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Abstract

The structure and dynamics of the plasmasphere are highly sensitive to the geomag-
netic disturbance activity that occurs regularly within the Earth’s magnetosphere.
The cycles of erosion and refilling of the plasma population in the plasmasphere have
been studied extensively in the past but from the relatively limited perspective of
individual (or occasionally multiple) ground stations and satellite crossings of the
plasmapause and plasmasphere. Data available from the Extreme Ultraviolet Imager
(EUV) on the IMAGE satellite allow us, for the first time, to study the plasmasphere
system from a global perspective. The EUV instrument images the He™ distribution
in the plasmasphere by detecting resonantly scattered solar 30.4-nm radiation and
produces images encompassing the entire plasmasphere with approximately 640 km
spatial resolution once every 10 minutes. By tracking the location of the plasma-
pause in sequences of EUV images, we make quantitative measurements of radial and
azimuthal motions of the boundary during the various phases of geomagnetic distur-
bances. We examine the rapid inward motion of the plasmapause boundary on the
nightside as well as the sunward motion on the dayside which occurs at the onset of
a disturbance. After several hours of continued enhanced activity, a plasmaspheric
“plume” forms in the afternoon local time sector as a result of the interplay between
forces driving the plasma sunward and those which tend to force the plasmasphere to
rotate with the Earth. We also note the tendency for mesoscale azimuthal variations
(<1 Rg in radial extent and <30° in azimuthal extent) in the plasmapause radius to
develop in a limited local time sector on the dayside during these active periods. In
the aftermath of a disturbance, we follow the evolution of the plasmaspheric plumes

and the degree to which they begin to corotate with the Earth. These disturbances
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represent periods of significant redistribution of mass within the magnetosphere, and
using the global images, we estimate that 50 to 100 metric tons of material, consti-
tuting between 25 % and 45 % of the initial plasmaspheric distribution, is removed
from a volume extending from 1.5 to 5.5 Rg in a period of 15 hours or less. Finally,
we identify an association between the plasmaspheric plume and energetic protons
precipitating into the subauroral ionosphere. During a geomagnetic disturbance on
June 18, 2001, a detached subauroral proton arc mapped along geomagnetic field lines
to a broad region of enhanced cold plasma density associated with the plasmaspheric
plume. The link between the proton arc and plasmaspheric plume suggests that the
proton precipitation may be a result of wave-particle interactions which preferentially

occur within the plume region.
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Chapter 1
Introduction

The plasmasphere is a vast toroidal region of ionized gas or plasma that encircles
the Earth and extends from the top of the ionized upper atmosphere at altitudes
of about 1000 km out to equatorial altitudes ranging from about 10,000 to 40,000
km. The structure and dynamics of the plasmasphere are highly sensitive to geomag-
netic disturbance activity in the near-Earth space environment. The plasmasphere
has been studied extensively for over forty years, and the historical development of
plasmaspheric research is detailed in a monograph on the subject by Lemaire and
Gringauz [1998]. This monograph reviews past experimental work, theoretical as-
pects, and modeling of the plasmasphere system, while also emphasizing the many
outstanding scientific issues and gaps in our current knowledge which exist in part
due to limitations of past experimental techniques.

Many ongoing and fundamental questions about the evolving structure of the plas-
masphere can now be addressed with the data available from the Extreme Ultraviolet
Imager (EUV), which was launched onboard the IMAGE satellite in March of 2000.
The EUV instrument employs a novel technique to produce images encompassing the
entire plasmasphere in a single snapshot, thus allowing for the first time the study of
this region of space from a global vantage point. The plasmasphere is host to many
of the complex interactions among charged particle populations and electromagnetic
fields in near-Earth space, and knowledge of its dynamics on a global scale is there-

fore fundamental to our understanding of the flow of mass and energy within the
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Magnetotail

Solar Wind

Plashasphere |

Figure 1.1. A schematic diagram of the Earth’s magnetosphere with various plasma
regions and current systems identