run for an extended period (around 24 in model hours) to achieve
a steady-state. Finally, the model is run with the user-speci ed con g.nml le to

simulate the desired conditions.
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Figure 1 8: Simpli ed diagram of how GEMINI interacts with di er-
ent models and inputs

The electron energy equation in the standard version of GEMINI is

g

@( ee) T (eeVe) Pe(r Ve) I he (1.18)
1 > ekB et 2 m¢ 2
( . 1) . me + mt 2(Te Tt) é@(ve Vt)
L9 L.
(e 1

For electron heat uxes, both thermoelectric e ects (Schunk and Nagy, 1978) and
thermal conduction are considered (Banks and Kockarts, 1973; Huba et al., 2000).
The electron energy equation takes a distinct form compared to the ion equation, as
it accounts for inelastic cooling terms and photoelectron heating, collectively referred
to as Q. L. Speci cally, this work incorporates cooling due to the excitation of
rotational and vibrational modes of [O,] and [N;], as well as the excitation of the ne

structure of O.
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Chapter 2

Auroral heating of plasma patches due to
high-latitude reconnection

This chapter is directly taken from D az Pera et al. (2021) in its integrity with only

small changes in formatting and referencing.

2.1 Introduction

Magnetic reconnection represents a fundamental mode of energy transfer into and out
of the geospace system. Many phenomena of the polar ionosphere may be directly
traced to reconnection, including the formation of fast ow channels (Zou et al., 2015),
poleward moving auroral forms (Oksavik et al., 2004), poleward boundary intensi -
cations (PBI’s) along the nightside separatrix (De la Beaujardiere et al., 1994; Zou
et al., 2016), and ionospheric up ow in the cusp (Strangeway et al., 2000) and night-
side auroral regions (Semeter et al., 2003). From an energy perspective, the merging
of the solar wind and magnetosphere constitutes a magnetospheric generator, estab-
lishing the electric elds that drive complex convection patterns in the ionosphere.
For periods of southward interplanetary magnetic eld (IMF), observational evidence
suggests that, on average, there is a balance between magnetopause reconnection on
the dayside and magnetotail reconnection on the nightside (Dungey, 1961). When the
IMF is northward directed, reconnection occurs di erently from the southward IMF.
Regions that are favorable to reconnection shift from the dayside magnetopause to the

lobe magnetic eld lines poleward of the cusps (Gosling et al., 1991). The formation



22

of reverse convection cells, multi-cell convection patterns, and soft discrete arcs in the
polar cap are some of the consequences that arise due to the reversal in orientation of
the IMF B, component from negative (southward) to positive (northward) (Fuselier
et al., 2000; Onsager et al., 2001; ieroset et al., 1997; Lockwood and Moen, 1999).

Ground-based observations have shown that reconnection is not a continuous
smooth process, and the existence of reconnection pulses is expected regardless of
the IMF orientation (Fear et al., 2017). For southward IMF conditions, pulsed recon-
nection on the dayside is one of the major agents for the creation of F-region plasma
patches (or polar cap patches) (Crowley, 1996; Tsunoda, 1988). Patches are enhanced
density regions that are generated in the dayside and convected across the polar cap
towards the night side, with reconnection serving as the trigger for patch generation
and segmentation (Lockwood and Carlson, 1992; Basu and Valladares, 1999; Carlson,
1994, 2007, 2012). The regions of higher plasma density drift and deform in a manner
consistent with general convection streamlines established by electrostatic potential
contours. For northward IMF, polar cap patches are still expected (Coley and Heelis,
1998; McEwen and Harris, 1996; Zhang et al., 2016), particularly if there are sudden
changes of B, (\alladares et al., 1998) and in the presence of precipitation (Oksavik
et al., 2006). In general, the solar wind does not smoothly vary, and rapid tran-
sients in IMF can impart rapid recon gurations of convective ows in the ionosphere
(Ruohoniemi and Greenwald, 1998; Lu et al., 2002).

This chapter presents a detailed examination of plasma transport, auroral ion-
ization, and auroral heating associated with a southward transient in the solar wind
IMF embedded within a prolonged period of northward IMF. Observations by the
electronically scannable Resolute Bay Incoherent Scatter Radar (RISR-N) and the
co-located Optical Mesosphere Thermosphere Imager (OMTI) have revealed a coor-

dinated response, wherein a plasma patch was observed to accelerate into a region
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of an intensifying sun-aligned arc. The co-mingling of the patch and soft precipita-
tion created a common region of elevated ionospheric density and elevated electron
temperature consistent with the designation ‘hot patch™ (Zhang et al., 2017). The
formation of convection transients and soft structured precipitation are expected con-
sequences of magnetic stress release due to lobe reconnection, as discussed in previous
works (Milan et al., 2005).

The key observational innovation in this work is the use of the pulse-by-pulse
steering capability of RISR-N to construct time-dependent volumetric images of the
ionosphere in the vicinity of the auroral forms. This enables us to track plasma struc-
tures and to explore the relative importance of recombination, di usion, heating,
and impact ionization in the patch (Lagrangian) reference frame. The observations
are used to constrain the rst-principles GEMINI numerical model to elucidate the
relationship between F-region parameters observed by RISR and topside (800 km)
parameters measured by DMSP. The latter have served as the basis for recent work on
plasma patch dynamics (Zhang et al., 2017; Ma et al., 2018). By studying the dynam-
ics between plasma transport, auroral precipitation and high latitude reconnection, |
aim to answer the rst question presented in the introduction: How does reconnec-
tion under northward interplanetary magnetic eld (IMF) a ect the transport and

heating of high density plasma patches as they move across the polar ionosphere?

2.2 Instruments and setting

The case study examined in this work occurred on 24 January 2012. This period was
selected based on the fortuitous availability of concurrent measurements by DMSP,
the OMT]I auroral imager, and the RISR-N facility during an extended interval where
the open-closed eld-line boundary was observed by all diagnostics. For context,

Figure 2 1 summarizes the solar wind magnetic eld measured at L1. The data were
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obtained from the NASA/GSFC’s OMNI data set through OMNIWeb, and have
been time-shifted to the Earth’s bow shock. The transfer time to the ionosphere
from this point depends on factors such as the IMF orientation and the mode of
magnetosphere-ionosphere coupling (Ruohoniemi and Greenwald, 1998; Watanabe
et al., 2005), but is expected to be of order a few minutes. The period beginning at

9:45 UT was characterized by a steady IMF B, positive and By negative { conditions
favorable for a contracted auroral oval and high-latitude reconnection (Milan et al.,
2005). An exception was a sharp dip and sign reversal in B, at 11:15 UT. It has
been shown that even a brief interval of enhanced dayside merging can lead to a
substantial re-in ation of the polar cap (Newell et al., 1997) and the creation of new
polar cap patches (\alladares et al., 1998). This dynamic is considered signi cant for

understanding the regional dynamics of interest to this study.

OMNI IMF: B for 24-Jan-2012
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Figure 2 1: OMNI solar wind measurements for 24 January 2012

RISR-N. The RISR-N facility (74.73N, 94.91W) provided the crucial spatially
and temporally resolved data for this study. During the period of interest, RISR-N
cycled through the 42 beam pattern depicted in a radar-centered horizontal coor-
dinate system in Figure 2 2a. Beam-patterns such as this enable construction of
three-dimensional volumetric images of density Ne, electron temperature Te, ion tem-
perature T;j, and line-of-site ion velocity V| os. The uncertainties in observed state pa-
rameters depend on the number of samples integrated per position and the backscat-

tered power, which decreases with ionospheric density and range (Farley, 1969; Davis
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and McCrea, 2004). For this experiment a 2-minute integration period was utlized,
corresponding to 171 pulses per beam position.

Figure 2 2b shows an example of the sampled density eld, with each sample
displayed as a color-coded dots. Note that the cross-range sample spacing increases
with increasing altitude, with horizontal coverage increasing from 200 200 km at
E-region altitudes to 400 400 km near the F-region peak. The tted data are
typically displayed using a 3D natural-neighbor interpolation scheme, as shown in
Figure 2 2c (Semeter et al., 2009; Dahlgren et al., 2012; Perry et al., 2015). The
interpolated data products allow exibility in visualizing the space-time evolution of
plasma. E.g., plasma motion may be estimated from feature tracking as well as from
the bulk Doppler shift (V_os) of the received signals. It is also possible to extract cuts
through the data in any direction, particularly in the direction of the magnetic eld,
which is nearly 90 elevation at the RISR-N location. This enables us to study plasma
dynamics in the convecting frame of reference, a capabilities that will be discussed
further in Section 2.3.1.

DMSP. The Defense Meteorological Satellite Program (DMSP) is a constellation
of low-Earth orbit (LEO) sun-synchronous satellites in a dusk-dawn polar orbit at
a nominal altitude of 833 km. Developed primarily for weather monitoring, the
DMSP spacecraft also include a variety of plasma instruments. The orbital velocity
of the DMSP satellites is 7.4 km/s, which means that they cross the polar cap
on a timescale similar to the timescales associated with changes in the convection
pattern. Thus the spacecraft measurements contain an ambiguous mixture of spatial
and temporal e ects which must be partitioned using additional diagnostics. For
this study the thermal plasma monitor and the precipitation particle spectrometer
instruments, commonly known as SSIES and SSJ/5, were used. DMSP satellites F15

through F18 were available during the interval under study. | focus on F16 since it
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Figure 2 2: AMISR beam con guration

passed closest to to RISR-N.

OMTI. Co-located with the RISR-N facility is an all-sky imager for studying
aurora and airglow. The imager is part of the Optical Mesosphere Thermosphere
Imagers (OMT]1) managed by the Nagoya University (Shiokawa et al., 1999, 2009), and
has been operational since 2005. The Iters in place are for the green line (557.7nm),
red line (630nm), thermospheric oxygen (777.4 nm), sodium line, and hydroxyl line.
OMTI registers red-line images every 2 minutes with 30 seconds exposure (Hosokawa
et al., 2006, 2009). In this work, the OMT]I 630-nm images are used to provide space-
time context to assist in the interpretation of plasma measurements by RISR-N, and
orbital measurements of particles and drifts by DMSP.

GEMINI. In order to better understand the time and altitude dependencies of
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the ionospheric responses, The numerical model used is the GEMINI model, described
in Chapter 1, Section 1.7. The release of GEMINI utilized on this chapter uses the
rst-principles suprathermal electron transport code GLOW (Solomon, 2017, and

references therein) to specify auroral ionization and heating rates.

2.3 Observations

My interpretation of this event is based on the combined perspective obtained from
the solar wind IMF, ionospheric parameters from RISR-N, auroral morphology from
OMTI, global convection using the Weimer model, and particle precipitation from

DMSP.

2.3.1 RISR-N and OMTI

Figure 2 3 shows a time-sequence of vertical pro les of Ng, Te, and T;, extracted
from a location 100km east and 150km north of RISR-N on 24 January 2012, show-
ing intervals of correlated variations in N and T, (11:20{11:58, 13:00{13:45) and
an interval of uniform cold plasma enhancement (12:15{13:00). Evidence for plasma
patches drifting through the zenith can be seen beginning at 11:15 UT and con-
tinuing throughout this interval, all with peak density at 300 km. The observed
patches fall into two categories. From 12:15{13:00, the plasma appears cold and uni-
form in this zenith view. The IMF was steady and northward during this interval,
with B, = +4:5and B, = 8.

By contrast the patches between 11:20 and 11:58 UT were more structured, and
correlated with high electron temperature. These structures appeared following the
negative excursion in IMF B, and the subsequent return to steady B, north conditions
(Figure 2 1). This class of patches has been designated ’hot patch’ by Zhang et al.
(2017), who attributed the elevated T, as evidence of soft auroral precipitation and,

hence, conjectured that patch generation by auroral ionization and upward di usion
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may be at play. This notion was updated by Ma et al. (2018), where the T;=T,
ratio was suggested as the key to di erentiating a hot patch from a classical cold
patch. Ma et al. (2018) also implied that hot patches are related to precipitation
and bursty ow, and represent the initial creation phase of patches that later become
classical or cold patches as their temperature decreases. In this context, a cold or
classical patch represents a polar cap enhanced density structure which is transported
from the dayside sunlit region with dense and cold plasma(Zhang et al., 2017). The
volumetric observations by RISR-N present a unique new capability for understanding
the interacting mechanisms leading to the density and thermal structure of these

patches.
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Figure 2 3: Time sequence of vertical pro les of N (top), Te (middle),
and T; (bottom)

Figure 2 4 shows horizontal contours of N, Te, and T; at 300 km altitude at
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two di erent times separated by 13 minutes. The background is the corresponding
630-nm red-line image from OMT]I shown in gray scale and projected at an assumed
emission altitude of 230 km. The spatial coordinates indicate geographic distance
east and north of RISR-N, with the location of RISR-N indicated by a yellow star
at the origin. At 11:11:24 UT (panels a-c), spatially distinct regions of high plasma
density and high electron temperature can be observed. The elevated F-region Te is
observed within the soft precipitation region, as expected, and the plasma patch is
poleward of the arc boundary. By 11:24:10 UT (panels d-f), the patch has drifted
across the auroral boundary, becoming co-located with the auroral heating region.
The alignment of the T, boundary with the auroral boundary in Figure 2 4e provides
con dence in the mapping assumptions applied. This dynamic repeats for other
patches in the 11:15 to 12:00 UT interval.

To further examine this dynamic interplay, | conducted a simultaneous analysis
of horizontal and vertical cuts through the sampled volume. Figure 2 5 presents rep-
resentations of the 3D plasma density eld in contiguous 2-minute intervals during
the interval corresponding to Figure 2 4. Figures 2 5a{2 5j show horizontal cuts of
N, at 300 km altitude, as in Figure 2 3, extracted at 300km altitude (color contours),
overlaid on 630-nm all-sky images mapped to 230 km altitude (i.e., expected alti-
tude of peak emission). The parameter elds are compared at two times: panels a{c
(11:11:24 UT) show a period with spatially separated cold patch and auroral heat-
ing; panels d{e (11:24:10 UT) show a period after patch has moved across the arc
boundary, creating common region of elevated N, and T.. The added white arrows
show line-of-sight velocity vectors extracted from the bulk Doppler shift of the ISR
spectrum. The vectors have been scaled by dividing by the cosine of the beam eleva-
tion angle, such that the length represents the horizontal component of the velocity

towards or away from the origin of a plane at 300-km altitude (assuming velocities
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Figure 2 4: Sample RISR{OMT]I composite images showing horizon-
tal cuts of Ng, Te, and T;

are predominantly horizontal { a reasonable assumption at 300 km altitude near the
geomagnetic pole). Only velocity vectors with relative error <40% are included in
the gure. Note that measurements meeting this threshold are co-incident with re-
gions of high plasma density, corresponds to a higher radar SNR, as expected. These
vectors reveal the presence of plasma velocity components tangential and normal to
the auroral boundary.

Figures 2 5k{2 5t show vertical cuts of N through the same interpolated volume.

This view reveals the north-south motions of plasma structures at di erent altitudes.
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Of particular interest is the plasma patch centered at  300-km (solid ovals), and the
ionization from soft precipitation extending down to  140-km (dashed ovals).

The patch motion is manifested in two ways in Figure 2 5: through direct mea-
surements of the feature (solid ovals panels k-t), and and through the bulk plasma
Doppler shift (white arrows in panels a-j)). The general southeastward motion of the
patch toward the arc boundary is consistent with the line-of-sight velocities. The vec-
tors turn strongly norhteastward (dawnward) within the arc, consistent with DMSP
IDM observation (see Appendix A, Figure A 1). The location of the particle precipi-
tation is also revealed in two ways: through the optical imagery (background image)
and through direct measurements of impact ionization (dashed ovals).

The time-sequential visualizations show that the patch trajectory had a strong
equatorward component across the auroral boundary, followed by rapid dawnward
motion within the arc. This behavior is consistent with the presence of a tangential
reconnection electric eld (de la Beaujardiere et al., 1991).

Moreover, there is also a visible acceleration between 11:17UT and 11:19UT (Fig-
ure 2 5d to 2 5e) where the center of the patch moves almost 100 km in a span of 2
minutes, which corresponds to almost 830 m/s. This is consistent with accumulat-
ing evidence that the reconnection process is universally bursty (Fear et al., 2017),
including high-latitude lobe reconnection (Lockwood and Moen, 1999).

After the patch and aurora become aligned (panels f-j and p-t), it is impossible
to di erentiate precipitation-generated plasma from the pre-existing patch plasma in
any single frame. It is only through the time-history that | can conclude that the
structures observed in panel t represent a co-mingling of precipitation e ects and cold
plasma transport. The challenge with interpretation of such data is exacerbated by
the large arc-aligned (sunward) velocities within the arc, which serve to stretch the

patch along the arc, causing the F-region density enhancement to mimic the lower
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ionization pattern (e.g., panels j and t).
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Figure 2 6: Lagrangian altitude pro les taken from RISR-N interpo-
lated data

Further insight can be obtained by following the evolution of ionospheric param-
eters in the frame of reference of the advecting patch, i.e., the Lagrangian reference
frame. Figure 2 6 shows a time-sequence of vertical pro les of Ng and T, over the in-
terval 11:00 to 11:34 UT. The pro les were extracted by performing a spatial average
in the horizontal direction of the parameters over the approximate area at the center
of the patch. For each snapshot the center of the patch was found, and an average
was calculated over the pixels around it. The generated sequence of vertical pro les
represent the average behavior in altitude. As such, the pro les illustrate how the

plasma properties are evolving within the patch on average. Each pro le represents
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a 2-min integration, and each pro le is color-coded to indicate the progression of
time using dark red to light yellow. The black pro les show the average quiescent
background state prior to the patch event.

Figure 2 6 shows that N, and T, were relatively constant within the patch prior
to encountering the region of auroral precipitation, indicated where pro les are red,
with the decrease in electron density in time associated with recombination of the
background ionosphere. At 11:24 UT the patch accelerated into the region of soft
precipitation, indicated where the pro les are yellow, where elevated F-region T,
can be seen, and a build-up of new plasma density below 250 km. These changes
are consistent with the presence of an incident electron spectrum with broad energy
distribution below 300 eV.

The observations provide strong evidence for a dynamic interplay between patch
transport and soft auroral precipitation initiated by lobe reconnection, which resulted
in a region of elevated upper F-region N, and elevated F-region Te. Thus, in this
case the presence of a hot patch does not indicate the initial creation of a patch,
but is rather the result of a mature cold patch that has been subjected to auroral
heating. The eld-of-view of RISR-N is insu cient to track these dynamics further.
Future studies using combined observations from RISR-N and the southward pointed

RISR-C facility will certainly contribute to completing the observational picture.

2.3.2 Global context from OMNI and Weimer

For this particular day, the IMF B, was consistently negative. B, was slightly north-
ward, except for a brief rapid transient at 11:15 UT. By following the results of
Heppner and Maynard (1987) and Potemra et al. (1984), | expect the global convec-
tion pattern to be most likely a distorted two-cell pattern. This pattern also allows
for the existence of polar cap arcs as discussed by Sojka et al. (1994). No SuperDARN

back scatter was available from the geographically close radars, so no SuperDARN
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convection map is available. | ran the Weimer model for several times for this date
utilizing the online CCMC tool and OMNI inputs. These Weimer models runs are
empirically-derived statistical electric potential maps for the high-latitude ionosphere
developed by Weimer (1995) and can help us approximate the overall large scale con-
vection pattern. Figure 2 7 shows plots of Weimer equipotential contours and mapped

all-sky redline images at selected times during the RISR-N experiment:

a) 10:11 UT. Pre-event, B, > 0, By < 0. No visible aurora, model predicts dawnside

cell splitting as expected for prolonged B, north.

b) 10:48 UT. Initial appearance of auroral activity, accompanied by continued con-

traction of the polar cap.

c) 11:29 UT First appearance of coherent the sun-aligned polar cap arc forming on

the night/predawn side of the polar cap, following abrupt transition to B, < 0.

d) 12:48 UT Return to steady B, north. The sun-aligned arc has become a remnant

at the southern edge. Convection is small or stagnant in the vicinity of RISR-N.

2.4 Discussion

The observations presented herein reveal how the combined e ects of plasma transport
and particle precipitation can lead to regions of elevated ionospheric density and
temperature consistent with the ’hot patch’ designation (Zhang et al., 2017). The
observations presented are consistent with the nding by Ma et al. (2018) that hot
patches are more frequently observed near the polar cap boundary, whereas cold
patches are more frequently observed in the central polar cap. The present study
shows that both cases can result as part of a single dynamic.

Vertical parameter pro les extracted from interpolated data (Figure 2 3) showed

multiple small-scale patches co-located with elevated electron temperature in the in
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c) d)

Figure 2 7: Weimer electric potential

the 11:15{12:00 UT interval and again in the 13:10{14:00 interval, with a continuous
cold plasma enhancement in between. Three-dimensional time-dependent analysis
showed that the F-region features were transported into the RISR-N FOV and into
the regions of soft precipitation, rather than produced locally. One reason for showing
both presenting both perspectives is to emphasize the importance of four-dimensional
space-time observations for understanding ionospheric dynamics at geospace bound-
aries. In what follows I discuss implications of this evidence, and employ physics-based
modeling to help understand the time scales and expected signatures at low-Earth

orbit (e.g., DMSP).
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2.4.1 Relation to solar wind drivers

Figure 2 1 showed that during the hours preceding 11:15UT on 24 January 2012, the
IMF B, was positive, varying between 1 and 5 nT, while By was negative increasing
steadily (to rst order) from 10to 6 nT. The Weimer modeled convection pattern
(Figure 2 7 exhibited expected behaviors for these conditions, with a contracting
dawnside convection cell and indications of bifurcation of the dawnside into smaller
cells. Line-of-sight ion velocities imaged by RISR-N (Figure 2 5) were consistent
with Weimer predictions { i.e., velocities have a persistent equatorward component
poleward of the auroral boundary, but a persistent sunward component equatorward
of the auroral boundary. On the other hand, these velocities were not consistent
with observed movements of density features in the same regions: RISR-N measured
an approximately southward direction, where Weimer shows the possible existence
of an eastward ow. This can be explained by two possible factors: reconnection is
pushing plasma across eld lines through a tangential electric eld thus creating the
southward movement inside a convection pattern that is exactly as Weimer presents,
or since Weimer is a large scale model small scale variations are not accounted for,
which is what RISR-N could be measuring in this instance.

The aurora that formed within the RISR-N FOV at 11:07 UT in Figure 2 5 was
characterized by dynamic rayed structures dominated by 630-nm redline emission.
Mapped projections of the full all-sky eld-of-view, shown in Appendix A.1, Figure
A 2 and A1, revealed these features to comprise a sun-aligned arc. The IMF con-
ditions for this event { B, > 0, By < 0, Bx > 0 { were favorable for the formation
of small-scale sun-aligned arcs (Kullen et al., 2002; Crooker, 1986). At 11:15 UT,
B, transitioned rapidly from 5 to 1 nT. This was followed 2 minutes later by a
simultaneous brightening of the arc and equatorward acceleration of the patch across

the precipitation boundary, as revealed by Figure 25. The rapid response of the
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magnetosphere-ionosphere system to such solar wind transients is well known, and
has been investigated in observational (Ruohoniemi and Greenwald, 1998) and mod-
eling (Lu et al., 2002) studies. The coordinated response of sun-aligned arc formation
and accelerated transport across the arc boundary are the expected consequences of

lobe reconnection.

2.4.2 Role of High-latitude Lobe Reconnection

The role of high-latitude reconnection in the formation of sun-aligned arcs has been
investigated in some detail (see, Hosokawa et al., 2020, and references therein). This
event meets the criteria for the tail reconnection during IMF northward non-substorm
intervals (TRINNI) model proposed by Milan et al. (2005). In this model, the polar
cap becomes bifurcated into two compartments, and lobe reconnection results in
a transfer of ux from one polar cap compartment to another. The lifetime and
migration of the resulting sun-aligned arc depends on continued lobe reconnection
and By variations. For the present case the negative transient in B, at 11:15 UT is
conjectured to have produced an impulsive increase in reconnection rate (see, e.g.,
Newell et al., 1997), which resulted in acceleration of the plasma patch into the
reconnection footprint.

The creation of soft but structured precipitation from reconnection is also ex-
pected. A lobe reconnection pulse introduces free energy in the Lagrangian (plasma
rest) frame in the form of magnetic tension. The energy is dissipated through the ex-
citation of small-scale inertial Alfven waves which accelerate electrons (e.g., Keiling,
2009, and references therein). The rayed morphology of the aurora, often observed
in active polar cap arcs, is qualitatively similar to poleward boundary intensi ca-
tions (PBIs) (Semeter et al., 2005) as well as auroras associated with poleward edge
of a substorm expansion (Dahlgren et al., 2013), both of which are associated with

A venic electron acceleration. The correlation of ow bursts and particle precipita-
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tion in polar cap auroras has also been investigated directly using measurements from
the FAST satellite (Bonnell et al., 1999). The four-dimensional view of the evolving
ionospheric state by RISR-N provides critical evidence needed to disentangle the var-
ious processes at play.

The e ects of lobe reconnection on a drifting plasma patch are best understood
by tracking properties in the patch reference frame. Figure 2 6 shows the the ability
to extract this perspective over a substantial regional volume is one advantage of
an electronically scannable ISR. Figure 2 6 showed that the precipitation increased
plasma production below 300 km, while simultaneously elevating T, throughout the
ionosphere. These e ects are the expected responses to an intense ux of soft electrons
(-200 eV) associated with Alfvenic particle acceleration (Semeter and Zettergren,
2014). An important observation is that the introduction of soft precipitation did
not increase the peak patch density at 300 km. In fact, the density above 300 km
can be seen to decrease slowly over time. This response is expected due to continued

recombination and upward ambipolar di usion induced by the electron heating.

2.4.3 Numerical Modeling of Patch Formation

Investigations into the 'hot patch’ phenomenon have primarily rested on topside iono-
spheric observations by DMSP ( 800 km). In order to better understand how the
observed dynamic below 400 km manifest at di erent altitudes, | used the observa-
tions to constrain the coupled GEMINI-GLOW model (see Section 2.2). Of particular
interest are the e ects of soft particle precipitation, which could potentially impact
F-region density and topside electron heating Oksavik et al. (2006). For my present
purpose, | seek to asses to what extent the observed patches could be produced by
soft precipitation based on the available evidence.

The following strategy was employed. | set the initial background N, pro le to

the pre-event background (no patch) in Figure 2 6 (black curve). | then applied an
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incident Maxwellian electron spectrum to the GEMINI upper boundary. The average
energy and energy ux were initially set based on DMSP particle measurements near
the auroral arc at 11:56{11:57 UT. Figure 2 8 shows several samples of the di erential
energy ux measured in the vicinity of the sun-aligned arc. Black lines represent the
measured spectrum by DMSP. The average spectrum (shown in red, with 500 eV
average energy) was initially applied to the model, and then adjusted to in order to
best match the observed time-dependent T, and N, pro les observed by RISR-N. For
more information on the DMSP measurements see Appendix A, Section A.1, Figures

A2 and A 1.

o Energy spectrum of precipitating electrons
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Figure 2 8: Energy spectrum of precipitation electrons in the area of
the auroral arc

Figure 2 9 summarizes the results that best matched observations as an incident
Maxwellian spectrum with average energy 330 eV and energy ux 0:35mW/m?. The
time selected corresponds with the the event at 11:00 UT. The range time plot was
build by taking the central bin of each time step to simulate what happens right below

a stream of precipitating electrons. Precipitation is turned on at exactly 11:10 UT
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and turned o at 11:20 UT as marked by black lines. The source was turned on at
11:10 UT and turned o again at 11:20 UT. This duration is somewhat arbitrary,
but is roughly consistent with expected residency within the sun-aligned arc, and
also exceeds the time for the ionosphere to reach steady state. Several points can
be made from this run. First, the time to reach steady-state density is about 2 min
at 250 km, and decreases with decreasing altitude as expected. This is consistent
with observations in Figure 2 5 and 2 6, providing some con dence that I am driving
the model with a plausible parameter set. Second, note that the T, rises almost
immediately at 200 km, with higher altitudes responding somewhat more slowly.
This is also consistent with observed pro les in Figure 26. This e ect occurs as
the result of the interplay between conduction, convection, and collisional heating
by secondaries at the stopping altitude. Third, note that the plasma production for
this ux is below the F-region peak at 300 km, while the T, enhancement extends
throughout the ionosphere. Thus this ux has only a minor e ect on N, at patch
altitudes. These responses are expected for soft electron uxes in the <1 keV range
(Semeter and Zettergren, 2014), and are both consistent with observed behaviors
(Figure 2 6). Lastly, after the source is removed, F-region densities return to their
initial state in 15 min. In summary, a 330-eV Mawellian with 0.35-mW/m? average
ux produces the key behaviors observed in Figures 2 5 and 2 6.

Turning to the topside, at 800 km, it is possible to see that electron heating results
in an increase in T, of 1000 K during the application of the source. There is also an
increase in N, at this altitude that is lagged by 4-min from the time of application
of the source at 11:10 UT. Since there is no collisional production at these altitudes,
the enhanced N, is due to the upward ambipolar di usion produced by the electron
partial pressure gradient. Also note that the N, returns to its initial quiescent state

7 min after the source is removed. Thus there is no long-term transportable e ect
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Figure 29: GEMINI run utilizing a Maxwellian spectrum for the
precipitating electrons

produced in the topside ionosphere for this case.

Figure 2 9 supports the conclusion that precipitation can produce 1000-K en-
hancements in T, (factor 2 above background) and order{10°m 2 enhancements in N,
(factor 10 above background) at 800-km DMSP altitudes, irrespective of the pres-
ence of a plasma patch in the conjugate F-region. The topside signatures observed
in this event are consistent with parameters identi ed as a hot patch by Zhang et al.
(2017) and Ma et al. (2018). Thus care must taken when inferring lower ionospheric
dynamics based on observations at DMSP altitudes. Furthermore, the presence of
an F-region patch within a region of soft precipitation and enhanced T, does not

necessarily indicates patch production via precipitation. Transport of a cold plasma
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patch into a region of intensifying soft precipitation is an natural consequence of lobe
reconnection, and represents an alternate mechanism by which a fully mature cold

patch can become a hot patch.

2.5 Conclusions

I have exploited the four-dimensional (space+time) imaging capabilities of the RISR-
N facility to observe ionospheric dynamics in the vicinity of a high-latitude reconnec-
tion event. An isolated region of elevated electron temperature and elevated electron
density can arise through a superposition of transport and precipitation e ects, both
natural consequence of lobe reconnection. First-principles modeling was carried out
using constraints extracted from RISR-N observations in the lower ionosphere and
precipitating electron spectra provided by DMSP SSJ across the polar cap during
this period. The results show that the application of a 330-eV Maxwellian incident

ux with 0.35 mW/m? net energy ux for a few minutes will produce signatures at
800 km that are consistent with reports of a hot patch (e.g., increase in T, by 1000 K,
increase in Ng by factor 10). This response is not due to impact ionization and
is expected to occur irrespective of the presence a plasma patch in the conjugate
F-region. The response is due primarily to upward ambipolar di usion caused the
electron heating associated with soft particle precipitation. Thus I conclude that care
must be taken when inferring lower altitude ionospheric dynamics based on in-situ
observations of the ambient plasma from low-Earth orbit.

It is a complex and somewhat unsolved problem whether most hot patches are
formed by precipitation, as opposed to being formed as cold patches that have en-
countered precipitation. Oksavik et al. (2006) showed how soft electron uxes found
in the cusp or the polar ionosphere can produce islands of enhanced density consis-

tent with the accepted de nition of a plasma patch, although previous research has
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also shown that virtually all patches come from the dayside plasma (David et al.,
2016). In general time-dependent modeling is needed to link these perspectives. Ex-
amination of a more comprehensive set of events is needed to assess whether this
is a common dynamic in the polar ionosphere. The study highlights the need for
densely distributed measurements in space and time for understanding ionospheric
dynamics in regions subject to complex forcing. The reported ndings are uniquely
enabled by the electronic scanning modality of the Advanced Modular ISR (AMISR)
radars (PFISR, RISR-N, RISR-C). The forthcoming EISCAT-3D facility will build
substantially upon this capability (Stamm et al., 2021).
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Chapter 3

3D simulation of an extreme SAID ow
channel

This chapter was taken directly from D az Pena et al. (2024) in its integrity with only

small changes in formatting and referencing.

3.1 Introduction

lonospheric ow channels, characterized by fast, localized plasma ows, signi cantly
in uence the dynamics and structure of the ionosphere (Lyons et al., 2016). They
a ect the distribution of ionospheric plasma, the transport of energy and momen-
tum, and the coupling of the ionosphere with the magnetosphere and the atmosphere
(Nishimura et al., 2021). Subauroral lon Drift (SAID) ow channels, a speci c type of

ow channel occurring in the subauroral region of the ionosphere, are narrow latitudi-
nal channels of fast westward ows that appear during magnetically disturbed times
and typically in the evening sector. Initially termed ‘polarization jets’ by Galperin
and A.G. (1974), they were later referred to as SAID by Spiro et al. (1979) and in-
cluded in the generic term ‘Sub Auroral Polarization Stream’ (SAPS) by Foster and
Burke (2002), Mishin et al. (2017) later argued that SAPS implied a di erent genera-
tion process. The generation of SAID channels was rst explained by Southwood and
Wolf (1978) as sourced from a voltage generator, and later by Anderson et al. (1993)
as sourced from a current generator, with the closing ionospheric currents being the

main driver. Several ground-based and space-based observations (De Keyser, 1999;
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Anderson et al., 1991, 2001; Puhl-Quinn et al., 2007; Foster et al., 1994; Archer and
Knudsen, 2018) have shown that SAID channels are characterized by elevated electron
and ion temperature and a depletion in the electron density known as a trough. The
low electrical conductivity in the trough plays an important role in the development
of the large ow velocities that characterize SAIDs (Ober et al., 1997; Zheng et al.,
2008).

Recent studies suggest that SAID channels are associated with the Strong Ther-
mal Emission Velocity Enhancement (STEVE) aurora. STEVE, a new type of aurora
discovered initially by citizen scientists (MacDonald et al., 2018), is distinct from the
classical auroras. It is characterized by a narrow ribbon of light appearing at subauro-
ral latitudes, often associated with a ‘picket fence’ of green vertical stripes. STEVE
has generated considerable interest among scientists and the public due to its dis-
tinctive appearance and unusual behavior (Gallardo-Lacourt et al., 2018a,b; Archer
et al., 2019b,a; Nishimura et al., 2020a; Semeter et al., 2020), with particular interest
in its optical spectra (Martinis et al., 2022; Liang et al., 2019; Gillies et al., 2019)
and magnetosphere connections (Nishimura et al., 2019, 2020b). Despite its striking
appearance, the physical mechanisms behind the STEVE emissions remain largely
unresolved, but there are ideas on how it might evolve from a Stable Auroral Red
(SAR) arc (Gillies et al., 2023) or how it’s continuum spectrum could be caused by N,
vibrational excitation (Harding et al., 2020). While classic auroras are caused by col-
lisions between precipitating charged particles and atmospheric atoms and molecules,
the processes giving rise to the distinct features of STEVE are still unclear. Sparse
measurements available indicate that the ow channel associated with STEVE shows
velocities larger than 5km/s and an electron temperature higher than 10; 000K at
Low Earth Orbit (LEO) altitudes, suggesting it could be an extreme version of an

SAID ow channel (Archer et al., 2019b,a). This becomes an even greater challenge
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when the observations exceed the designed measurement range of the sensor, leading
to a disconnect between theory and measurements. While 2D studies have attempted
to simulate such channels (Liang et al., 2021, 2022), this study includes a full 3D ap-
proach capable of resolving what I nd to be substantial longitudinal variations and
dynamics in the ow channels. Lynch et al. (2022) showed in 3D how FAC tearing
mode are a plausible explanation for the picket fence visible signature.

The transient and relatively rare nature of STEVE presents a challenge for exper-
imental measurement. Modeling has emerged as a powerful tool for investigating the
behavior of the ionosphere and its interactions with the Sun, the Earth’s magnetic

eld, and the lower atmosphere, including STEVE. Various modeling techniques are
available, ranging from empirical methods to complex physics-based numerical sim-
ulations. Empirical methods, such as IRl (Bilitza et al., 2022), NRLMSIS (Emmert
et al., 2021), and NEQuick (Radicella, 2009), are based on mathematical functions
derived from historical experimental data. However, such empirical models may not
be able to simulate conditions in the ionosphere when STEVE is present. On the
other hand, physics-based models such as TIEGCM (Qian et al., 2014), GITM (RIi-
dley et al., 2006), and SAMI3 (Huba et al., 2008) are global models with a large
grid size and geographical coverage, making it di cult to simulate STEVE due to
its narrow nature. The GEMINI ionospheric model (Zettergren and Semeter, 2012)
can address this issue by incorporating inputs from empirical models and allowing
for a grid size that can be adjusted to cover a smaller geographical area than global
models. Designed for medium to small spatial scales (200m to 10; 000km), GEMINI
is well-suited for simulating extreme SAID ow channels.

GEMINI (Zettergren and Snively, 2019) is used in the current study to simulate an
extreme SAID event using a 3D grid, using inputs motivated by existing experimental

measurements. It is notable, however, that the extreme temperatures and ows within
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STEVE create a signi cant gap between observations and theory/modeling and, in-
deed, create some additional challenges with various parameters used in physics-based
models. While relatively sparse extreme SAID observation still serve as a valuable
starting point for the modeling process. GEMINI is driven by a constant current
density shaped by previous STEVE measurements (Nishimura et al., 2020a). The
E-region is of particular interest as there are no direct measurements that can elu-
cidate the processes dominating the ionosphere in these extreme cases. From these
simulations, | aim to answer the second scienti c questions proposed in the introduc-
tion: How does a Sub-Auroral lon Drift (SAID) driven by a large current density in
sub-auroral regions explain the high temperatures and velocities measured in a Super
Thermal Emission Velocity Enhancement (STEVE) event?

The results show ows and current from an extreme SAID channel and how these
exceed existing current measurements of STEVE. The simulations have revealed com-
plex structures and behaviors, emphasizing the importance of 3D simulations in cap-
turing these phenomena. The interplay between plasma depletion, conductance in-
crease, and channel velocity increase is con rmed, even in the extreme values of
12km/s. The study has also highlighted the role of various factors, such as current
density and longitudinal length, in in uencing the behavior of the channel velocity.
However, these simulations should be viewed as approximations due to the limited
experimental observations available to constrain the model inputs and the assump-
tions made to achieve sensible results. This study explores behaviours at the limits
of current simulations, with values that escape the existing formula and models for
ionospheric parameters and whether these e ects occur physically is not known.

The chapter is structured as follows: Section 3.2 details the model setup, describ-
ing the ionospheric conditions used as inputs to the model and the modi cations

made to accurately simulate the behavior of an extreme SAID channel. The results
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of a 3D simulation obtained from GEMINI are presented in Section 3.3. Section 3.4
explores these results and their implications, comparing them to a 2D simulation also
conducted with GEMINI. | conclude with a summary of all results and the future

work ahead in Section 3.5.

3.2 Model setup

To accurately model an SAID channel under extreme conditions, GEMINI (see Chap-
ter 1, Section 1.7) must be con gured appropriately. Some initial conditions, such
as magnetic declination and neutral compositions (determined by MSIS), are already
handled by the model for a given location. However, users input additional con g-
uration parameters, including drivers and grid size. To drive the SAID channel in
the model a user-speci ed current density must be used. For this case, the mea-
surements from the Defense Meteorological Satellite Program (DMSP) presented in
Nishimura et al. (2020a) and Nishimura et al. (2020b) are used as an initial reference.
These DMSP measurements represent some of the best constraints available for the

eld-aligned currents of the STEVE/SAID channel, which should aid in accurately
simulating the channel dynamics.

From Nishimura et al. (2020a), the DMSP measurements show a ow channel
velocity with a maximum velocity of 4.5km/s and temperatures reaching approxi-
mately 4,500K. These measurements appear to be saturated by the maximum values
the sensor can measure. Therefore, they will be used cautiously and as a reference,
with the objective being to model plasma ows larger than 5km/s and temperatures
hotter than 5,000K. Field-aligned current density (FAC) values go as highas 1 A/m?,
which will be the upper boundary target for the current density that the system will
be driven with. There also exists a detached precipitation on the upward portion of

the eld-aligned current. Following the results of Liang et al. (2022), a precipitation
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pro le was used on the upward portion of the current density with a maximum value
of 0.5 mW/m?, modeling a current that is partially carried by precipitating electrons.
GEMINI assumes xed potential at the lateral boundaries of the grid (Dirichlet
boundary conditions), while the FAC at the top fo the model is e ectively treated as
a source term for the eld-integrated potential equation (Zettergren et al., 2015). For
the uid system of equation, at the bottom boundary, conditions are taken such that
Ts = Th, and at the top boundary, Ts = T4, where T4 is de ned in the input le to
the model. However, for this particular case, | am interested in analyzing the e ect
of the current and the channel on the ionosphere. Thus, the top boundary condition
was modi ed to allow energy to move freely across it by setting a speci ed heat
ux instead of T4, i.e. the energy equation solution was changed to incorporation
Neumann conditions for electron heat conduction. For my simulations, the heat ux
was set to zero, so that energy can stay in the ionosphere rather than a massive amount
of heat escape at the top. Table 3.1 provides an overview of the most important input

parameters for the model.

Table 3.1: Basic parameters used to run GEMINI

Parameter Value

Duration of sim 900 seconds

Output interval 1 seconds

Grid size 512 512 512 (Iphi,lp,lq)
Model Latitude span 58 to 63 North

Model Longitude span 55 to 125 East

Altitude span 0 to 1000 km

Current density target 0:6 A/m?

MLT at the center longitude 21

GEMINI simulations are conducted in two steps: an initialization/equilibration
phase and a \disturbance" simulation. The primary objective of the initialization
phase is to establish equilibrium within the ionospheric parameters. This involves
running the model for a su cient duration, typically several hours to a day in simu-

lation time. The resulting equilibrium o ers a snapshot of ionospheric conditions as
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the grid undergoes slow diurnal variations in energy inputs.

In the simulations conducted for the current study, GEMINI outputs are organized
along three internal coordinates: the x; coordinate aligns with the magnetic eld line,
X, increases as the L-shell number grows, approximately in a northern direction, and

nally, X3 is the zonal direction (positive east). Output data in the model native
coordinate system is gridded onto a regular latitude, longitude, and altitude mesh
for ease of visualization and analysis, allowing for a comprehensive representation
of the spatial distribution of the simulated parameters. This study speci cally uses

magnetic latitude and longitude for my plots.

3.2.1 Current density and precipitation topology

To emulate the latitudinal changes in current density as shown by Nishimura et al.
(2020a) and Nishimura et al. (2020b), Gaussian functions of opposite sign with a small
di erence in their mean and maximum values were employed. Equation 3.1 presents
the analytical expression of the latitudinal geometry of the current density, where lat
represents the magnetic latitude. In this case, 5, Which represents the disturbance
width, was chosen to be 0.02, which translates to a current density channel width
at mid height of 0.5 degrees in latitude. This approach ensures that the model
accurately captures the dynamics of the SAID channel. Figure 3 1(top) shows how
the shape of the current density applied. Black solid lines represents the function
displayed in Equation 3.1, while the orange circles represent the actual GEMINI

input as sampled by the grid.
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Meanwhile, in the longitudinal case, a di erent approach was taken to generate a

current density that remains constant for several kilometers before tapering to zero
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before reaching the boundaries of the simulation. This was accomplished by using a

Raised Cosine window, with an analytical expression shown in Equation 3.2.

8 .
=1y iijlonj S

Jion(lon) = >% 1+cos - jlonj i~ :i—<jlonj - (3.2)
"0 : otherwise

The Raised Cosine window facilitates the generation of a smooth curve with control-
lable characteristics. The shape of the window is determined by a parameter, denoted
as (roll factor), where =1 yields a pure cosine, while = 0 results in a square
window. In my case, | aimed to generate a current density pro le that peaks in the
center and gradually decreases towards the edges of the simulation domain in the
longitudinal direction. To achieve this, I used = 0:15 and a period of T = 1=42,
which corresponds to a longitudinal extent of approximately 40 from midpoint to
midpoint. The general shape is displayed in Figure 3 1(bottom), with the solid black
line representing the shape of Equation 3.2 and the orange circles representing the
actual GEMINI input as sampled by the grid.

As previously stated, electron precipitation was incorporated into the model. The
precipitation pro le mirrors the shape of the current density in the longitudinal co-
ordinate and only includes the negative Gaussian for the shape in latitude. Both
the central energy and total energy ux adopt this Gaussian shape, peaking at 0.5
mW/m? for the total energy ux and 2 KeV for the central energy. These values were
chosen following the results of Liang et al. (2022), which included this precipitation in
the upward part of the current, which also shows that this can be observed in DMSP
measurements (Figure 7 of Nishimura et al. (20202)) or be inferred from the existing
electron ux spectrograms (Mishin et al., 2017; Puhl-Quinn et al., 2007).

My approach takes inspiration from previous works, particularly Liang et al.

(2022), while it di erentiates itself from these studies by including the longitudinal
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Figure 3 1: Riased cosine input current de ned at the top layer of the

grid
dimension on the simulations based on the observations of Nishimura et al. (2020a)
and Gallardo-Lacourt et al. (2018b). On the other hand, Lynch et al. (2022) ap-
plies an electric eld driver, which produces a ow-induced conductance gradient,
wherein the FACs adjust independently to create a self-consistent system, showing
that the resulting current sheets may be tearing-mode unstable. By contrast, a cur-
rent density driver is applied allowing electric elds to adjust self-consistently. This
adjustment involves a complex interplay between electric elds, ow velocities, ion
chemistry, plasma depletion, and plasma temperatures. | expect the time-dependent
development of the channel pushes key parameters up to and beyond their range of
applicability and, indeed, limitations in the physical descriptions used in GEMINI.

The use of a current density driver could be argued as more realistic than an electric
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eld driver, since the stored energy in the magnetosphere is expected to be inductive
in nature, although both approaches have assumptions and limitations. Ultimately
what might be needed is an Alfvenic boundary condition inside of GEMINI, as dis-
cussed in Wright and Russell (2014). At the same time there will be focus on the

chemical processes in the E-region, something not shown by Lynch et al. (2022).

3.2.2 Changes to GEMINI Required to Accommodate Extreme Condi-
tions

Since this study simulates an extreme SAID channel, where velocities are expected
to exceed 5 km/s, several adjustments must be made to the model to accommodate
the anticipated extreme temperatures (above 30,000 K). Most of these adjustments
are directly related to results obtained from laboratory experiments or other data,
which are often tted to relatively simple functional forms that can produce nonsen-
sical results (e.g. negative collision frequency) when applied outside their domain of
applicability. In the course of conducting the simulations for this study it was found
that a number of such parameterizations apparently break down for extreme ion or
electron temperature values.

GEMINI values for electron-neutral momentum transfer collision frequencies were
sourced from Schunk and Nagy (2009), who directly references Itikawa (1974). The
latter obtained the momentum transfer cross-section for electron collisions from lab-
oratory experiments and theoretical data. For simulation of extreme conditions the
electron-N, collision frequency (equation 3.3) and the electron-H collision frequency
(equation 3.4) pose a challenge since they are not positive-de nite for arbitrary values

of temperature (i.e. Te).

e N, =2:33 10 Mn(N)(1  1:21 10 *Te)Te (3.3)

e n =45 10 °n(H)(1 1:35 10 *T )T} (3.4)
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In this work, to prevent negative collision frequencies, the electron temperature is
capped at a value 1000 K lower than the temperature at which the collision frequency
crosses zero at approximately 7,000 for the electron-N, collision frequency and 8,000
for the electron-H collision frequency. This is done only for purposes of computing
problematic quantities and allows the electron temperature to rise above that value,
but a maximum xed value is used in the calculations of the electron neutral collision
frequencies. lon-neutral collision frequencies do not face the same issue as their
functional formis (A B Ioglo(%))z. Given this characteristic, no modi cations
were needed for ion-neutral collision frequencies.

Since the collision frequencies between electrons and some neutrals are a ected,
electron thermal conduction, which governs electron heat ow, is also impacted.
Equation 3.5 shows the thermal conductivity directly taken from Schunk and Nagy
(2009), which, in turn, references Banks (1966). Since this equation depends on
the average of the momentum transfer cross-section ( Qéﬁ) ) between electrons and
neutrals, it faces similar issues mentioned with electron-neutral collision frequencies.
The electron-N, cross-section is given by le,jz =2:82 10 (1 1:21 10 4T )Te 2
Therefore, the electron thermal conductivity is also capped in the same fashion {
at a temperature below the point where the function crosses zero for this particular

calculation.

B 7.7 10977
- |
To1+322 100%7 n, QR

(3.5)

Another set of calculations that became problematic in my simulations at large
temperatures is electron energy losses due to vibrational excitation of N, and O,.
As described by Paviov (1998), the N, rotational losses have a rather complicated
analytical expression which is only valid for values of electron temperature between

300K and 6,000K. Similarly, Jones et al. (2003) results show how the O, vibrational
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losses are only valid for values of electron temperature between 300K and 6,000K.
One might be tempted to utilize these functions above 6,000K, but since these two
vibrational losses are logarithms of polynomial ttings, their behavior outside of the
range of 6,000K is of an unbound growth. As such, all electron temperatures were
capped at 6,000K when calculating vibrational losses. Additionally vibrational rates
in the 300-6000 K range were updated to include the most recent work on these topics
(Schunk and Nagy, 2009).

GEMINI also required some changes to the numerical solvers to get stable results
at extremely large ows and temperatures. Normally GEMINI will resolve the tem-
perature equation as a series of operator splits that individually resolve substeps of
(a) advection, (b) compression, (c) thermal conductivity, and (d) source-loss terms.
it was found that these di erent terms are best resolved in order of increasing nu-
merical sti ness { in normal conditions for the ionosphere in the order listed above.
However, at very high temperatures the thermal conduction and complicated source-
loss process essentially compete for control of the temperature. In this case it was
found that arti cial oscillations in time can result unless one resolves numerical sub-
steps ¢ and d simultaneously so they may balance each other instanteously in the
code. Thus, it was found found necessary in the simulations to solve both thermal
conduction and energy source loss terms together in a single substep. For this work,
either a TRBDF2 (LeVeque, 2007) or backward Euler numerical solutions is used for
the resulting di usion-reaction type equation. This is in contrast with the standard
GEMINI approach of resolving a di usion equation with TRBDF2 and feeding the
result into a reaction equation that uses an exponential time di erencing scheme (a

split operator approach).
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3.3 Simulation results for an extreme SAID channel

3.3.1 3D simulation

In this section, | present the results of my 3D simulations of an extreme SAID. |
focus only on a portion of the simulation outputs, with the a complete set of outputs
(Ns,v1 3,Ts,J1 3,E2 3, p, n) available as Figures in Appendix B Figures B 1 to B 19.
My main focus will be on the spatial and temporal variations of the plasma density
([Ne],[INO™],[07], and [O3]), ion and electron temperature (T; and T¢), closure cur-
rent (J,), and channel velocity (v3), which are key parameters to characterize the
SAID phenomenon.
As a reference, | will rst present results of an SAID channel that is within the
boundaries of GEMINI. This was achieved by setting the driving current to 0.12
A/m?. Figure 3 2 displays these non extreme simulation results, focusing on eld-
aligned pro les at the ow channel center in both latitude and longitude. It partic-
ularly highlights the channel velocity, the driving and closure current, as well as the
ion and electron temperature. The center in latitude is de ned as the location of zero
FAC between the upward and downward current density (J;), where temperatures
and densities undergo the most drastic changes. The center in longitude is de ned as
90 . In particular, panel a) displays values for parallel-to-B current density (J;) and
east/west velocity (v3) at averaged from 150 to 400 km. Panels b) and c¢) showcase
electron (T,) and ion (T;) temperatures in logarithmic scale, respectively. Panel d)
depicts the north/south current (J,), while panel e) provides insights into the total
electron density (Ne).
From this it is possible to see how after an hour of simulation, the channel only
reaches approximately 1.4 km/s and all temperatures remain below 3,000 K. The
close current is mostly between 110 and 130km during the entirety of the simulation

and the plasma depletion happens very slowly during this period. In start contrast
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Figure 3 2: Field-aligned pro les are taken at the center of the ow
channel

Figure 3 3 displays simulation results for the extreme case which I will present from
now on

The extra lines included in panels a) through e) represent points in time and
altitude where a model parameter surpasses a certain threshold where physics not
included in the model could start taking e ect. The magenta represents the point
where the total energy (kinetic + thermal) of [O;] reaches the energy needed to
trigger the rst exited state of [O], O(*D), at 1.96eV. The green line on the other
hand is the point where the total energy of [O;] reaches the energy needed to ionize
[O], at 12eV, with [NO™] reaching the same threshold just a second or two after due

to is marginally smaller atomic mass. Finally, the cyan and gray lines represent the
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Figure 3 3: Field-aligned pro les are taken at the center of the ow
channel

points in time and altitude where the ion and electron temperature reach 7,000K,
respectively. 7,000K is an important temperature, since many equations are only
valid until that point, even if they do not cause the model to break due to unexpected
negative values. For the ion temperature this only applies currently to the losses due
to the vibrations and rotational modes of [N;] and [O;]. Most ion-neutral collision
frequencies are also de ned up to this threshold, but since their depends is mostly
Log10 with temperature, extending to larger temperatures does not cause large issues.
For the electron case, it is the point where some electron-neutral collision frequencies
are capped as explained in 3.2.2, as well as marking the top boundary where other

uncapped electron-collision frequencies are valid. This will be important further on,
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since for large temperature these electron-neutral collision will grow linearly with
temperature. Figure B 1, B6, B 11, and B 20 in the supplemental material show
these thresholds and the energy of [O5] for further analysis.

Figure 3 4 serves as a companion to Figure 3 3, where Panel a) shows the average
channel velocity (vs, solid black line) and ion temperature (T;, solid red line) in
logarithmic scale between 150-400km, as well as the electron temperature (T, dashed
red line) at 110km. Panel b) shows the time derivative of all variables shown on panel
a). Panel c) shows the density of the main ions, [NO*] and [O5] at 120km (black and
blue solid lines) and 240km (black and blue dashed lines) as well as [O*] at 240km
(solid red line). Panel d) shows the total height integrated Pedersen conductance ( p,
solid black line), as well as the F-region (200-800km, solid blue line) and E-region
(95-200km, solid red line) contribution. Analogue to Figure 3 3, the magenta, green,
and cyan lines represent the same thresholds mentioned above, with the black line
replacing the gray one for better visibility.

In the initial 5 seconds of the simulation, no current driver is applied. J; grows
linearly over the next 5 seconds to a value of approximately 0.6 A/m? at an altitude
of 400km, and remains constant for the rest of the simulation, as shown in panel a) of
Figure 3 3. During this brief time frame, the channel velocity increases to 1km/s at
00:10. A shorter growth time for the driving current was chosen to isolate the e ects
of a large current driving the extreme channel. The east/west velocity of the channel
(v3) is also displayed in Figure 3 3a), revealing a changing slope. The distinctions
between di erent time phases become more apparent in Figure 3 4, from which | can
identify four di erent phases.

The rst phase, from 00:10 to approximately 02:10, there is an exponential in-
crease in the channel velocity vz, starting from 1 km/s and ending with 2.7 km/s at

the 02:10 mark. This increase is accompanied by a growth in both electron and ion
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temperatures, with the ion temperature remaining below 7,000 K and the electron
temperature below 3,000 K, as depicted in Figure 3 4a). The growth in ion temper-
ature coincides with the growth in channel velocity, as they are related, as explained
by St-Maurice et al. (1999).

Two important thresholds are reached at approximately the 01:40 minute mark.
First, the ion temperature is now high enough for the reaction [O*"] + [N,] ¥ [NO™]
+ [N] to accelerate as the temperature increases. This implies that most of the
[O*] in the lower F-region will be converted to [NO™] (St-Maurice and Laneville,
1998). Second, [O5] has enough energy to trigger inelastic collisions that excite
O(*D). Therefore the two main ions in the E- and lower F-region will start to lose
some of their energy to this inelastic process that is not included in GEMINI, reducing
the channel velocity without a ecting the electric eld. This will a ect plasma from
110km and above. Inelastic collisions can be considered the rst factor not included
in GEMINI that will stop the growth of the channel velocity.

The primary closing current (J,) occurs between 110 km and 130 km, as seen in
Figure 3 3d). On the other hand, the density, as shown in Figure 3 3e), is gradually
starting to deplete, with the rst signs appearing around the 00:30 second mark.

The depletion of plasma in the E-region, where most of the current is closing,
leads to a decrease in the Pedersen conductivity. To maintain a constant driving
current, this, in turn, necessitates an increase in the poleward electric eld within
the channel, meaning an increase in the channel velocity. The layer of the closure
current J,, as depicted in Figure 3 3d), also shifts to a higher altitude due to the
loss of the E-region density. When | compare this information with Figure 3 4b), it
can be observed that the rst phase concludes approximately when the acceleration
reaches a local maximum. The local minima achieved right after the end of the phase

coincides with point where the ion temperature reaches 7,000K, the threshold marked



62

Figure 3 4: Key simulation output parameters

by the cyan line.

Figure 3 4c) displays the densities of the main ion species ((NO™] solid black
line, [O5] solid blue line, and [O™] solid red line). It is important to note that
the rst phase is characterized by a continuous growth of [NO™] and a subsequent
decrease of [O™] at 240 km, which is expected since the ion temperature is su ciently
high for that reaction to occur. Concurrently, the densities at 120 km are steadily
decreasing (black and blue dashed lines). The local maximum appears to align itself
to a point where [NO™] and [O™] are comparable. Finally, Figure 3 4d) illustrates
how the total Pedersen conductance (solid black line) rapidly decreases during this

rst phase, becoming 32% of its original value by the 02:10 minute mark. Most of

this change is attributed to the E-region conductance (solid red line) as the plasma
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gradually depletes in the area.

The second phase occurs between the two local maxima (02:10 and 03:20), as
depicted in Figure 3 4b), where abrupt changes to the acceleration occur, reaching
a maximum of 40 m/s? by the end of the phase, with a nal channel velocity of 4.8
km/s. During this same period, the electron temperature remains below 7,000 K,
while the ion temperature rises to 15,000 K. Even though the electron temperature
has not reached the point where it goes beyond 7,000K, there is a particular phe-
nomena happening between 02:10 and 02:20 where there is a sudden change to the
temperature, jumping from approximately 700K all the way to 2,500K it a span of
10 seconds. This change is also visible in the growth rate of electron temperature.
The reason for this is frictional heating due to the large electric eld, that reaches
a value of 200mV/m at the 02:10 minute mark. From the Supporting Movie MS03
it is possible to see how this enhancement goes from 150km to 100km. Due to the
enhanced electric eld, the frictional heating at these altitudes is now considerable
and thus triggers this enhancement of electron temperature.

The most signi cant changes are observed with the closing current and the total
plasma density, as shown in Figure 3 3d) and e), with the current dividing into several
smaller channels as the density in the E-region becomes entirely depleted. The end
of the phase coincides with the point where the electron temperature reaches 7,000K,
and so the electron-neutral collision frequencies from now on are outside of the bounds
of their respective equations.

This can be considered a transition phase in terms of closure current, with a small
amount of current still owing through the E-region. However, since the plasma in
that area is constantly being depleted, some current is now owing through the lower
F-region and also at an altitude of 100 km. The increase in electron temperature to

such high values is directly attributed to the frictional heating term in the energy
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equation for the electrons (Q. = m, NgE?=B?). This enhanced electron tempera-
ture extends down to 85 km and causes the electron-neutral collision frequency to
rise to a value comparable to the local electron cyclotron, thus enabling electrons to
carry a Pedersen current at an altitude of 100 km. The inelastic collision that should
have trigger on the previous phase will also have the e ect of decreasing the frictional
heating by soaking up energy out of the plasma. This also explains why the phase
ends with a decrease in acceleration as well as a slower decrease in the Pedersen con-
ductance, since there is some small conductivity being generated by these collisional
electrons.

Figure 3 4c) illustrates how the density at 240 km of [O™] rapidly decreases dur-
ing this period. On the other hand [NO™] slows its increase, reaching a maximum
of 2 10m 3. This can be attributed to the recombination of [O*], which becomes
almost completely depleted, preventing the reaction from occurring at a higher rate.
The boundaries of this phase also align with the points where [O™] becomes com-
parable to [NO™] at the beginning, and where it becomes comparable (within an
order of magnitude) to [O;] at the end. At 120 km, it can be observed that the
densities rapidly decreasing at an exponential rate. The total conductance in Figure
3 4d) steadily decreases just as before, with the E-region once again being the main
contributor to this decrease, although the F-region does see some decrease. As such,
the rapid increase in acceleration and temperature can be readily explained by the
plasma being primarily depleted in the E-region, with a minor contribution from the
F-region. Since this section ends with the point in time where the electrons reach
7,000K, the electron-neutral collision frequencies are still valid during this period

The third phase exists between the second set of local maxima, starting at 03:20
and ending at 04:40. It is possible to see how right after the end of the second

phase, which coincides with the point where the electron temperatures reaches 7,000K,
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there is an explosive growth of the temperature and an intensi cation of the current
density at 100km. This current density at lower altitudes happens because a decision
was made not to cap the temperature when calculating the collision frequencies,
since one of my objectives is to show and make evident that the collision frequencies
commonly used in SAID modeling are not valid under the extreme conditions of
SAID-STEVE events. These collision frequencies applied in my simulations can grow
unbounded, causing the electron frictional heating term to grow in the same manner,
with Q. = me (NgE?=B?2. The electric eld reaches values of 700mV/m? by the end
of the simulation, with a signi cant spike in temperature growth occurring when the
electric eld reaches approximately 400mV/m?. The positive feedback of a large and
growing electric eld and the collision frequencies depending on the temperature itself
causes the heating between 100 to 150 km to skyrocket, particularly caused by the
collisions between electrons and [O;].

This phase is where the maximum growth of the channel velocity occurs, starting
at a velocity of 4.7 km/s and ending with 7.5 km/s as seen in Figure 3 3a). This
period also shows signi cant increases in both electron and ion temperatures. From
Figure 3 4b), | can see that the acceleration reaches up to 40 m/s?, in ion temperature
growth increases up to 350 K/s, and the electron temperature experiences the largest
growth rate at 470 K/s. By the end of the phase, electrons at an altitude of 110 km
have reached a temperature of 38,000 K, with the average ion temperature between
150 and 400 km reaching the same value. The reaction between [O™*] and [N,], which
was extended to 70,000 K by Liang et al. (2021), is still valid during this phase.

Another milestone is reached during this phase, since [O;] reaches 12eV at the
04:00 minute mark. As seen on 3 3e), it is possible to see how there is a sizeable
portion of the E-region that will have ions with energies large enough to ionize the

neutral [O] in the atmosphere. As such, there will be an increase in plasma from



66

120km up caused by impact ionization from this point on. This means that the
conductance will start to increase during this time frame for the same altitude range,
decreasing the need for such a large electric eld and lowering the channel velocity.
Impact ionization can be considered the second factor not included in GEMINI that
will stop the growth of the channel velocity.

The two time limits of the phase also roughly coincide with two milestones in the
plasma density as seen in Figure 3 4c). The 03:20 mark is where the density of [O™]
at 240 km becomes comparable with the density of [O5], whereas the 04:40 mark
is where [O*] reaches values comparable to the densities of [NO™*] and [O] in the
E-region, at an altitude of 120 km. From Figure 3 4d), it is possible to see that the
conductance has reached a value of 0.03 S, less than 10% of its original value of 0.38
S.

The nal phase takes place from 04:40 to 08:00. As depicted in Figure 3 3a), the
channel velocity grows at a constant rate, with Figure 3 4b) con rming an almost con-
stant acceleration of 14 m/s?, reaching a maximum value by the end of the simulation.
The ion and electron temperatures also increase linearly, as seen in Figure 3 3b)-c)
and 3 4a)-b). From Figure 3 3d), it is possible to observe that the current density
in the 110 to 130km altitude range is almost non-existent, with most of the current

owing either in a narrow band at 100 km or a wider band at 180 km. The plasma
density in the E-region reaches values below 108 particles/m?3, as seen in Figure 3 3e)
and 3 4c). There remains a layer of density at 100 km, which is likely maintained by
the precipitation on the north side of the channel. This nal phase is characterized
by a constant value of [NO™] and [O5] at 240 km, with a slight increase in the den-
sity of [O+]. In the E-region, the plasma density is slowly decreasing. Finally, the
conductance reaches a minimum value of 0.02 S, as seen in Figure 3 4d).

Figure 3 5 depicts the temporal changes in plasma density (panel a), closure cur-
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Figure 3 5: Field-aligned plasma parameters. Time is represented as
a gradient from red to yellow as seen on the bottom bar

rent (panel b), and Pedersen conductivity (panel c) at the center of the ow channel.
The progression of time is color-coded from red to yellow, as shown at the bottom
of the gure. This display provides a better representation of the quantitative vari-
ations in parameters. Panel a) reveals a continuous depletion of plasma density at
all altitudes throughout the lifespan of the channel, particularly at 130 km. Here,
the density decreases until it reaches a minimum of 6 10’m 2, corresponding to an
extremely low value of 60 particles/cm?3.

Figure 3 5b) and 3 5c¢) provide insight into how the changes in conductivity and
closure current correspond to the behavior of the plasma density. Initially, most of the

current ows at 120 km, decreasing rapidly as time progresses and the conductivity
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diminishes. Towards the end of the simulation, the conductivity is nearly 0 between
100 and 130 km, forcing the current to ow from 140 km upwards to 300 km, with a
peak at 180 km. The existence of density and extreme temperatures below 100 km
contribute to the conductivity in the area, which is why it is possible to see current

owing below 100 km. This current grows with time, but after reaching a maximum

value of 0.36 A/m?, it starts decreasing, as does the plasma at that altitude.

Figure 3 6: Average channel velocity (top panel) and acceleration
(bottom panel) between 150-400km. Threshold lines are also included

The simulation spans over 40° in longitude, making it crucial to address the di er-
ences in longitude in the ow channel. Both Nishimura et al. (2020a) and Gallardo-
Lacourt et al. (2018b) set the length in longitude to be close to the value utilized.

Figure 3 6 displays both the average channel velocity from 150 to 400 km at the
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center of the channel and parallel to the magnetic eld lines in the top panel, and
the average channel acceleration between the same locations in the bottom. Y axis
represents longitude at the center of the channel. Simulation starts when the 90°
longitude point reaches 21 MLT. Since the center of the channel is at 21 MLT, the
larger the longitude, the further the grid point is from the subsolar point.

Figure 3 6a) illustrates how the channel velocity grows faster at larger longitudes
from 00:20 to 03:00. This is an expected result, since due to the day/night cycle
of GEMINI, the eastern side will have less plasma density due to recombination in
the absence of the dayside photoionization; i.e. this part of the channel has been
in darkness longer than the western portion. The threshold for the energies and
temperature previously de nes also have the same behavior, starting rst on the
eastern side and later on towards the west. The cyan line, representing the point
where the ion temperature reaches 7,000K, coincides perfectly at all longitudes with
the minimum value of channel acceleration, and thus close to the end of the rst
phased de ned before.

From 03:00 to 06:00, the maximum channel velocity travels from the eastern side
towards the western side, nishing with somewhat uniform channel velocity along
longitudes, but with a peak in the far west. From panel b), the acceleration shows us
how the di erent phases that were mentioned before exist in longitude, with Figure
3 4 being a cut at the 90.6° in longitude. On the eastern side, there is a peak-valley-
peak con guration, which di ers from Figure 3 4 where there were three distinct
peaks in the acceleration. The rst peak-valley-peak con guration has this \travel"
behavior, where it starts rst on the eastern side and \travels" to the western side as
time goes on. The rst peak is also more pronounced towards the east and almost
disappears towards the west. The second peak has a similar behavior, with it being

more pronounced on the eastern side, though it remains constant in magnitude as
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one moves closer to the west. Following the same east to west motion, it is possible
to see how the rst peak and valley take longer to appear the westwards one is. Once
again, there is a perfect alignment of this second high peak in acceleration with the
point in time where the electron temperature reaches 7,000k (gray line).

The third peak in acceleration starts to show up at approximately 95°, with it
becoming more pronounced the further westward one go. By focusing on the changes
in density at these two altitudes with longitude at the center of the channel, it is
possible to gain further insights. Figure 3 7(top) illustrates how the total plasma
density at 120 km changes over time at the center of the channel in longitude, while
Figure 3 7(bottom) shows the total plasma density at 240 km. It’s evident that the
density depletion at 120 km follows the same pattern as the average channel velocity
as seen in Figure 3 6(top). The depletion is faster on the eastern side at the beginning,
with the maximum depletion zone moving from east to west as time progresses. By
the end of the simulation, the western side is slightly more depleted than the eastern
side at 120 km, which directly correlates to the slightly larger velocity in the same
area.

As for the density at 240 km, it can be observed that it takes much longer for
depletion to occur, and the depletion is not as extreme as it is lower in the ionosphere.
However, it still approaches a decrease of one order of magnitude in the western side
by the end of the simulation. This also exhibits the same behavior in terms of where
the depletion starts, being depleted rst on the eastern side, while the west becomes
much more depleted but later in time. This con rm that that the nal peak happens
due to an marge larger depletion of plasma, since the western portion of the F-region
sees a much larger depletion that its eastern counterpart.

Even though the F-region plasma density does not have a signi cant impact on

the channel velocity when compared to the E-region plasma density, the gradient in
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Figure 3 7: Total plasma density at 120km (top) and 240km (bottom).

F-region density from east to west contributes to the \travel" behavior of the average
channel velocity. These results underscore the complex interplay between various
factors in in uencing the behavior of the channel velocity.

Examining snapshots of the 3D volume at di erent times can provide valuable
insights into the evolution and shape of plasma parameters under the in uence of a
constant current density driver. Figure 3 8 and 3 9 display the total plasma density
at 03:00 and 07:00 minutes, respectively. Each gure is divided into four panels:
panel a) presents a latitudinal cut at the center longitude of the ow channel, panel
b) provides a longitudinal cut along the magnetic eld line, and panels c¢) and d)
0 er altitude cuts at 120 km and 240 km, respectively. These gures illustrate how

the plasma density on the north side is enhanced by the precipitation on the upward
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part of the current density, and how the depletion at the center of the channel is
concentrated between 100 and 150 km. The channel’s behavior on the longitudinal
coordinate is somewhat uniform, but with a taller plasma depletion on the eastern
side. The plasma depletion spans the entire longitudinal length at 120 km, with the
depletion somewhat choked at the eastern edge. At 240 km, the plasma depletion is
yet to be signi cant. Supplementary material, including movies showing all plasma

parameters (Movie S1-S17), is available for further examination.

Figure 3 8: Plasma density at 03:00

In comparison, Figure 3 9a) and b) demonstrate how the F-region has begun to
deplete, a phenomenon that is expected and also corroborated by DMSP measure-
ments (Nishimura et al., 2020a). The extent of the depletion volume is now much
larger compared to Figure 3 8, and the eastern side once again exhibits its plasma de-
pletion tapering to lower altitudes. Figure 3 9¢) further reveals that the eastern side

of the plasma depletion is narrower than at other longitudes. This can be explained
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Figure 3 9: Plasma density at 07:00.

Figure 3 10: Channel east-west velocity at 03:00.
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Figure 3 11: Channel east-west velocity at 07:00.

Figure 3 12: Electron temperature at 07:00.
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by the fact that in my 3D simulation, new plasma is being fed into the channel from
the east at a constant rate. This is a critical physical behavior that is missing from
2D simulations. From Movie S1 and the previous snapshots, it is more appropriate to
say that the growth is damped rather than choked after the fact. Figure 3 9d) shows
how the plasma depletion at 240 km is of an order of magnitude, becoming wider as
one moves from the eastern edge towards the west.

Indeed, by examining the channel velocity, one can appreciate the \travelling" of
its maximum value. Figure 3 10 and 3 11 display the east-west channel velocity at
03:00 and 07:00 minutes, respectively, with the panels representing the same locations
as in Figure 3 8. By comparing the results on panel b) in both Figure 3 10 and 3 11,
it becomes clear that the maximum velocity starts on the eastern side and ends on
the western side. This is an expected result since the eastern side of the grid has had
more time for the plasma to recombine, thus having lower densities than the western
side and reaching a larger plasma depletion rst. Later on, the western side catches
up, and the velocity maximum shifts to the western side. The width of the channel
is approximately 0.5° degrees in latitude, though its size is not perfectly uniform in
longitude. This channel width agrees with the measurements presented by Nishimura
et al. (2020a).

Finally, it is important to pay attention to the extreme electron temperatures
that the simulation predicts between 100 and 150km. Figure 3 12 shows the electron
temperature at 07:00 minutes in the same panel con guration as previous gures.
This enhanced electron temperature happens in the same area where the plasma is
extremely depleted, making the de nition of temperature itself somewhat compli-
cated. The reason the results show this extreme temperatures comes back to the
changes to GEMINI described in Section 3.2.2. While some electron-neutral collision

frequencies are proportional to negative T., the rest are dependent on positive Te.
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Figure 3 13: Electron temperature in logarithmic scale (top panel)
and closure current at 100km (bottom panel).

Neutrals associated with collision frequencies that are positively related to the elec-
tron temperature are [O;], [O], [He], [CO], and [CO,]. As previously stated, above
7,000K the electron-neutral collisions grow unbound a linearly with temperature, and
the positive feedback that exist on the frictional heating term makes the electron
temperature grow unbound as well.

This also has an e ect on the current density at lower altitudes. As shown in
Figure 3 3, current density is owing at 100 km altitude, and this current is caused
by the interplay between the enhancement in temperature causing larger collision
frequencies, large enough that the collision frequency matches, and even surpasses, the

electron cyclotron frequency, thus making the electrons collide in a small band. Figure
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3 13 shows how the electron temperature and the closure current density change in
time and longitude at 110 km and 100 km respectively. Lines are also included to
show the di erent thresholds de ned previously. The increase in electron temperature
on Figure 3 13(top) does follow the same behavior of starting in the east, with its
maximum value traveling towards the west as time moves on. It also closely follows
how the channel velocity behaves as seen on Figure 3 6(top), and therefore it is
following the electric eld caused by the driving current density. This con rms the
fact that the uncapped collision frequencies are indeed the culprit for the enhanced
electron temperature. Figure 3 13(bottom) shows how the closure current density at
100 km has almost the same behavior as the channel acceleration, with it growing

and decaying in a peak-valley-peak con guration also seen in Figure 3 6(bottom).

3.3.2 Comparison to 2D simulation

As previously mentioned, there have been attempts to simulate an extreme SAID
channel in 2D. Speci cally, Liang et al. (2021) simulated an extreme SAID in 2D
with a focus on potential generation, while in a subsequent paper, Liang et al. (2022)
employed a current generation method. To directly compare 2D and 3D simulations, a
GEMINI framework in 2D was established. The longitudinal coordinate was reduced
to a single cell, and the driving current was adapted to match the pattern shown
in panel a) of Figure 3.2.1 and Equation 3.1, while maintaining the same grid size
and other input parameters. A complete set of outputs (Ns,v1 3,Ts,J1 3,E2 3, P, H)
available as Figures in Appendix B Figures B 20 to B 25.
Figure 3 14 presents 2D simulation results, focusing on eld-aligned pro les at the
ow channel center, at the same location as Figure 3 3. Lines are also included to
show the di erent thresholds de ned previously.. Panel a) displays values for parallel-
to-B current density (J;) and east/west velocity (v3) at averaged from 150 to 400

km. Panels b) and c) showcase electron (T¢) and ion (T;) temperatures, respectively.



78

Figure 3 14: Field-aligned pro les are taken at the center of the ow
channel for a 2D simulation.

Panel d) depicts the north/south current (J,), while panel e) provides insights into the
total electron density (N¢). Similar to the 3D simulation, the companion Figure 3 15
speci cally focuses on channel velocity, temperatures, speci ¢ ion densities, growth
rates in velocity and temperature, as well as height-integrated conductivity. Panel
a) shows the average channel velocity (vs, solid black line) and ion temperature (Tj,
solid red line) between 150-400km, as well as the electron temperature (T., dashed
red line) at 120km. Panel b) shows the time derivative of all variables shown on panel
a). Panel c) shows the density of the main ions, [NO™*] and [O;] at 120km (black and
blue solid lines) and 240km (black and blue dashed lines) as well as [O"] at 240km

(solid red line). Panel d) shows the total height integrated Pedersen conductance ( p,
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solid black line), as well as the F-region (200-800km, solid blue line) and E-region
(95-200km, solid red line) contribution

As before, the initial 5 seconds of the simulation do not have any current driver
applied, with J; growing linearly during the subsequent 5 seconds to a value of ap-
proximately 0.6 A/m?, remaining constant for the rest of the simulation, as shown
in panel a) of Figure 3 14. The east/west velocity of the channel displayed in Figure
3 14 demonstrates that the channel velocity reaches 1 km/s at 00:10, just like the 3D
case. Figure 3 15a) and b) illustrate that there are some phases that can be divided
into the peak-valley-peak con guration that the 3D simulations showed, though they
are much more subdued and are only visible in the acceleration panel. The velocity
appears to grow constantly, reaching an extreme value of 20 km/s by the end of the
simulation, almost doubling its 3D counterpart at a maximum of 12 km/s.

The rst discernible phase begins at 00:10 minutes and ends approximately at
02:10 minutes, as depicted in Figure 3 4a) and b), which aligns remarkably with the
time frames of the 3D simulation. From Figure 3 14a), it is possible to observe that
the channel velocity increases steadily during this time, reaching a value of 2.8 km/s
by the end of the phase. The velocity at the center longitude in the 3D case is only
200 m/s larger, with the maximum value being 600 m/s larger and the minimum
value being 500 m/s smaller. The maximum acceleration value is 20 m/s?, which is
slightly smaller than the acceleration at the center longitude in the 3D case at 25 m/s?,
and more closely matches the western part of the ow channel. The closure current
primarily ows through the 110 to 130km region as seen in Figure 3 14d), and the
plasma density depletion begins roughly at 00:20 minutes according to Figure 3 14e),
coinciding with the 3D results. From Figure 3 4c), it can be observed that the plasma
density depletion in the E-region (120 km) is very similar to the 3D case, with the
densities of [NO™] and [O,] dropping below 10° particles/m? by the end of the phase.
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Figure 3 15: Miscellaneous output parameters of a 2D simulation.

This is also re ected in the conductance in Figure 3 4d), where it reaches a value of
0.12 S, closely matching the 3D simulation. Once again, the end of the phase closely
aligns with the point where [NO™] and [O™] are within an order of magnitude of each
other at 240 km.

During this rst phase, analogous to the 3D case, [O,] reaches the threshold en-
ergy needed for the O(*D) excitation state to happen at about 01:40. Which means
that from that point on, energy will be lost to inelastic collisions, decreasing the chan-
nel velocity without a ecting the electric eld. Once again, this is the rst important
e ects not included in GEMINI. The lower F-region also reaches temperatures above
7,000K at approximately 02:00, with the average ion temperature between 150-400km

reaching the same value later a 02:25, a ecting the losses due to rotational and vi-
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brations modes of [N,] and [O,].

The second phase spans from 02:10 minutes to 03:50, which is considerably longer
than the 3D case. It exist roughly between the thresholds for the ion temperature
and electron temperature reaching 7,000K. From Figure 3 14a), it is evident that
the channel velocity and acceleration are no longer similar to those in the 3D case.
The channel velocity steadily increases, reaching 4.8 km/s by the 03:50 minute mark,
which is signi cantly smaller than the 6.7 km/s shown by the 3D simulations at the
same time. There are similarities in the behavior of the closure current density, with
Figure 3 14d) illustrating how the closure current begins to ow at 180 km and 100
km, much like the 3D case. Figure 3 14e) indicates that the depletion of plasma
density in the E-region is very similar in value to the 3D case during this time frame,
although the depletion in the 3D case begins a few seconds earlier. From Figure
3 15a), it is possible observe that the electron temperature behaves in the same way
as in the 3D case. From Figure 3 15b), it is apparent that even though the shape
of the peak-valley-peak is somewhat preserved, the large di erences in the maximum
values and time frames result in a channel that is very di erent in terms of velocity.

Finally, the last phase, which commences at 03:50 minutes and continues until
the end of the simulation, illustrates how the di erences from the 3D version become
much more pronounced and extreme. It is important to remember though that after
this point the electron-neutral collisions can grow unbound, thus a ecting the results
by allowing the electron temperature to grow in the same manner.

As depicted in Figure 3 14a), the channel velocity consistently increases, reaching
14 km/s by the end of the simulation. From Figure 3 14b) and c), both the ion and
electron temperatures reach extreme values, at 220,000 K for ions and 150,000 K for
electrons. The closure current primarily ows at 180 km and 100 km from 03:50 on-

wards, as seen in Figure 3 14d). Figure 3 15a) and b) convey the same narrative, with
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Figure 3 16: Total plasma density (top row) and channel velocity
(bottom row) at 03:00 in panel a) and d), 05:00 in panel b) and ¢), and
07:00 in panel ¢) and f)

a constant increase in channel velocity, temperatures, acceleration, and temperature
growth. Unlike the 3D simulation, there is no decrease in acceleration. Figure 3 15¢)
reveals some of the reasons for such a stark di erence: the plasma densities of [NO™]
and [O;] in the E and F-region never reach a steady state and constantly decrease
over time, attaining lower values than in the 3D simulation.

The plasma density of [O™] exhibits the same trend, with a constant decrease in
density which does reach a certain constant value, whereas the 3D version experienced
an increase in it. These di erences in plasma densities and temperatures signi cantly
impact the height-integrated conductance, as it falls below the 3D case by the end of
the simulation, as seen in panel d), with a nal value of 0.018 S compared to 0.026 S

for the 3D case.
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At the 05:00 minute mark the threshold for [O;] becoming 12eV is reached. It is
expected then that plasma will start to be generated in E-region above 115km, a ect-
ing the conductance and thus limiting the maximum value of the channel velocity. In
comparison to the 3D case, which had ionization from 120km upwards, the E-region
will have more density generated, therefore a larger conductance and nally a larger
decrease in the channel velocity.

Full 2D snapshots at 03:00, 05:00, and 07:00 are displayed in Figure 3 16. From
panels a) through c), it is possible to observe how the density depletion once again
commences in the E-region. The primary di erences between this and Figures 3 8
and 39 lie in the minimum values, with the 2D depletion being lower than the 3D,
and the behavior of the channel in the F-region. From the 3D simulations, a dynamic
shape in longitudes and varying channel widths are obtained, which in uence the F-
region portion of the channel. Since 2D lacks that additional coordinate, it is possible
to observe how the plasma depletion in the F-region is uniform in altitude and at a
lower plasma density than its 3D counterpart. From panels d) through f), it can be
discerned that the channel width is somewhat constant over time, at approximately

0.4 in latitude.

3.4 Discussion

This study presents a time-dependent 3D simulation of an extreme SAID channel,
aiming to elucidate the emergence of the STEVE phenomena. My focus lies in the
lower F-region and the E-region, where direct experimental measurements are cur-
rently absent. Due to STEVE’s wandering behavior, there exist few, if any, rocket or
radar measurements, necessitating reliance on sparse satellite measurements between
400km (SWARM) and 850km (DMSP). From these measurements, 3D simulation

driven solely by the current density on the grid’s upper boundary was developed.
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Necessary modi cations for the simulation to operate under the extreme conditions
where the STEVE phenomena are presumed to exist where made and simulated the
ionospheric changes due to such extreme current density. The validity of the current
generation method to create an SAID was demonstrated, as explained by Anderson
et al. (1993) and their subsequent work. It is possible to establish a direct relationship
between the current density value and shape driving the system and the velocity of
the generated SAID channel. Using the results of Nishimura et al. (20202) as an initial
reference, the system was driven with current densities approaching over 0.6 A/m?2.

It was possible to produce ow velocities up to 12km/s, exceeding the 4.5km/s
measured by DMSP, and observed larger ion and electron temperatures than those
measured. The increase in the channel velocity during its initial existence is primarily
due to the decrease in conductance caused by the current density closing through the
E-region, although this decrease is not unbounded. | showed that the entire F-region is
not fully depleted as the simulation progresses. The densities of the main ions reach a
steady state after a few minutes, maintaining the closure current at a higher altitude
and entirely avoiding the E-region. Consequently, there is not a linear increase in
velocity throughout the entire simulation, only while the E-region is being strongly
depleted. The primary reason for this behavior is the suppressed growth in E B drift
on the eastern side, here new plasma is introduced into the channel. On the eastern
side, plasma sources and a clockwise velocity vortex pinch the channel, reducing its
longitudinal length and preventing the plasma density from depleting.

The simulations provide insight into how the driving factors a ect an extreme
SAID ow channel. Starting with the current density, a larger value leads to a larger
steady-state channel velocity. A larger current density implies a larger electric eld
for a constant conductivity. However, this is not the only factor that in uences the

behavior of the channel velocity. The longitudinal length also has a direct relationship
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with it, with a longer channel in longitude producing larger velocities. The raised
cosine shape for the longitudinal characteristics of the current density enabled us to
alter the length in longitude at which the driving current is at its maximum value.
Consequently, the longer the current is at its maximum, the greater the channel
velocity. The simulations conducted a blanket background precipitation. This did
not eliminate the channel but rather extended the time frames at which events occur
and marginally limited the ow channel velocity. The nal modi cation to the driving
factors was the width of the channel in latitude, with a wider channel exhibiting
larger velocities for the same current density. However, this is not entirely realistic,
as | expect that in a wider channel, the current density will be much smaller and fall
into the SAPS category.

This study also showed in detail how the simulations are lacking inelastic colli-
sions and impact ionization, and how the threshold for these two events (1.96eV for
O(*D) excitation state and 12eV for [O] ionization) happens in time and space. Both
this threshold will provide means for slowing the channels velocity growth, thus the
12km/s nal velocity must be considered more of a reference than a real channel
velocity. Threshold for temperatures going above what the current equations bound-
aries are where also included, and allowed us to see why the phases happen they way
they do.

The decision not to cap the electron temperature when calculating collision fre-
guencies between electrons and neutrals that positively depend on the electron tem-
perature is nuanced. Both approaches exist outside of any measured or theorized
physics, rendering them both awed. | chose to leave these temperatures uncapped
since the results would exist outside the current understanding of the collision pro-
cesses occurring in the E-region, regardless of the approach. The only temperatures

capped were those that negatively depend on the electron temperature, as these would
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generate negative collision frequencies and cause the model to error out upon reaching
such temperatures. As a direct consequence of this decision, a current owing at 100
km exist, where the collision frequency between electrons and neutrals (particularly
molecular oxygen) becomes higher than the local electron cyclotron frequency. This
implies that the electric eld necessary to drive the closure current density to ow
northward is smaller than if | had decided to cap the temperatures. If the enhance-
ment of Pedersen conductivity at 100 km does not exist, the current density still
needs to close through the sparse E-region plasma available and the lower F-region
plasma. This, in turn, means that the electric eld would need to be even larger to
allow for more current to ow under such a change in Pedersen conductivity, result-
ing in a faster channel velocity, larger energies for [NO™] and [O5], and pushing the
simulation even further from the known physics formulas of temperature, collision
frequencies, and transport.

Lynch et al. (2022) and Liang et al. (2021) both utilized an electric eld driver,
which allowed the current density to adjust itself to whatever is needed for such
driving potential. One can argue that the current-driver is a better representation of
M-1 coupling, allowing the electric eld to adjust itself to a value that allows such a
current density to exist. Even this assumptions has it drawbacks, as the conditions
and details of where current is closing under these extreme conditions is not well
known. At the same time, a constant current density at the top of the grid might not
be the best approximation, as current variations are known to exist and are related
to the ring current itself. As such the model predictions will require validation from

further measurements of campaigns.

3.4.1 Role of 3D over 2D simulations

I have also conducted 2D simulations using the same driving factors as their 3D

counterparts. From these, I learned that during the initial time frames, the channels
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behave similarly between 2D and 3D, with the main phases of the channel existing
present. However, the di erences become stark thereafter. In the absence of the
longitudinal coordinate, the channel grows without bounds, with the plasma density
being depleted at all altitudes. Thus, the conductance reaches incredibly low values
and is constantly decreasing, unlike in the 3D simulation. The 3D simulation of
the extreme SAID ow channel has provided numerous insights into the complex
dynamics of this phenomenon. The results have revealed intricate structures and
behaviors that are inherently three-dimensional, underscoring the importance of using
3D simulations for such studies. This added complexity can yield more accurate and
realistic results. However, it also introduces more complexity into the simulation and
the subsequent analysis of the results.

Choosing between 2D and 3D simulations involves trade-o s. One of the main
considerations is that 3D simulations require signi cantly more computational re-
sources than 2D simulations. They involve more data points, leading to increased
memory requirements, and more computations per time step, which escalates the
processing power and time needed. This can be a limiting factor, particularly for
complex systems or simulations that span long periods.

While 2D simulations can o er valuable insights and are often employed for initial
explorations, they may not fully encapsulate the behavior of systems that are inher-
ently 3D, leading to a loss of information due to the collapse of one dimension. In such
instances, 3D simulations can provide a more accurate representation. However, vi-
sualizing and interpreting the results of 3D simulations can be more challenging than
for 2D simulations due to the additional dimension and the constraints of 2D plots.
On the other hand, this simpli cation can distort the representation of the system,
especially when the collapsed dimension contains critical information. 3D simulations

retain all spatial information, o ering a more comprehensive and accurate depiction
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of the system. One of the most striking ndings from the 3D simulation is the pres-
ence of signi cant structure in the longitudinal coordinate, which is not captured in
2D simulations. This structure has a profound impact on the behavior of the SAID
channel, speci cally the plasma sources and ows that seem to constrain the channel
growth in the east. These structures play a pivotal role in shaping the dynamics
of the SAID channel, in uencing its velocity and temperature. Since 2D lacks the
new plasma coming into the channel from the longitudinal direction, the plasma de-
pletion is unbounded and reaches values much lower than its 3D counterpart. This
is especially important in the F-region, where most of the current ows after the
E-region is completely depleted. This in part allows the conductance to decrease to
very small values which, in turn, increases the electric eld in order to maintain a

constant current through the system.

3.4.2 On the need for future improvements to modeling

While this study has addressed 3D structure of ow channels, the simulations pre-
sented herein should be interpreted as approximate in only a very rough sense for a
number of reasons. Foremost there are relatively few observations that allow us to
constrain the model inputs so it is not clear whether I am simulating a somewhat
typical STEVE event or one of the most extreme events ever observed. It should also
be noted that a number of assumptions needed to be made in order to even achieve
sensible results in the model { some of which could impact the ionospheric behav-
ior substantially. These largely concern parameterizations of collisional processes (cf.
Section 3.2.2) which apparently become invalid at the energies required for the anal-
ysis. | have chosen to calculate these collisional processes using a temperature with a
set ceiling; however, a more physically-motivated extrapolation would be preferable
for future studies in such extreme conditions. Finally, ion energies that result from

the modeling are well above the limits that would trigger inelastic ion-neutral and
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ion-ion collisions { these are not included presently (it is not clear whether the reg-
uisite cross-section data are even available) but likely represent an important energy

sink that will limit temperatures.

3.5 Summary and future work

The presented study demonstrates my ability to simulate an extreme SAID chan-
nel, with results surpassing the current measurements of STEVE. The simulations
unveiled intricate structures and behaviors, underscoring the signi cance of 3D sim-
ulations in capturing these phenomena. The correlation between plasma depletion,
conductance increase, and channel velocity increase is validated, even at the extreme
velocities of 12km/s. The research also highlights the in uence of various factors,
such as current density and longitudinal length, on the behavior of the channel ve-
locity. However, these simulations should be considered as approximations due to
the scarcity of observations available to constrain the model inputs and the assump-
tions made to obtain plausible results. Simulation results produce features that are
qualitative consistent with optical and space-based observations, while exposing the
physical limitations of current models used in SAID-STEVE studies. | show that
a plausible ionosphere created by driving it with measured STEVE drivers rapidly
reaches parameter values that are beyond the limits of applicability of the governing
equations, and beyond known physical limits of the key collisional models used. In
particular, e ects of inelastic collisions and impact ionization will likely become an
important consideration in STEVE.

| pushed GEMINI to the boundaries of what is stable, as well as made assumptions
about collisional terms that might a ect the nal results. The way the simulation

was set up leaves us with many important points that must be remembered:

A 3D grid was utilized that followed a tilted dipole coordinate system. This
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grid spans from 0 to 100km in altitude, 58° to 64° in latitude, and 55° to 125°
in longitude. The grid size was set at 512x512x512.

The simulation was driven by a eld-aligned current density shape as seen on
Figure 3.2.1. The shape in latitude was chosen as two opposite sign Gaussian’s,
which allowed us to have and up and down current density with smooth edges,
something essential for modelling. Precipitating electrons where added on the
upward portion of the current, to simulate a current carried by precipitating
electrons. In longitude, a raised-cosine shape was used so that | could have a
long and constant longitudinal shape, yet a smooth transition to zero at the

edges.

A maximum value of 0.6 A/m? for the driving current density was chosen. This
agrees with previous measurements, though smaller than what Nishimura et al.

(2020a) measures.

GEMINI underwent changes to some of its internal code in order to accom-
modate the extreme velocities and temperatures. Particularly some electron-
neutral collision frequencies had to be capped since at higher temperatures they

would become negative.

GEMINI numerical solver was also adapted to solve its thermal conductivity
and source-loss terms simultaneously to avoid oscillations due to the high tem-

peratures.

Since there are no inelastic collisions nor impact ionization terms in GEMINI,
one must consider the results as a reference, in reality these and other kinetic

processes are expected to be triggered at these extremes situations.

My results show how there are distinct phases in time during the creation and

existence of an extreme SAID channel, as well as how the phases might be related
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to the di erent plasma densities and transport inside the extreme SAID channel.
The longitudinal aspect is critical, since the more eastward in location the channel
grows faster, while the westward section grows slower but reaches much larger values
of velocity and temperature. From the simulations, | can create a list of important

results that need to be highlighted:

The channel velocity grows exponentially, nishing with a linear growth, to
values of 12km/s on the western edge. This values are larger than the ones
previously presented by Nishimura et al. (2020a), and show how under a current
smaller than measured it is possible to obtain extremely large ows. The real
value will be smaller than this though, due to the omission of inelastic collisions

nor impact ionization terms that will work against channel velocity growth.

Approximately four phases exist during the 8 minute simulation time, not con-
sidering the initial 10 second where the driving current density grows fast to its

maximum value.

The rst phase can be described as an exponential growth in velocity up to
1km/s, most of the closure current ows through the 110 to 130km region and
the E-region is rapidly being depleted. From a few second in, there is enough
ion temperature to trigger the most important reaction: [O*] + [N,] ¥ [NO™]
+ [N] which depletes the [O™] in the lower F region. During this phase inelastic
collisions will start to happen, thus decreasing the velocity due to energy being

soaked up.

A second phase happens between two local maxima of the acceleration of the
channel, roughly existing between the points where the ion and electron tem-
perature reach 7,000K. During this time [O™] is being rapidly depleted in the

F region, while the E-region densities continue their exponential decrease. This
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section is characterised by a large growth in the acceleration, as well as electron
temperature. During this phase | still have valid electron-neutral collision fre-
quencies. The second phase is also characterised by the closure current owing

through other altitudes rather than the 110 to 130km region.

The third phase only exist on the westward portion of the channel, with its end
coinciding with the point where the density of [O™] in the F-region reaches the
values of the density of plasma in the E-region. It has the largest acceleration
compared to other phases. At this point, | have a total 400mV/m? electric

eld. The electron temperature is now larger than 7,000K, thus the collision
frequencies grow unbound, a ecting the frictional heating. During this phase
[O5] reaches 12eV, enough energy to ionize the ambient [O], creating plasma
from 120km upward and thus increasing the conductance, reducing the channel

velocity in turn.

The nal phase exist on all locations in terms of longitude, and it is charac-
terized by a constant and linear growth of the channel velocity, with a smaller
slope than any other previous phase, con rmed by the much lower and constant
acceleration. Densities of [NO™] and [O,] in the F-region reach a steady state
where they remain mostly constant. There is a slow increase of [O™] in the
F-region. | am outside the boundaries of most validity for most equations at

this point.

From these phases and the behaviour of the channel in both latitude and longitude,
several important points can be made about how the simulation attempts to model
the behavior of STEVE through an extreme SAID ow channel. From this, | can

create a list of key takeaways from the simulations:

This study has utilized 3D simulations to explore the dynamics of extreme SAID
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ow channels, with a focus on the STEVE phenomena.

The simulations have revealed complex structures and behaviors, emphasizing

the importance of 3D over 2D simulations in capturing these phenomena.

Under a constant current density driver, the channel growth in velocity is not
uniform. Fast velocities are reaches in the eastern side rst since it has less
plasma to deplete due to plasma recombination. Western side grows slower due
to the larger plasma in that region, but reaches velocities up to 10% higher than

its opposite side.

| predict testable changes in the ionosphere-thermosphere-magnetosphere sys-
tem response when the temperature exceeds the turn-on threshold for the [O™]

+ [N;] reaction.

Chemistry in the E-region and lower F-region controls the channel velocity
behavior. Once the E-region becomes almost completely depleted, current ows

through the lower F-region.

The omission of inelastic terms helps the channel to grow even more than what
it would in real life. Same can be said about the impact ionization e ect on the

conductance.

Temperature threshold are very important. In this case, since | left the collision
frequencies between electrons and some neutrals uncapped if they would not
reach negative values, | have an abnormal electron temperature increase in the
E-region. It does not expand to higher altitudes since it depends mostly on the
density of [O;]. This causes the electron-neutral collision frequency to rise above
the electron cyclotron frequency in a small band at 100km, allowing current to

ow there. If the collision frequencies were capped, | expect the electric eld to



94

adjust itself to close the full amount of the current density through the lower

F-region, resulting in an even faster ow channel.

3.5.1 Future work

| have demonstrated a 3D simulation of an extreme SAID channel in GEMINI, al-
though several constraints were necessary for the model to operate within its limits.
It is crucial to revisit the formulas and theories of collision frequencies/collision cross-
sections of various ion-neutral and electron-neutral interactions. In this study, only
the collision frequencies that would result in a negative number had their temperature
capped at a maximum value, while others were left unbounded. The decision to cap
or not cap the temperature in all calculations is complex, as both approaches make
strong assumptions on what is happening in the ionosphere.

The Geospace Dynamics Constellation (GDC) is a mission concept designed to
study the coupling between the magnetosphere and the ionosphere/thermosphere sys-
tem, which would include plasma drift sensors and more. The results that can be
obtained by modeling the ionospheric behavior under an extreme electric eld will
be useful when searching for signatures of STEVE in GDC data. Conversely, the
presence of a sub-auroral phased array incoherent scatter radar, such as AMISR, for
example, would provide the necessary data at lower altitudes to further understand
the process of STEVE. This study allows us to conduct numerical experiments useful
for the design of new instruments and networks. In conclusion, the simulations pro-
vide a detailed heterogeneous parameter set for comparison with current and future

observations, including:
ISR (Ne, Te, Tj, ion composition)

Imaging spectroscopy (ion abundances, electron energy/temperature)
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LEO satellites (GDC, DMSP, SWARM; temperatures, abundances, ows, pre-

cipitation)
Multi-point observations (GDC constellations, camera networks)

Finally, the current simulations do not account for any e ects caused by insta-
bilities in the E and F-region. Due to the large electric eld, | anticipate that the
Farley-Buneman instability will occur between 100 and 120 km, leading to an in-
crease in the electron temperature and a change in the conductivities. Liang et al.
(2021) and Liang et al. (2022) incorporated the e ects on the electron temperature
in their 2D simulations, utilizing the theory developed by St-Maurice and Goodwin
(2021). 1 plan to include the e ects of the Farley-Buneman instability in a simulation
of an extreme SAID channel using the results of Dimant and Oppenheim (2011a) and

Dimant and Oppenheim (2011b) in Chapter 4.
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Chapter 4

Simulation of the e ects of turbulence due
to the Farley-Buneman instability in an
extreme SAID channel

This Chapter is being prepared for publication.

4.1 Introduction

Magnetosphere-ionosphere coupling is a dynamic process that involves the exchange
of energy and momentum between the Solar wind, Earth’s magnetic eld, and the
plasma in the upper atmosphere. The E-region ionosphere, which extends from about
90 to 150 km altitude, plays a crucial role in this process, as it is the region where
current closure occurs because the currents driven from above collide with the neu-
tral atmosphere molecules here, causing the cross-B- eld conductivity to rise dra-
matically. Understanding the energy transfer and dissipation mechanisms in the
E-region ionosphere is essential for predicting the global behavior and variability of
the magnetosphere-ionosphere system, as well as its impacts on the lower atmosphere
and the human activities. However, modeling the E-region ionosphere accurately is
challenging, as it requires taking into account the nonlinear and turbulent e ects of
the plasma instabilities, the ion-neutral collisions, the chemical reactions, and the
external forcing from the solar wind and the magnetosphere.

Chapter 3, and GEMINI, explicitly assume that the spectrum of ions and electrons
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are Maxwellian. This is a very strong assumption, since when a plasma has ions or
electrons that are not Maxwellian due to some external factor, normal modes in the
system can become unstable (Nicholson, 1983). In this unstable state, the generation
of an instability is to be expected, since it is the general way of redistributing the
energy accumulated by the unstable state Treumann and Baumjohann (1997). A
simplye yet e ective explanation of an instability comes from Hargreaves (1992),
where he says:

\Instabilities may arise when - to borrow a term from radio engineering - the
medium includes an element of \positive feedback™. Suppose that the medium becomes
perturbed, either by chance or by some external in uence. This perturbation will in
turn disturb other aspects of the medium, and if one of these consequences has the
e ect of enhancing the original perturbation, then that will be reinforced and will tend
to grow larger. At the same time there may be other consequences tending to reduce
the perturbation, but if these are less e ective than those causing positive feedback
then we have an instability,”

For the study of an extreme SAID/STEVE, instabilities that might produce
changes to the E-region become of great importance. The E-region is crucial in the
process of generating and extreme SAID channel and instabilities can have signi cant
impacts on the conductance, temperature, and the ambient electric eld, which in
turn a ects the ow channel. There are two main instabilities that are of importance
in the E-region: the modi ed two-stream instability (MTSI) (Kelley, 2009) and the
gradient drift instability (GDI) (Keskinen and Ossakow, 1983). The two-stream in-
stability arises when the zero order electron and ion velocities are di erent. | will
particularly focuses on the modi ed two-stream instability or Farley-Buneman in-
stability (FBI) (Farley Jr, 1963; Buneman, 1963), which is the case of a two-stream

instability where electrons ExB drift perpendicular to the geomagnetic eld while
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ions, due to collisions, ow mostly with the neutrals.

Figure 4 1. Modi ed two-stream instability diagram, taken from Kel-
ley (2009)

Figure 4 1 attempts to explain in a simple manner how the Farley-Bumenan in-
stability arises. Here the magnetic eld points unpwards in the z direction, with the
electric eld pointing northwards in the y direction, and the E B drift is therefore
in the x axis in the east direction. The instability can exist when, under a polar-
ized density perturbation, the electron ow is larger than the ion acoustic speed.
The sinusoidal wave represents zones where density perturbations pushes the ambi-
ent density above or below the non perturbed value, and also represent the zones
where a perturbed electric eld is generated. E is positive when n=n is positive,
and vice versa. Under circumstances where the electron are subsonic, the pressure
gradient will smooth out any perturbations that are created. The wave will grow if
more plasma moves into regions of higher density than leaves the same region. If the
electrons are supersonic, they can pass energy to the ions through the polarization
electric eld. Since ions are drifting in the opposite direction as the supersonic elec-

trons in the frame of reference of the perturbation wave, the perturbed electric eld
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slows the ions in the crests and accelerates them in the valleys, causing the instability
to grow. A great explanation for how this instability arises can be taken from Young
(2019): \Increasing the electric eld causes electrons to stream more quickly through
ions and the electrostatic attraction forces ions to follow. In order to conserve ux,
the ion velocity is largest where n=n is smallest; therefore, the kinetic energy they
gain from the electrostatic force is also largest where n=n is smallest. When this
new energy overcomes the plasma pressure, ions move out of regions of n=n <0 and
into regions of n=n > 0. These ampli cation of j n=nj drive the Farley-Buneman
instability™.

Being a meter scale instability, the Farley-Buneman instability is outside the realm
of what GEMINI can model, but this does not mean that the macroscopic e ects of
the instability can be added into the model. As explained by Dimant and Oppenheim
(2011a), the density and electric eld perturbations can cause two main macroscopic
e ects: an change in the conductivity due to non-linear current and an enormous
anomalous heating of the electrons. The existence of the non-linear current can be
understood by looking at Figure 4 2, where a 3D view of the plasma perturbations is
shown. The existence of the perturbed electric elds causes a non-linear current to

ow parallel to the ambient electric eld due to the new E B drift imparted in the
plasma. Since the crests have a larger plasma density than the valleys, more electrons

ow through the crests than the valleys causes the non-linear current. This becomes
important since the root mean square (RMS) value of the turbulent electric eld can
be comparable to the ambient electric eld (Dimant and Oppenheim, 2011a). This
new current therefore accounts for a modi cation to the conductivities, by adding a
non-linear conductivity (NLC) into the system.

Observations have shown that there is a correlation between strong convective

electric elds and sudden elevations of the electron temperature (Schlegel and St.-
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Maurice, 1981; St-Maurice et al., 1990; Bahcivan, 2007). Simple estimates of the
standard frictional heating does not account for such enhanced temperature. This
enhanced electron temperature, or anomalous electron heating (AEH) from now on,
can be explained by the frictional heating caused by the turbulent electric elds due to
the Farley-Buneman instability (Dimant and Milikh, 2003; Milikh and Dimant, 2003).
Speci cally, the component parallel to B contributes the most (which GEMINI as-
sumes is 0). This abnormal electron heating occurs because the turbulent electric eld
have a small component parallel to the ambient magnetic eld ( Ej;). The anoma-
lous electron heating can also a ect the conductance by increasing the temperature
dependent electron-neutral collision frequencies and increasing the ambient plasma

by reducing the local plasma recombination rate (Dimant and Oppenheim, 2011a).

Figure 4 2: Non-linear current generation diagram, taken from Di-
mant and Oppenheim (2011a)

These two macroscopic e ects were added to GEMINI, one directly modifying the
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model conductivities while the other modi ed the electron energy equation shown in
Equation 1.16. For the anomalous electron heating the results of Dimant and Mi-
likh (2003) and Milikh and Dimant (2003) are followed, who proposed a theoretical
model of the e ects of AEH based on a heuristic assumption on non linearly satu-
rated turbulence, assuming that a small component of the Farley-Buneman turbulent
electric eld parallel to the geomagnetic eld is the main cause of it. Additionally,
| incorporate the e ects of non-linear currents generated by the plasma turbulence
on the conductivities, drawing from the work of Dimant and Oppenheim (2011a,b)
and Oppenheim and Dimant (2013). From these simulations that include turbulence
due to the Farley-Buneman instability I aim to answer the third scienti ¢ question
presented in the introduction: How do the macroscopic e ects of the Farley-Buneman
instability (FBI) in the E-region a ects a simulation of an extreme SAID/STEVE in
the sub-auroral region?

In order to directly compare the simulations that include turbulent e ects with
those without turbulent e ects, the same model setup was utilized as explained in
Chapter 3, Section 3.2. A new ag was included in GEMINI in order to turn on the
macroscopic e ects of the Farley-Buneman instability, with one turning on only the
anomalous electron heating and another one to turn on both turbulent e ects simulta-
neously. This shows whether the inclusion of turbulent e ects will have a dampening
e ects on the generation of an extreme SAID, or will the e ects be marginal due to
the extreme nature of the simulation.

This chapter is organized as follows: Section ?? will go over the assumptions and
equations utilized to include the non-linear conductivities, Section 4.3 will do the same
for the anomalous electron heating. Section 4.4 will start by focusing on the center
of the ow channel to show the general behavior of the extreme SAID with turbulent

e ects, though I will quickly switch to comparisons between simulations that only
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include abnormal electron heating (\AEH simulation™ from now on), simulations
that include all turbulent e ects (\FBI simulation™ from now on) and simulations
that do not include turbulent e ects (\vanilla™ from now on). Section 4.5 will discuss
the results in the frame of an extreme SAID/STEVE simulation, while Section 4.6

will conclude the chapter.

4.2 Non-linear currents and conductivity

The nonlinear currents (NC) play an important role in energy conversion as shown by
Oppenheim (1996); Dimant and Oppenheim (2011a). This nonlinear currents change
the general behavior of the channel by directly changing the conductivity in the E
region. In this section, my objective is to show the assumptions used in Dimant
and Oppenheim (2011a) and Dimant and Oppenheim (2011b) that allowed me to
end with an analytical expression for the nonlinear conductivities as a function of
parameters that exist within GEMINI. All equations from this section are directly
taken from Dimant and Oppenheim (2011a) and Dimant and Oppenheim (2011b)
unless otherwise speci ed. The total energy dissipation due to the plasma turbulent
can be de ned as:

L hE Ji Eo Jo 4.1)
hE Ji=hEi Hfi+hE ji 4.2)

Where hE Ji represents the average energy deposition. E and 7 represent the
disturbed electric eld and current density respectively. If a saturated turbulence

with a constant average characteristics is assumed, it is possible to write that:

hE Ji=0 (4.3)
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Finally, if a homogeneous and stationary background is assumed, it is possible to

simplify this to a work term due to the turbulent elements:

Liwro = Pnc Eo Jne (4.4)

Where Py is the work by the external electric eld on the non linear currents, which
in this case would provide the energy for all kinds of anomalous heating of plasma
particles. Dimant and Oppenheim (2011a) utilized rst-order linear wave relations
to calculate the turbulent terms of the current density for both electrons and ions,

ending with a total perturb current density:

jNC = €No (4.5)
h i e i
> 1+ DA+ DR+A+ i QR (¢ DK D KUy 2
2
K; 160 1+ K k?) h

The vector Oy represents the undisturbed relative mean velocity between electrons
and ions, de nedas U V. Vj, while kK is the wave vector of the Farley-Buneman
density perturbations. The unit vector B points along the magnetic eld lines. ny.,
represents the perturbed plasma spectral density and ng represents the ion density.

s = = s represents the magnetization parameter of the di erent plasma species.

Finally, . is related to the wave vector and magnetization parameters by:

#
k2
> 1+ 1+ 2 1+ 2 X

e i k_z (4-6)

Where - = ( ; ) *. From this point it is possible to calculate a turbulent, or

non-linear, conductivity the same way laminar conductivity is estimated. A tensor of
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laminar conductivity has the following shape:

2 L 3
v Fn 0
=4 L § 05 (4.7)
L
0 0
The Pedersen, Hall and parallel conductivity’s can be de ned as (Kelley, 2009):
L Jj Eoi _ (et i)noe (4.8)
ji -
Egjj B
L:jl’_5 EO?:( et )L+ ¢ i)nee (4.9)
P R, 1+ 1+ )?B |
L_J5 (B> 1) _ (& Dnoe (4.10)
H E2, 1+ 2@+ i)°B

From this a tensor for the non-linear conductivity associated with the non-linear

currents described in Equation 4.5 can be created :

2 NC NC 0 3
%: I:’NC HC
NC =4 Nc N 05 (4.11)
0 0 NC

From which one can obtain a general form for the Pedersen, Hall and parallel
conductivities, replacing J&- with JN¢ from Equation 4.5. The turbulent parallel
conductivity is fairly straight forward, as only the elements that have kj; survive:

iNC
NC  — T~ Eoj

1) )
EOJ]

(4.12)
2
_ 1+ A+ e X Kj Eoj K Do n,

2122 n
¢! &;16:0 1+ [ k’?EOJ'J' 0

2

For the turbulent Pedersen conductivity, both terms that are perpendicular to B
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survive:

NC J53¢ Eo»

12" Boe 4.13)
Efﬁ’ i
_ nee X A+ iR Eoz (e i) K D B KU n,°
¢ ik.lgo 1+ [ 2k’z?E(%’? o

By suing the factthat (A B) C=A (B C)= A (C B) one can change the
term K B Egrinto K Eg> 1T ,and considering that that Egp, B=E;, 1
as well as K> Egp» = K> Eg, a more streamlined form for the turbulent Pedersen

conductivity can be written:

Ne H i (4.14)
ne >< I+ i)k Eo+(e DK Eo D KU n,°
® T riso 1+ ZK%ES? Mo

Finally, for the turbulent Hall conductivity, only the perpendicular terms of Equation

4.5 survive as well:

ne _ J5 (Eo )

= 1z (B0 D) 4.15)
g : (
EO? h i
_ E < (1"' i e)k? (EO b) ( e i)k’? Eo kK O nk;! 2
e ik"&O 1+ Kk ? k'2> Mo

In order to simplify this even more, there is a need to make more assumptions.
Since the instability only exists in the E region, one can safely assume that
1 i» meaning that the electrons will be fully magnetized while the ions will be
collisional or partially magnetized. For my particular case, GEMINI assumes that the
parallel electric eld is small enough to be neglected due to high electron mobility,
so it can safely be assumed that E;, Eg». It can also be assumed that the plasma

irregularities caused by the instability have mostly a perpendicular to B components,
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thus kK> K. With this, it is possible to simplify Equations 4.14 and 4.15:

h i
e ne X @+ i)k Eo+ kK B D KU ., °
e = [of — - (4.16)
e Ik?!&oh 1+ K k EO ) 0
i
we _ nee X A+ ik (Eo D) k> Eo K Uo ng, 2
ne = fo® — (4.17)
® rireo 1+ ¢k o

Equations 4.16 and 4.17 are quasi-linear approximations that apply to arbitrary
spectra of E region turbulence under the assumption that the density perturbations
are reasonably small. From Dimant and Oppenheim (2011a) it is possible to also

write a parallel and perpendicular to B form of Og:

+ i)Eji
Oy = et 0B B') A _ (4.18)
h i

_ (e+ i) (e i)(EO b) (1+ i e)EO?
Ooz = @+ i+ DB (4.19)

Which can be further simpli ed by using the same assumptions as when building

Equations 4.16 and 4.17:

e(Bo B) (1+ je¢E;» Eo B iEpr
e(1+ |2)B a+ |2)B

Uo = Uo? (420)

In the quasi-linear approach that I am utilizing, the total conductivity is just the
addition of the turbulent and laminar conductivities:

L @)

From this point forward | will utilized the Heuristic Model of Turbulence (HMT)

developed by Dimant and Milikh (2003). As they mention, the current state of E

region instability theory does not give an accurate spectre of density irregularity

n.., as a function of external electric elds and existing ionospheric parameters.
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This method focuses on approximate values for the root mean square (RMS) of the
coupled turbulent electric eld and density. This allows the turbulent conductivities
to be expressed as a function of the RMS of the perturbed density irregularities, thus
allowing us to eliminate the summation and other factors depending on (k; I) that
GEMINI does not have a way of calculating.

The rst main assumption is that the model assumes the e ective values of the
perpendicular components of the turbulent electric eld. With the second one being
that the e ective values of the aspect angles determined by kj=k~ are also assumed
rather than calculated, with the di erences that this were validated by the authors.
At the same time, there is a need to de ne a threshold electric eld for the instability
to arise. If the ambient electric eld is higher than the threshold, the e ects of the

instability would then be added to GEMINI.

Efit =(1+ 2)Bqg

1+ 2 keg(Te+Tp) 7
% SR (4.22)

1 m;
One of the most important factors of this threshold electric eld is that it directly
depends on the ion acoustic speed of the plasma in the E region, and thus it also
depended on the electron temperature. It is very important to also include the heating
e ects of the Farley-Buneman instability in order to not over estimate the e ects on
the conductivities, since they would have a lower threshold electric eld without it.
This will be further developed on Section 4.3.

Thanks to the rst heuristic assumption, it is possible to write the RMS of the

turbulent electric eld as:
hE3i (B0 Ef)° (4.23)

Where  is a dimensionless proportionality factor of the order of unity, so I will

be using ; = 1 from now on for simplicity. In a quasi-linear approximation, the
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turbulent electric eld is proportinal to the turbulent plasma perturbations, from

which it is possible to relate them as:

- _ 1+ PBUgcos Mgy
Kt i1+ ) No

(4.24)

The angle Er represents the angle between the wave vector of density perturbations
and the relative mean velocity between electrons and ions, so cos , =K Up=(kUp).
Utilizing the second heuristic assumptions, it is possible to quantify the e ective
magnitude of k;. In the E region k> Kk, though even is k; is small it has an
importance due to the high mobility of electrons. This can have a large e ect on
Equation 4.6 and all equations that depend on it. As such, , will be assumed to be:

Eo

[ Emin (1 + ?) 1 (4'25)
thr

Thanks of the simulations of Oppenheim and Dimant (2004) and Oppenheim et al.
(2008) it is possible to concentrate the K- spectrum around a narrow angular sector

within a preferred wave vector direction:
!

[ Ogcos ,+(0Op TMW)cos ,
k Uo

(4.26)

Thanks to these assumptions, it is possible utilize Equation 4.24 and the RMS
values with the previously shown approximations to completely rewrite Equations

4.16 and 4.17 into a much simpler and easy way for GEMINI to utilize

NC 3 min

p__ 1005 4 2 - Eo Thr

— = 1 ) cos 2 isin —_— 1 — 4.27

P ey D B g g, D
NC 3 min
H - 1008 ¢ , 2 ai Eo Ethr
E.' = T+ 2 2 jcos ,+(1 sin . 1+ ) Emin 1 1 E,

(4.28)
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Finally, it can be assumed that , = 0, which yield a simpler equation for the non

linear terms of the conductivity that directly depend on the laminar conductivities:

NC 2 min
P — 1 1 EO 1 Thr
P o1e: B Ey
NC i
N 2 4 Eo Thr
i 1+ =) 1+ 2 Emin 1 E
H 1 Thr 0

(4.29)

(4.30)

Equations 4.29 and 4.30 were both added to GEMINI, as well as Equation 4.22

as a threshold electric eld that is directly compared to the ambient electric eld in

order to decide if the non-linear conductivities must be calculated and added to the

nal conductivity calculations. As such, it is expected that the Pedersen conductivity

will increase, with the Hall counterpart decreasing in turn as mention in the Section

4.1 . Finally, I can make a list of the assumptions made for these equations:

Saturated turbulence with constant average characteristics in Equation 4.3

A homogeneous and stationary background in Equation 4.4

First-order linear relations in Equation 4.5

e 1 i» Eo  Eg», K> Kk and quasi-linear approximations under density

perturbations that are reasonably small in Equations 4.16 and 4.17

Turbulent and laminar conductivities can be linearly added to each other in

Equation 4.21

Heuristic Model of Turbulence:

{ Use approximate values of the RMS of both n,., and E,,,

{ The value of h E,.,1 is assumed rather than calculated in Equation 4.23

{ A quasi-linear approximation between E,., and n,., in Equation 4.24
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{ The value of K=k is assumed rather than calculated in Equations 4.25 and

4.26

Angle between the wave vector of the density perturbations relative to the mean

velocity between electrons and ions is , = 0 in Equations 4.29 and 4.30

4.3 Anomalous Electron Heating

As mentioned previously, the Farley-Buneman instability can cause anomalous heat-
ing of electrons, which can signi cantly impact chemical processes, leading to changes
in the electric eld, as well as being key to not overestimate the changes in conductiv-
ity calculated in Section 4.2. These changes, in turn, can alter the general behavior
of the ow channel and the magnetophere-ionosphere coupling. Dimant and Milikh
(2003) and Milikh and Dimant (2003) utilized the HMT for how this heating can
be calculated. This work was expanded by Dimant and Oppenheim (2011a) and Di-
mant and Oppenheim (2011b), from which a general equation can be derived for the
required extra heating. This methodology has already been used for other models,
particularly TIEGCM by Liu et al. (2016). The work done by Liang et al. (2021,
2022) utilized a di erent approach to the calculation of AEH, taking the results of
St-Maurice and Goodwin (2021), an empirical model based on historical Incoherent
Scatter Radar (ISR) data is used to calculate the appropriate heating. Since both
the method for calculating the non-linear current e ects on the conductivity and
anomalous electron heating share the same base assumptions, the method presented
by St-Maurice and Goodwin (2021) was not utilized in order to maintain coherence.

All equations from this section are directly taken from Dimant and Oppenheim
(2011b) unless otherwise speci ed and are shown to illustrate the points where ap-
proximations and assumptions are made. It is possible to start with a general way to

represent the electron heating caused by a the electron velocity that can be separated
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by laminar ow and turbulent ow:

h D E D E i
Q¥'=me ¢ Ny VG+ V& +2 Ve n Veo (4.31)

In this case, me represents the electron mass, ng represents the ion density, Veq repre-
sents the laminar electron velocity, and hVggi represents the RMS value of turbulent
electron velocity. This equation gives us a general way to calculate anomalous elec-
tron heating from the two components of the plasma ow. My objective is to obtain
a formula for the AEH that utilized terms that exist within the GEMINI model, or
that can be easily added by utilizing existing terms in it. This turbulent ow can be
directly linked to the turbulent electric elds shown in Equation 4.24. This way, in a
multi uid plasma, Veo and Vo can be expressed in terms of the ambient electric eld
and the spectral harmonics of the wave potential  ,.,. Even for a two uid solution,
where only [NO*] and [O;] would be considered, this becomes rather cumbersome.
As such, | will relate this ows to such electric elds by using the following three

approximations:

noE2
NV S0 (4.32)
BO
2
D 2E mi inp(1+ 2)* >X & k Uo Mgy ?
eno VEO m 1+ 2k2 n (433)
¢ K160 gk Ko 00
2
D E 2eno (1 + I2)2 X Kk U K Ep Ny 2
2 e VEO n VEO m - 2 5 n (4.34)
e i e K160 1+ K k? 0

The main conditions for using these equations are that all ions must have similar
magnetization parameters ( ; = = ;) so that all ions behave equally to the elds
and can be treated as a one uid and that I am in a regime where o 1 i. This
is possible in the E region since the mass of [NO+] and [O,+], the dominant ions that

cause the Farley-Buneman instability, are similar. The parameter . represents the
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total electron collision frequency, which takes into account all electron-neutral colli-
sions v = anen and ; = anin. Eo, and B, denote the ambient (non-turbulent)
electric and magnetic elds, respectively. Once again there are several terms that are
associated with the instability that do not exist within GEMINI, so further approx-
imations are needed. To calculate the heating rates in term of E region parameters
there is a need to estimate the turbulent density perturbations, as such, the HMT
is utilized once again to eliminate the need of the summations and full spectrum

analysis, focusing only on RMS values:

2
X « KU n,? L, 2E EMM’cost ,  E

—(1+ ») 1
wiso 17 % K5 Mo (1+ H°B§ E
(4.35)
2
> Kk O kK Eo Ng.1 2 2k|2 (Eo E_rrﬂri?)Zcosl% < sin . w36
;160 1+ 4 zk% No 1+ i2)5:2 Bo

Once again, for simplicity, an angle of , = 0 will be used, making the perturbation
and ows parallel. On the other hand, , is a dimensionless constant just like 1,
and in the same way as before | will utilize , = 1. Finally, the total electron heating
can be calculated by feeding Equations 4.35 and 4.36 into Equations 4.33 and 4.34,
which in turn replace their respective terms in Equation 4.31 resulting in:

Me ¢NoEZ L Miino 2(Eo EMN?  E,

Qtot: d
© TR @+ »B;  ER

1+ ) 1 (4.37)

The rst term on the right-hand side represents the electron ohmic energy deposition,
which is already accounted for in GEMINI3D. The second term represents the total
electron heating due to the Farley-Buneman instability, but with the \diagonal* terms
neglected since , = 0. This equation is only applicable when the ambient electric

eld E, exceeds the minimum threshold Efi" and when the magnetization parameters

follows 1 i. The second term on the right-hand side was included in



113

GEMINI, along side all the conditions for it to arise, directly in the electron energy
calculation as seen on Equation 1.19.

Equation 4.37 utilizes all the assumptions made in Section 4.2, with only one new
assumption: assume all ions have similar magnetization parameters and utilize the
average of them. This is not problematic since the main ions in the E-region are

[NO*] and [O5], which have similar atomic masses at 30 and 32 amu respectively.

4.3.1 Changes to the Loss term in the energy equation

Figure 4 3: Electron cooling functions. The dashed line represents
the kinetic computations made by Milikh and Dimant (2003) and the
solid line represents a Maxwellian distribution solution

Since GEMINI3D is based on the assumption of a Maxwellian distribution, there
is a need to account for the non-Maxwellian e ects caused by the Farley-Buneman

instability. In a detailed kinetic numerical simulation, which included the heuristic
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turbulent electric elds, it was discovered that the cooling rate is strongly dependent
on Te, with the rate exceeding an order of magnitude at temperatures higher than
3000K (Milikh and Dimant, 2003, Figure 4). This e ect is attributed to the electric
eld creating a steep depression in the distribution function at higher electron energies
as it becomes larger. In order to account for these e ects, there is a need to extend the
temperature range beyond 4; 000K since | expect the temperature to rise much higher
than this. Without direct access to the output data of Milikh and Dimant (2003),
a more creative method was used: Figure 4 was imported, and by utilizing image
processing, | obtained the analytical expression of the two traces needed: Kkinetic
computation and Maxwellian results. Figure 4 3(top) displays the original data points
and the corresponding tting function used in the interpolation. The tting was
done piece-wise to ensure the nal result closely resembles the original plot. Figure
4 3(bottom) shows the samples mapped to their respective temperatures and values of
cooling factor, all within the original values that Milikh and Dimant (2003) utilized.
Since it is expected that the temperatures reach values much larger than 4,000K,

| extrapolated the existing values in order to obtain a hypothetical Maxwellian and
kinetic loss function for higher temperatures. The extrapolation is shown in Fig-
ure 4 4(top), where | utilized shape-preserving spline extrapolation which keeps the
curves behaving within the boundaries that GEMINI can handle. This way a smooth
and well behaved function can be utilized for higher temperatures, and until detailed
kinetic model output from similar kinetic simulations are available at higher temper-
atures, this approach provides the best option for including non-Maxwellian e ects in
GEMINI. Another reason why a shape preserving curve was utilized was so that the
ratio between the Maxwellian and non-Maxwellian becomes a small constant rather
than practically zero like in the case of Liu et al. (2016), which allows us to retain some

losses rather than completely eliminate them, helping the the stability of the model.
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Figure 4 4: Electron cooling functions versus electron temperature.

Figure 4 4(bottom) shows the ratio between the Maxwellian and non-Maxwellian,
which is the function nally added to GEMINI multiplying the loss term of the en-
ergy equation. From this point, I t an eight value Fourier series to the logarithmic
values of the ration get an analytical expression of the curve that ts within a small
margin of error and thus can be added directly to GEMINI. The black line represents
the ratio of the discrete samples of Maxwellian and non-Maxwellian seen on Figure
4 4(top). The red line represents that Fourier series, with the yellow line showing the
shape used by Liu et al. (2016). The purple line shows how the di erence between
these curves grows exponentially at higher temperature.

The nal analytical expression that was included in GEMINI has the following
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shape:

A= a;cos(Te!) +a,cos(2Te ) + azcos(3Te ) + a,cos(4Te 1) (4.38)
+as5 cos(5Te!) + agcos(6Te 1) + a; cos(7Te 1) + agcos(8T. 1)
B=  Dbysin(Te!) +bysin(2Te 1) + by sin(3Te 1) + by sin(4Te 1) (4.39)

+bs sin(5T 1) + bg SiN(6T 1) + b7 sSin(7Te 1) + bg sin(8Te 1)

Where ! =1:0402 10 “*. All values for a, and b, are displayed in Table 4.1

Table 4.1: Values for a, and b, of the Fourier series utilized in the
loss factor calculation

n | an | by |
1 159:3814 2:2211  10°

2 | 1:7150 102 | 249:2960

3 | 244:4458 1:1022e 108
4 579:3561 175:0776

5 94:0672 241:7140

6 | 75:7883 36:9935
7197414 15:9934

8 1:7097 1:3170

The nal expression included in GEMINI is:
Loss = 10%+A+B (4.40)

Where a; = 1:211 103. This tting is valid up to temperatures of 30,000K, where the
loss factor reaches a constant value of Loss = 0:003811931223844, which is applied

for any higher temperatures.
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4.4 Simulation results for an extreme SAID channel includ-
ing turbulent e ects

4.4.1 3D simulations including turbulent e ects

In this section, the outcomes of my 3D simulations of an extreme SAID, including
the turbulent e ects delineated in Sections 4.2 and 4.3, are presented. The focus
is primarily on a subset of the simulation outputs. A comprehensive set of outputs
(Ns,v1 3,Ts,J1 3,E2 3, p, 1) can be found as Figures C 1 to C 24 in Appendix
C. Emphasis is placed on the spatial and temporal uctuations of the plasma density
([Ne],[INO™],[07], and [O31]), ion and electron temperature (T; and T¢), closure cur-
rent (J,), and channel velocity (v3). These are critical parameters in characterizing
the SAID phenomenon, analogous to the vanilla case.”

Figure 4 5 illustrates the results of the simulation in eld-aligned pro les at the
center of the ow channel in both latitude and longitude. Speci cally, panel a)
presents values for parallel-to-B current density (J;) and east/west velocity (v3), aver-
aged from 150 to 400 km. Panels b) and c) display electron (T,) and ion (T;) temper-
atures in logarithmic scale, respectively. Panel d) portrays the closure north/south
current (J,), while panel €) o ers a view into the total electron density (Ng).

Figure 4 6 complements Figure 4 5. Panel a) depicts the average channel velocity
(v, solid black line) and ion temperature (T;, solid red line) in logarithmic scale
between 150-400km, along with the electron temperature (T, dashed red line) at
110km. Panel b) illustrates the time derivative of all variables shown on panel a).
Panel c) presents the density of the primary ions, [NO™] and [O; ] at 120km (black and
blue solid lines) and 240km (black and blue dashed lines), as well as [O+] at 240km
(solid red line). Panel d) exhibits the total height integrated Pedersen conductivity
( p, solid black line), in addition to the F-region (200-800km, solid blue line) and
E-region (95-200km, solid red line) contribution
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The extra lines included in panels a) through e) represent points in time and
altitude where a model parameter surpasses a certain threshold, at which point physics
not included in the model start taking e ect. The magenta line represents the point
where the total energy (kinetic + thermal) of [O;] reaches the energy needed to
trigger the rst excited state of [O], O(*D), at 1.96eV. The green line, on the other
hand, is the point where the total energy of [O,] reaches the energy needed to ionize
[O], at 12eV, with [NO+] reaching the same threshold just a second or two later due
to its marginally smaller atomic mass. Finally, the cyan and gray lines represent
the points in time and altitude where the ion and electron temperature reach 7,000K,
respectively. Explanations as to why these lines are included can be found in Chapter
3, Section 3.3. Figure C1, C7, C15, and C 23 in the supplemental material show
these thresholds and the energy of [O5] for further analysis.

During the initial 5 seconds of the simulation, no current driver is applied to keep
the time frames consistent with the vanilla simulation. The parallel-to-B current
density (J;) exhibits a linear growth over the subsequent 5 seconds, reaching an
approximate value of 0.6 A/m? at an altitude of 400km. This value is maintained
for the remainder of the simulation, as depicted in panel a) of Figure 45. In this
short duration, the east/west velocity of the channel (v3) escalates to 1km/s at 00:10,
also illustrated in Figure 4 5a), indicating a variable slope. The di erences between
various time phases are more discernible in Figure 4 6, enabling the identi cation of
four distinct phases once again

In the rst phase, from 00:10 to roughly 02:15, there is an exponential surge in the
channel velocity vs, growing from 1 km/s to 2.9 km/s at the 02:15 timestamp. This
surge is paralleled by an increase in both electron and ion temperatures, with the ion
temperature staying below 6,000K, while the electron temperature, already in uenced

by the AEH, concludes with a value nearing 9,000K, as illustrated in Figure 4 6a).
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Figure 4 5: Field aligned vertical pro les are taken at the center of
the ow channel.

Three important thresholds are reached between 01:40 and the 02:15 minute mark.
First, the ion temperature is now high enough for the reaction [O™] + [N,] ¥ [NO™]
+ [N] to accelerate as the temperature increases. Second, [O5] has enough energy
to trigger inelastic collisions that excite O(*D). Therefore, the two main ions in the
E- and lower F-region will start to lose some of their energy to this inelastic process
that is not included in GEMINI, reducing the channel velocity without a ecting the
electric eld. This will a ect plasma from 110km and above. Third, the electron
temperature between 100 and 120km reaches 7,000K, meaning that from this point
on, that band of altitude is outside the scope of what the equations for electron-

neutral collision frequencies were built on. At the same time, the Heuristic model for
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the anomalous electron heating (Dimant and Milikh, 2003; Dimant and Oppenheim,
2011a,b) can be considered to be valid up to the same value of temperatures, with
the behavior outside the boundaries not explored yet. The implications of this will
be discussed later on.

The primary closing current (J,) is observed between 110 km and 130 km, as
depicted in Figure 4 5d). Conversely, the density, as demonstrated in Figure 4 5e),
begins to gradually deplete, with the initial indications surfacing around the 00:30

second timestamp.

Figure 4 6: Miscellaneous simulation output parameters.

The second phase occurs between the two local peaks (02:15 and 03:35), as illus-
trated in Figure 4 6b), where sudden changes and growth in acceleration are observed,

attaining a maximum of 40 m/s? by the phase’s conclusion, with a nal channel ve-
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locity of 4.9 km/s. Once again, the minimum value of acceleration that occurs a few
seconds after the end of the rst phase coincides perfectly with the point where the
ion temperature reaches 7,000K. Concurrently, the electron temperature experiences
an exponential growth to 25,000K, while the ion temperature ascends to 17,000K. An
important di erence with the vanilla simulation occurs here, as the explosive growth
in temperature and its growth rate is absent for the current turbulent case. There is
still a large constant growth in the electron temperature, but it happens throughout
the whole phase rather than in a few seconds.

The most notable transformations are with the closing current and the total
plasma density, as demonstrated in Figure 4 5d) and e), with the current fragmenting
into multiple smaller channels as the density in the E-region undergoes complete de-
pletion. This can be perceived as a transition phase, with a minor amount of current
persisting through the E-region. However, given that the plasma is nearly entirely
depleted, some current is now traversing through the lower F-region and also at an
altitude of 100 km, though very small by the end of the phase. At this juncture, the
majority of the temperature upper limits incorporated in GEMINI have been acti-
vated, with the exception of the reaction between [O™*] and [N;], which was extended
to 70,000 K by Liang et al. (2021).

A third phase can be identi ed between the second pair of local maxima, starting
at 03:35 and concluding at 04:50. This phase is characterized by the peak growth of
the channel velocity, starting at a velocity of 4.9 km/s and nishing with 7.4 km/s
as depicted in Figure 4 5a). This interval also exhibits the largest escalation in both
electron and ion temperatures, since the growth of both variables stays above 300K/s.
By the phase’s end, electrons at an altitude of 110 km have attained a temperature of
52,000 K, with the mean ion temperature between 150 and 400 km reaching 38,000K.

The escalation in electron temperature to such elevated values is directly ascribed
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to both the frictional heating term in the energy equation and the AEH included
in the model. The AEH accurately manifests itself from 100 to 120km, but the
frictional heating extends downwards to 85 km and prompts the electron-neutral
collision frequency to elevate to a value comparable to the local electron cyclotron
frequency, thereby enabling electrons to carry a Pedersen current at an altitude of
100 km. The rationale for this has been previously elucidated in Chapter 3.

Another milestone is reached during this phase, since [O;] reaches 12eV at the
04:10 minute mark. Asseen in 3 3e), it is possible to see how there is a sizeable portion
of the E-region that will have ions with energies large enough to ionize the neutral
[O] in the atmosphere. As such, there will be an increase in plasma from 120km up
caused by impact ionization from this point on. This means that the conductance
will start to increase during this time frame for the same altitude range, decreasing
the need for such a large electric eld and lowering the channel velocity.

The last phase takes place from 04:50 to 08:00. As illustrated in Figure 4 5a),
the channel velocity exhibits a steady linear growth, with Figure 4 6b) validating an
almost uniform acceleration of 14 m/s?, attaining a peak value by the simulation’s
end. The ion and electron temperatures also rise linearly, as depicted in Figure 4 5b)-
¢) and 4 6a)-b). From Figure 4 5d), it can be noted that the current density in the
110 to 130km altitude range is nearly absent, with the majority of the current owing
either in a narrow band at 100 km or a broader band at 180 km. The plasma density
in the E-region achieves values below 1:2 108, 20% higher than the vanilla case, as
demonstrated in Figure 4 5e) and 4 6¢). This nal phase is marked by a constant value
of [NO™] and [O;] at 240 km, with a minor increase in the density of [O*]. In the
F-region, the plasma density is gradually diminishing. Ultimately, the conductance
reaches a minimum value of 0.027 S, as shown in Figure 4 6d). All thresholds have

been hit at the start of this phase.
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Figure 4 7. Average channel velocity (top) and acceleration (bottom)
between 150-400km. Threshold lines are also included

The simulation extends over 40° in longitude, underscoring the importance of
addressing the longitudinal di erences in the ow channel. The average channel
velocity (top panel) and acceleration (bottom panel) are between 150-400km. The
Y-axis represents longitude at the center of the channel. The simulation starts when
the 90° longitude point reaches 21 MLT. The same threshold lines utilized so far are
included as well. Figure 4 7(top) demonstrates how the channel velocity accelerates
more rapidly at larger longitudes from 00:20 to 03:00. From 03:00 to 06:00, the peak
channel velocity migrates from the eastern side towards the western side, culminating
with a somewhat uniform channel velocity across longitudes, but with a peak in the

far west. From panel b), the acceleration reveals how the di erent phases previously
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mentioned manifest in longitude, with Figure 4 6 representing a cut at the 90.6° in
longitude. On the eastern side, a peak-valley-peak con guration is observed, which
deviates from Figure 4 6 where three distinct acceleration peaks were present. The
point where the electrons reach 7,000K coincides with the point where inelastic col-
lisions become important and it happens very early on in the simulation time. The
point where the ion temperature reaches 7,000K coincides perfectly with the deep val-
ley that exists between two peaks. The rst peak-valley-peak con guration exhibits
this travel™ behavior, initiating rst on the eastern side and travelling' to the western
side as time progresses. The rst peak is also more pronounced towards the east and
nearly vanishes towards the west. The second peak exhibits a similar behavior, being
more pronounced on the eastern side, though it maintains a constant magnitude as
one approaches the west. Following the same east to west motion, it can be observed
how the rst peak and valley take a longer time to appear the further westward one
moves. The third acceleration peak begins to emerge at approximately 95°, with it

becoming more pronounced the further westward one proceeds.

4.4.2 Comparison and ratios to vanilla simulation

In order to directly compare the results of the FBI simulation, it is important to
know how much increase or decrease there is in certain plasma parameters due to the
inclusion of turbulent e ects in the model. Starting from Figure 4 8, which represents
the ratios of average velocity in panel a) (150-400km), average acceleration in panel b)
(150-400km), electron temperature at 110km in panel c), and Pedersen conductance
in panel d). All results are at the center of the channel in a FBI/Vanilla ratio style
of result. Several vertical lines are included that represent the di erent thresholds
that | have discussed before, with the di erence that now I include thresholds for
the vanilla simulation (solid lines), AEH simulation (dotted line), and nally the FBI

simulation (dashed lines).
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At rst glance, it is possible to see from panel a) that the expected result of the
channel velocity decreasing due to the inclusion of AEH and NLC holds true. There
seems to be a maximum decrease of the channel velocity of 8% or so at the 02:00
minute mark, accompanied by an increase of Pedersen conductance of 10% when
one looks at panel ¢). Both these peaks happen after two thresholds are surpassed.
First, all simulations (vanilla, AEH, and NLC) have enough energy to trigger inelastic
collisions, which would decrease the velocity further for all simulations. This should
not have a large e ect on the ratios since it happens mostly above 120km, where the
inclusion of AEH and NLC have no e ect. Second, both the AEH and FBI simulations
have surpassed the threshold where the electron temperature reaches above 7,000K,
where the electron-neutral collision frequencies are now outside the original bounds
of their respective equations.

It is interesting that the energy thresholds for inelastic collisions and ionization,
as well as the threshold for the ion temperature surpassing 7,000K, are very close
together in time and always follow the same order: vanilla rst, followed by AEH
and ending with FBI. This is an expected result. If one looks at the pair of vanilla-
AEH lines, their behavior becomes a simple result of the fact that by including AEH
the recombination time becomes longer, so more density exists at that point when
compared to the vanilla case. This contributes to a larger conductance for the AEH
case when compared to the vanilla simulation, a ecting the channel velocity and
therefore the energy and temperature of the ions. When AEH and FBI simulations
are compared, the threshold moves a few extra seconds in time, which is tied to the
fact that as the anomalous conductivity increases the conductance, the same behavior
happens: channel velocity decreases and so do the temperature and energies.

It is possible to even discern the existence of phases in the ratios in the same way

that | have displayed previous simulation results. A rst phase, roughly from 00:10
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Figure 4 8: Ratios of channel mean channel velocity (150-400km),
mean channel acceleration (150-400km), and conductance between dif-
ferent simulations. Threshold lines are included.

to 02:10, is characterized by a decreasing ratio of velocity all the way down to 0.92,
with the conductance showing a steady increase in an inverse manner up to 1.09. The
Farley-Buneman instability seems to be triggered rather quickly as the di erence in
velocity and conductance starts to happen the moment the driving current density
starts increasing the electric eld. As such, the steady increase in conductance in
the AEH can be attributed to the larger density in the E-region when compared to
the vanilla case, with the FBI case compounding that e ect by further increasing
the conductance due to the direct e ect of the turbulent conductivities added to the

model. There is almost no change in the acceleration ratio during this time. From
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panel c), it is possible to see how the ratio for the electron temperature at 110km
skyrockets to almost 14.

The behavior of the density can be con rmed when one looks at the density
ratios at di erent altitudes for the main ions in Figure 4 9. For future gures of this
section, only the vanilla and FBI thresholds will be displayed, to avoid confusion.
Here, panel a) represents the ratios of total plasma density at 120 (black lines) and
240km (blue lines), once again separating a simulation that only includes AEH from
a full simulation including all turbulent e ects (FBI), followed by panel b) showing
[NO*] and c) showing [O5]. It is possible to see from panel a) how the plasma density
ratio in the E-region reaches up to 1.15, with the F-region also showing an increase
though in a much more measured manner. From panels b) and c), it is possible to see
how both main ions are increasing in density in the E-region, while simultaneously
decreasing in the F-region. The decrease in the F-region is countered by other ions
increasing at higher altitudes, like [O+]. The end of the section seems to coincide,
with some delay of a few seconds, with the point where the threshold for the electron
temperature to reach 7,000K.

Phase two, which roughly starts at 02:10 and ends at 03:20, is characterized by a
sudden change in all ratios. There is a sharp decrease in the conductance ratio partic-
ularly between 02:10 and 02:20, which coincides with the velocity ratio growing from
0.92 to 0.96 and the largest value of the acceleration ratio at 1.5. This sudden change
happens almost 10 seconds after both the AEH and FBI simulations have surpassed
the 7,000K mark for the electron temperature, thus the electron-neutral collision fre-
quency equation is outside its prede ned bounds and can grow unbounded. One can
consider this sudden change as a \catching up"” phenomenon since the simulations
that include turbulent e ects reach much higher temperatures much faster than the

vanilla, but from panel c) it is possible to see how the ratio of electron temperature in
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the E-region suddenly changes, with the vanilla simulation growing in temperature.

Figure 4 9: Plasma density ratios at the center of the channel

The sudden increase in temperature is visible in Figure 3 3. This has the e ect
of decreasing the ratio from a maximum of 13, down to approximately 3. The main
reason is that, as explained in Chapter 3, Section 3.3, the electric eld for the vanilla
simulation reaches approximately 200mV/m, causing the electron frictional heating
in the E-region to rise. This causes the Pedersen conductance rate of decrease to
slow down a bit, as well as the acceleration of the channel to be reduced. This point
marks the time at which the vanilla simulation \catches up™ to the FBI simulation by
slowing down, and getting hotter in the E-region. The conductance resumes a growing
trend after 02:20, since now the bump of growth rate for the electron temperature in

the vanilla simulation goes back to normal. This also coincides with the threshold for
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the ion temperature to reach 7,000K.

It can be argued that a third phase exists between the next two local minimum
values of the velocity ratio, starting at 03:20 and ending at 04:40. This phase almost
coincides perfectly with the third phase of both the vanilla and FBI simulations,
with a few seconds of margin of error. This phase is characterized by a growth
and then decrease in the velocity ratio, an acceleration growth, and a decreasing
conductance. Since this phase happens after the vanilla simulation reaches 7,000K,
electron-neutral collision frequencies in that simulation are now out of bounds. Since
the vanilla simulation has an explosive increase in electron temperature at this time,
the fact that the ratio of electron temperature in panel ¢) shows a constant decrease
is expected, with it becoming 1.28 by the end of the phase.

From Figure 4 9a), it is possible to see how during this time frame there is a small
decrease in the ratio of total plasma density, meaning that the densities are coming
closer together between vanilla and FBI. This explains why the conductance ratio
decreases. The increase in conductance after the 04:20 mark is also due to the total
plasma density, since right after the decrease in density there is a sudden bump in
the total plasma density ratio, signaling that the FBI simulation has more plasma in
the E-region compared to the vanilla case, and explaining why the conductance ratio
once again grows after that point

The nal phase goes from 04:40 all the way to the end of the simulations, and it
is characterized by a constant increase in the velocity ratio, followed by a constant
decrease in the conductance ratio. This means the simulations are becoming more
alike, and the turbulent e ects are not as prevalent as time goes on. The ratio of
electron temperature reaches 1.17, signaling that the e ects of both the turbulent
heating and non-linear current are much smaller by the end of the simulation. The

impact ionization threshold for both simulations triggers at this point, so one should
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expect that in reality, plasma generation will happen above 120km.

Figure 4 10: Ratio of average velocity (top) and Pedersen conductance
(Bottom) in longitude.

Just as before, the simulations have a large span in longitude, so there is an im-
perative need to see the behavior in longitude and time of the main plasma parameter
ratios. Figure 4 10 shows both the ratio of channel velocity (top panel) and the ratio of
Pedersen conductance (bottom panel). The Y-axis represents longitude at the center
of the channel. The simulation starts when the 90° longitude point reaches 21 MLT.
Temperature threshold lines are included for both vanilla and FBI simulations. As
expected, all zones where the conductance shows an increase have a parallel decrease
in channel velocity. The behavior of the minimum and maximum values of the ratios

also follows the already mentioned \travel™, starting in the eastern side and moving
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towards the western side as time moves on. It is also possible to see how the behavior
of the channel at the center seems to be an average of what happens at the edges.
The eastern edge has two deep minimum values of velocity ratio, which correspond
to two maximum values of conductance, while the western edge has a much more
measured start, with its smallest ratio of velocity happening after the 05:00 minute
mark where the channel velocity that includes turbulent e ects is up to 11% smaller
than the vanilla simulation, with a conductance that reaches up to 25% larger than
its counterpart.

Just as before, the simulations have a large span in longitude, so there is an im-
perative need to see the behavior in longitude and time of the main plasma parameter
ratios. Figure 4 10 shows both the ratio of channel velocity (top panel) and the ratio
of Pedersen conductance (bottom panel). Y axis represents longitude at the center
of the channel. Simulation starts when the 90° longitude point reaches 21 MLT.
Temperature threshold lines are included for both vanilla and FBI simulations. As
expected, all zones where the conductance shows an increase have a parallel decrease
in channel velocity. The behavior of the minimum and maximum values of the ratios
also follow the already mentioned \travel”, starting in the eastern side and moving
towards the western side as time moves on. It is also possible to see how the behavior
of the channel at the center seems to be an average of what happens at the edges.
The eastern edge has two deep minimum values of velocity ratio, which correspond
to two maximum values of conductance, while the western edge has a much more
measured start, with its smallest ratio of velocity happening after the 05:00 minute
mark where the channel velocity that includes turbulent e ects is up to 11% smaller
than the vanilla simulation, with a conductance that reaches up to 25% larger than
its counterpart.

A very similar story is visible if one looks at the total plasma density in longitude
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Figure 4 11: Ratios of total plasma density at 120km (top) and 240km
(bottom) in longitude.

and time at di erent altitudes. Figure 4 11 shows the total plasma density ratio
at 120km (top panel) and at 240km (bottom panel). At 120km, it is possible to
see how all areas where there is a large ratio, signifying an almost 20% increase in
density when compared to the vanilla simulation, coincide with the places where the
channel velocity ratio is the smallest. This is an expected result, since the increase
in temperature in the E-region causes the recombination time to increase, allowing
for plasma to exist for longer. The reduced velocity and electric eld also allow some
room for plasma to stay compared to a vanilla simulation. At 240km, it is possible
to see how there is a large increase in the ratio of total plasma density towards the

western side after 04:00. This extra density in the F-region also contributes to the
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slowing of the channel when compared to the vanilla case, since it will increase the

Pedersen conductance.

Figure 4 12: Ratio of electron temperature at 110km in longitude.

Finally, the ratio of electron temperature between FBI and vanilla simulations

at 110km is displayed in Figure 4 12. Once again, higher temperature ratios are
rst reached in the eastern side, with the western side following along closely after.
After the FBI simulation reaches 7,000K, the ratio suddenly decreases due to the fric-
tional heating in the vanilla simulation. After the vanilla simulation reaches 7,000K,
the temperature reaction becomes much closer to 1, showing a reduced e ect of the

turbulent heating in the channel temperature.

4.5 Discussion

This study presents a time-dependent 3D simulation of an extreme SAID channel
with the inclusion of turbulent e ects. Much like in Chapter 3, my focus lies in the
lower F-region and the E-region, where direct measurements are currently absent.
Utilizing the same inputs and grid that were used in Chapter 3, several simulations

were run, some including only the anomalous electron heating while others had both
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anomalous heating and non-linear conductivities. It was possible to produce ow
velocities up to 11km/s by the end of the simulation which, though marginally smaller
than the 12km/s by the end of the vanilla simulation, had a behavior in time that
put it up to 10% slower than its vanilla counterpart. The largest conductance e ect,
at approximately 25% larger conductance when including turbulent e ects, coincides
with the areas of largest plasma density ratio between both simulations. | showed that
the entire F-region is not fully depleted as the simulation progresses. The densities
of the main ions reach a steady state after a few minutes, maintaining the closure
current at a higher and lower altitude and entirely avoiding the E-region.

The simulations that include the turbulent e ects did so in the region, with
the temperature and conductivity enhancements happening mostly between 100 and
120km. In the same way that simulations that do not include turbulent e ects, the
ones that do show how the growth in velocity is not linear and that there are several
phases visible in the channel acceleration. All modules included in the GEMINI code
are con rmed to be working as expected.

It is the depletion of the E-region that explains why the turbulent e ects become
less impactful as time goes on. Equations 4.29 and 4.30 show the nal forms of
the turbulent conductivities after all assumptions are included and they show how
they depend linearly on the laminar conductivities. An extremely depleted E-region
has a strong e ect on the conductance in the same area as shown in Figure 4 6d).
Even if the theoretical factor of 2 in conductivities applies to this area as proposed
by Dimant and Oppenheim (2011b), the overall e ect on the conductance becomes
minimal due to the increased conductivity values in the F-region and below 100km.
As such, the more depleted the E-region is, the less the turbulent e ects are capable
of a ecting the conductance, and therefore channel velocity, in my simulations. At

the same time, Equation 4.37 shows that the nal equation included in GEMINI for
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the anomalous electron heating depends directly on the total plasma density, which
if this is extremely depleted as in my simulations, becomes less than 15% from a
maximum of 1300% increase.

These results will be greatly a ected by the inclusion of inelastic collision and
impact ionization e ects due to the ions high velocity. The only threshold that is
greatly a ected by the inclusion of turbulent e ects is related to the point where
the electron temperature reaches 7,000K, which is expected due to the inclusion of
anomalous electron heating. Energy thresholds and the ion temperature threshold
all happen within 10 seconds of each other when one compares the FBI, AEH, and
vanilla simulation. The energy thresholds are the most important, at 1.96eV for
O(*D) excitation state and 12eV for [O] ionization. Since both the vanilla and FBI
simulations will be a ected by these thresholds in the same manner, | expect that
their inclusion will have a large impact, particularly the impact ionization. Once the
threshold for inelastic collisions is met, energy will be lost on these collisions in both
cases, slowing the channel velocity without a ecting the electric eld and therefore
not a ecting the ratio of velocity between the simulations. Once the impact ionization
threshold is met, that is another story. Both simulations will see an increase of density
in the E-region due to the generation of new plasma by ionization of [O] (and later
[N] for higher energies). | expect the density ratio to increase at this point, with the
turbulent simulations gaining more plasma compared to the vanilla one due to the
increase in recombination time. With more density in the E-region, the conductivity
in the E-region for both cases will increase, with the turbulent case increasing by
a larger amount, this will in turn increase the velocity ratio of the simulations. As
such, | expect the inclusion of the currently missing physics in GEMINI to increase
the e ects of turbulent e ects in an extreme SAID channel, ful lling its role as a

dampening factor.
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There is a separate factor that must be considered. The Rosenberg criterion
(RC)(Rosenberg and Chow, 1998) predicts that for an arbitrarily small plasma den-
sity the Farley-Buneman instability can be completely shut o due to small charge
separation happening, deviating the local plasma from quasi-neutrality. Kovalev et al.
(2008), in Appendix A, shows how the inclusion of a stabilizing term ( iZ:!Si) in the
threshold electric eld can help model this phenomenon, as seen on Equation 4.41.
If 2 1% the altitude dependence of the Farley-Buneman instability is as shown
in Equation 4.22. If 7 < 1% then the electric eld threshold is increased. The
important point is when 2 > !Si, where the Farley-Buneman instability is com-
pletely suppressed. This becomes important in the nighttime ionosphere and where
the plasma density reaches values of n; - 10°m 3. Dimant et al. (2023) showed how
for an arbitrarily large electric eld and low enough plasma density, the RC criterion
shuts o the instability, but it’s not so detrimental to the other thermal instabilities.
Since my simulations reach all the way down to n; - 108m 3, it is expected that
these e ects will take hold of a simulation that includes turbulent e ects when the
density reaches a low enough value. Such an e ect should be included in tandem
with the impact ionization and inelastic collisions, since they will have the e ects of

increasing the plasma density in the E-region and thus could make the density reach

values above the point where the instability completely shuts o .

s ke(Te+ T ;A
. e *T) & (4.41)

Efit =(1+ 2)Bqg
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4.6 Conclusion and future work

In this chapter, | utilized the results of Milikh and Dimant (2003); Dimant and Milikh
(2003); Dimant and Oppenheim (2011a) and Dimant and Oppenheim (2011b) in
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order to include the turbulent e ects of the Farley-Buneman instability in a GEMINI
simulation of an extreme SAID ow channel. Closed mathematical forms for the
non-linear conductivities and anomalous electron heating are presented in Equations
4.29, 4.30, and 4.37. These equations where then added into the GEMINI FORTRAN
code under the assumptions presented in Sections 4.2 and 4.3, including a new input
variable to the model in order to turn on the turbulent e ects partially (only AEH)
or fully (AEH+NLC). GEMINI did not necessitate any further changes than the ones
mentioned in Chapter 3, Section 3.2.2.

The results shows that even the ratios have distinct phases as time passes on and
di erent thresholds are surpassed. In general, the inclusion of turbulent e ects on a
simulation of extreme SAID/STEVE has a dampening e ect on the channel velocity
growth, increasing the conductance and density in the E-region. Results show how
towards the end of the simulation the turbulent e ects become less prevalent due
to the extremely depletion of the E-region. The inclusion of inelastic collisions and
impact ionization physics would work to keep the turbulent e ects relevant as time
passes on by maintaining density in the E-region under such strong electric elds.

For any future simulations of extreme SAID or STEVE, the Farley-Buneman
quasi-linear approximations need to be extended to extreme temperatures. Cur-
rently, they can only be considered valid below the 8,000 to 10,000K range in electron
temperature. In a similar way as Chapter 3, the results exist outside the bounds of
what equations and approximations where built upon. In the same subject, there is
also a need to address the inelastic collisions and impact ionization e ects on GEM-
INI to further advance the simulations of an extreme SAID/STEVE. The work in
tandem between the turbulent e ects and these missing physics in GEMINI could
have a large impact in the generation of an extreme SAID channel by dampening the

growth, working as a limiter.
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Chapter 5

Conclusions and future work

5.1 Summary of the Dissertation

The over-arching theme of this dissertation was the e ects of ow channels in the
dynamics of the ionosphere in two main areas: the polar region and the sub-auroral
region. For the polar region, magnetic reconnection, convection, and particle precip-
itation play a vital role in the dynamics, with polar cap patches serving as a nice
proxy to measure the interplay between these phenomena. ISRs (RISR-N and C)
enable detailed surveys of these regions, as do missions in LEO orbit that cross the
area several times a day. In the sub-auroral case, the closure of ionospheric currents
in the area causes ionospheric troughs, where ow channels like SAPS and SAID are
known to happen, as well as the STEVE phenomena. Unlike the polar region, this
region is much larger and does not have the same coverage by satellite, radars nor
cameras. Modeling becomes a powerful tool to study this area. The main body of the
dissertation presented the dynamics of the high latitude ionosphere in the presence of
di erent ow channels, with each Chapter as a self contained research case. Chapter
2 describes a multi-sensor approach to studying polar cap patches and their interplay
with magnetic reconnetion, auroral processes, and polar ow channels as published
in D az Pena et al. (2021). Chapter 3 demonstrated how a 3D simulation of an ex-
treme SAID can lead to velocities and temperatures beyond the ones experimentally
measured as submitted in D az Pera et al. (2024). Finally, Chapter 4 elucidated how

the macroscopic e ects of the Farley-Buneman instability a ects the generation and
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growth of an extreme SAID, soon to be submitted for peer review.

5.1.1 Summary of Chapter 2

Chapter 2 presented a multi-sensor approach to studying the behavior of F-region
patches as they travel across the polar cap. The study leverages the Resolute Bay
Incoherent Scatter Radar (RISR-N) volumetric sampling, along with all-sky imagery
and in-situ measurements, to investigate the dynamics between cold plasma movement
and auroral precipitation amid a high-latitude lobe reconnection event on the dawn
side. The interplay of transport and the release of magnetic stress from a high-latitude
reconnection surge resulted in the merging of patches and soft electron precipitation,
leading to zones with increased electron density and temperature. The main results

of Chapter 2 were:

1. The interplay between plasma transport in the polar cap, high latitude recon-
nection, and soft precipitation can accelerate, heat, and increase the density of
an existing F-region patch, as well as forcing it to leave the polar region through

a region far from midnight.

2. Suggest a new and innovative mechanism for forming a \hot patch", where the
it is not hot due to being a newly created patch by soft precipitation, but rather

an existing F-region patch that is heated

3. This study underscores the importance of comprehensive observations distributed
across space and time to study the mesoscale and ne-scale ionospheric dynam-

ics in areas experiencing intricate forces.

5.1.2 Summary of Chapter 3

Chapter 3 presented presented the rst results of a 3D simulation of an extreme

SAID channel in order to explain the origin of the STEVE phenomena. Recorded
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data indicate substantial velocities (exceeding 4 km/s), elevated temperatures (sur-
passing 4,000 K), and signi cant current density forces (reaching 1 A=m?). This
Chapter utilizes a FAC density originating from the magnetosphere as the primary
in uence, with other variables adapting as needed. The study aims to demonstrate
that an extreme SAID can exhibit velocities equal to or greater than those observed
during STEVE events, and to highlight the constraints and overlooked physics due
to the extraordinary temperature and velocity values. Modi cations were necessary
for GEMINI to accommodate these severe conditions, especially regarding certain
neutral-collision frequencies.

The main results of Chapter 3 were:

1. Itis possible to obtain an extreme SAID ow channel that reaches up to 12km/s
when the system is driven by a current density from the magnetosphere with a
value of 0.6 A=m?, which is lower than the maximums measured by Nishimura

et al. (2020a).

2. The chemistry in the E- and lower F-region becomes crucial to the generation
of the extreme SAID, with the reaction between [O™] + [N;] ¥ [NO™] + [N]

becoming fundamental.

3. Under a constant current density driver, the channel growth in velocity is not
uniform. Fast velocities are reaches in the eastern side rst since it has less
plasma to deplete due to plasma recombination. Western side grows slower due
to the larger plasma in that region, but reaches velocities up to 10% higher than

its opposite side.

4. The omission of inelastic terms helps the channel to grow even more than what
it would in real life. Same can be said about the impact ionization e ect on the

conductance.
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5.1.3 Summary of Chapter 4

Chapter 4 presented the rst results on how a 3D simulation of an extreme SAID
channel is a ected by the inclusion of macroscopic turbulent e ects caused by the
Farley-Buneman instability. The results of Milikh and Dimant (2003); Dimant and
Milikh (2003); Dimant and Oppenheim (2011a) and Dimant and Oppenheim (2011b)
were utilized, particularly their close form equations for the non-linear conductivities
and heating caused by the Farley-Buneman instability. A simulation utilising the
same inputs as in Chapter 3 (\vanilla™ simulation) was compared to the results of
two di erent simulations: one that only included the e ects of the anomalous electron
heating (\AEH" simulation), and a second one that included both the abnormal
electron heating and non-linear conductivities (\FBI" simulation).

The main results of Chapter 4 were:

1. The results of Milikh and Dimant (2003); Dimant and Milikh (2003); Dimant
and Oppenheim (2011a) and Dimant and Oppenheim (2011b) were included
into the FORTRAN code of GEMINI, as well as the important ags to signal

their inclusion in a simulation

2. There is an increase in the temperature and conductivities in the expected zone
(100 to 120km) from the very early moments of the simulations due to the large

electric eld that an extreme SAID creates.

3. The inclusion of turbulent e ects has a dampening e ect on the channel velocity
growth, increasing the conductance and density in the E-region. Towards the
end of the simulation the turbulent e ects become less prevalent due to the

extremely depletion of the E-region.
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5.2 Future work

The power of a phased array incoherent scatter radar was shown on this dissertation,
as well as highlighting the need for more densely distributed measurements in the
polar ionosphere in order to better understand its dynamics. ESICAT3D arises as a
near-perfect tool to add to the multi-sensor approach shown here, particularly due to
its ability to generate 3D velocity vectors due to its multiple input multiple output
con guration.

GEMINI was a cornerstone of my dissertation, with most of my work aiming to
add new modules to the already existing model, as well as help with future improve-
ments. Models have to make assumptions in order to leverage simulation time and
precision of the results. Currently GEMINI is a powerful tool to study the ionosphere
that allows for the inclusion of new physics or e ects by adding new FORTRAN
modules inside the GEMINI overall code. Results of Chapters 3 and 4 are a prime
example of this, as both studies had di erent modules added in order to generate
the simulations. It is crucial to revisit the formulas and theories of collision frequen-
cies/collision cross-sections of various ion-neutral and electron-neutral interactions.
In this dissertation, only the collision frequencies that would result in a negative
number had their temperature capped at a maximum value, while others were left
unbounded. The e ects of inelastic collisions and impact ionization must also be
addressed, though it is not easy feat. The results that can be obtained by modeling
the ionospheric behavior under an extreme electric eld will be useful when searching
for signatures of STEVE in GDC data. Conversely, the presence of a sub-auroral
phased array incoherent scatter radar, such as AMISR, for example, would provide
the necessary data at lower altitudes to further understand the process of STEVE.
This study allows us to conduct numerical experiments useful for the design of new

instruments and networks.
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For any future simulations, there is a need for the Farley-Buneman quasi-linear
approximations to be extended for extreme temperatures. Currently, they can only be
considered valid below the 8,000 to 10,000K range in electron temperature. The work
in tandem between the turbulent e ects and these missing physics in GEMINI could
have a large impact in the generation of an extreme SAID channel by dampening the

growth, working as a limiter.

5.3 Final remarks

This dissertation represents original research into the ionospheric dynamics in both
the polar and sub-auroral regions. Chapter 1 asked three questions that guided the

research presented in this dissertation. Those questions, and their answers, are:

1. How does reconnection under northward interplanetary magnetic eld (IMF)
a ect the transport and heating of high density plasma patches as they move

across the polar ionosphere?

The combined e ects of transport and magnetic stress release associated with
a high-latitude reconnection pulse can drive a co-mingling between patches and
soft electron precipitation, creating common regions of elevated electron den-
sity and temperature. There is a need for densely distributed observations in
space and time for understanding both mesoscale and small-scale ionospheric

dynamics in regions subject to complex forcing.

2. How does an extreme version of a Sub-Auroral lon Drift (SAID) driven by a
large current density in the sub-auroral regions may explain the high tempera-
tures and velocities measured in a Super Thermal Emission Velocity Enhance-

ment (STEVE) event?

GEMINI simulations showed that an extreme SAID channel can show velocities
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and temperatures higher than the current experimental measurements by in-
situ satellite missions. An extreme velocity of 12km/s, as well as temperatures
reaching up to 100,000K were obtained. It is very important to consider the
e ects of inelastic collisions, impact ionization and the limited boundaries of
the electron-neutral collision frequencies in the results, which would in theory

serve as a limiter to the channel growth.

. How do the macroscopic e ects of the Farley-Buneman instability (FBI) in the
E-region a ects a simulation of an extreme SAID/STEVE in the sub-auroral

region?

The inclusion of turbulent e ects on a simulation of extreme SAID/STEVE has
a dampening e ect on the channel velocity growth, increasing the conductance
and density in the E-region. Results show how towards the end of the simulation
the turbulent e ects become less prevalent due to the extremely depletion of
the E-region. The inclusion of inelastic collisions and impact ionization physics
would work to keep the turbulent e ects relevant as time passes on by main-

taining density in the E-region under such strong electric elds.
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Appendix A

Supporting information for Chapter 2

A.1 DMSP measurements

Figure A 1 shows the DMSP F16 satellite pass over the polar cap in magnetic coordi-
nates. Overlaid with the SSIES sunward velocity data is an OMTI 630-nm image with
the RISR-N eld-of-view at 230 km (nominal 630-nm emission altitude) indicated by
the yellow trapezoid. Perpendicular lines to the orbit represent horizontal velocity in
the sunward direction. The integration interval for the OMTI image corresponds to
the 30 seconds highlighted in red in the SSIES data, supporting the RISR-N obser-
vations of large sunward velocities within the arc region. This auroral arc appears to
be inside the polar cap and the polar cap looks highly reduced in size, which can be
explained by the fact that we have a B, > 0 event Valladares et al. (1994); Ismail
and Meng (1982); Carlson (1994). The shape of the optical signature seen in the mid-
dle of the FOV of OMT]I looks like a polar cap arc seen during the northward IMF
conditions as discuss by Hosokawa et al. (2020). In particular, we often see this kind
of Sun-aligned structure elongating toward the cusp during periods of horse-collar
aurora Hones Jr et al. (1989).

Time series data are shown in Figure A 2, with SSIES and SSJ5, plotted. SSJ/5
is capable of measuring both ion and electron precipitation in the 30 eV to 30 keV
range Redmon et al. (2017). Using the electron energy ux and the empirical bound-
ary model of Newell et al. (1996) , it is possible to roughly approximate the location

of the OCB at roughly 11:57:35UT. The auroral zone is also identi ed by the > 10
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keV precipitating electrons between 11:57UT and 12:01UT. There are several regions
of soft precipitation inside the polar cap, which explains the existence of the auroral
arc over RISR-N eld of view measured by the red line Iter (100 to 300eV approx-
imately). DMSP F16 observes a polar cap patch after the observation of density
at 11:49UT of 10%°m 3, with a maximum density of 10'%°m 2 at 11:53UT. This is
almost one order of magnitude higher than the low density region surroundings. This
patch also coincides with the reversal in velocity, now pointing strongly anti-sunwards
and thus moving the patch through the polar cap. Currently, it is not possible to link
this particular patch at high altitude with any of the patches observed by RISR-N.
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Figure A 1. DMSP F16 orbit over the polar cap for 24 January 2012.
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Figure A 2: DMSP F16 measurements of precipitating electrons, oxy-
gen ratio and ion velocities over the polar cap
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Appendix B

Supporting information for Chapter 3

B.1 Figure descriptions

The supporting information aims to help visualize the 3D and 2D simulations in
several ways. Figures B 1 to B 5 are eld-aligned pro les at the center of the ow
channel of the 3D simulations. In contrast, Figures B 6 to B 10 are eld-aligned
pro les at LON=80, and Figures B 11 to B 15 are eld-aligned pro les at LON=100 of
the 3D simulations. Longitudinal pro les of di erent plasma parameters are displayed
on Figure B 16 and B 19. 2D simulations also have their supporting gures, from

Figure B 20 to B 25.
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Figure B 1: [O;] energy at LON=90.

Figure B 2: lon and electron temperature eld-aligned pro les at
LON=90. Time is represented as a gradient from red to yellow as seen
on the bottom bar
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Figure B 3: Channel velocity and closure current eld-aligned pro les
at LON=90. Time is represented as a gradient from red to yellow as
seen on the bottom bar

Figure B 4: Plasma densities of the main ions eld-aligned pro les at
LON=90
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Figure B 5: RTI of plasma densities of the main ions eld-aligned
pro les at LON=90.

Figure B 6: [O,] energy at LON=90.
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Figure B 7: Field-aligned plasma parameters at LON=80.

Figure B 8: Field-aligned RTI taken at LON=80.
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Figure B 9: Key simulation output parameters at LON=80.

Figure B 10: RTI of plasma densities of the main ions eld-aligned
pro les at LON=80.
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Figure B 11: [O5] energy at LON=100.

Figure B 12: Field-aligned plasma parameters at LON=100.
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Figure B 13: RTI of eld-aligned pro les taken at LON=100.

Figure B 14: Key simulation output parameters at LON=100.



157

Figure B 15: RTI of plasma densities of the main ions eld-aligned
pro les at LON=100.

Figure B 16: Plasma parameters at di erent longitudes
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Figure B 17: [O5] energy in longitude.

Figure B 18: Plasma densities of the main ions at 240km in longitude
Vs time.
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Figure B 19: Plasma densities of the main ions at 120km in longitude
Vs time.

Figure B 20: [O;] energy at LON=90 for a 2D simulation.
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Figure B 21: Field-aligned plasma parameters at LON=90 in a 2D
simulation.

Figure B 22: lon and electron temperature eld-aligned pro les at
LON=90 in a 2D simulation.
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Figure B 23: Channel velocity and closure current eld-aligned pro-
les at LON=90 in a 2D simulation.

Figure B 24: Plasma densities of the main ions eld-aligned pro les
at LON=90 in a 2D simulation.
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Figure B 25: RTI of plasma densities of the main ions at LON=90 in
a 2D simulation.
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Appendix C

Supporting information for Chapter 4

C.1 Figure descriptions

The supporting information aims to help visualize the 3D simulations that include
turbulent e ects in several ways. Figures C 1 to C 6 are eld-aligned pro les at the
center of the ow channel. In contrast, Figures C 7 to C 14 are eld-aligned pro les
at LON=80, and Figures C 15 to C 22 are eld-aligned pro les at LON=100 of the
3D simulations. Longitudinal pro les of di erent plasma parameters are displayed on

Figure C 23 and C 28.

Figure C 1: [O;] energy and thresholds at LON=90.
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Figure C 2: Field-aligned plasma parameters at LON=90.

Figure C 3: Field-aligned ion and electron temperature at LON=90.
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Figure C 4: Field-aligned channel velocity and closure current at
LON=90.

Figure C 5: Field-aligned ion densities at LON=90.
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Figure C 6: RTI of plasma densities of the main ions eld-aligned
pro les at LON=90.

Figure C 7: [O;] energy and thresholds at LON=80.
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Figure C 8: Field-aligned plasma parameters at LON=80.

Figure C 9: Field-aligned RTI of main plasma parameter taken at
LON=80.
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Figure C 10: Key simulation output parameters at LON=80.

Figure C 11: Field-aligned ion and electron temperature at LON=80.
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Figure C 12: Field-aligned channel velocity and closure current at
LON=80.

Figure C 13: RTI of plasma densities of the main ions eld-aligned
pro les at LON=80.
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Figure C 14: RTI of plasma densities of the main ions eld-aligned
pro les at LON=80.

Figure C 15: [O,] energy and thresholds at LON=100.
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Figure C 16: Field-aligned plasma parameters at LON=100.

Figure C 17: Field-aligned RTI of main plasma parameter taken at
LON=100.
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Figure C 18: Key simulation output parameters at LON=100.

Figure C 19: Field-aligned ion and electron temperature at
LON=100.
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Figure C 20: Field-aligned channel velocity and closure current at
LON=100.

Figure C 21: RTI of plasma densities of the main ions eld-aligned
pro les at LON=100.
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Figure C 22: RTI of plasma densities of the main ions eld-aligned
pro les at LON=100.

Figure C 23: [O,] energy and thresholds in longitude.
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Figure C 24: Plasma parameters at di erent longitudes.

Figure C 25: Plasma densities of the main ions at 120km in longitude.
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Figure C 26: Plasma densities of the main ions at 240km in longitude.

Figure C 27: Electron temperature at 110km and closure current at
100km in longitude.
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Figure C 28: Field-aligned channel velocity and closure current at
LON=100.
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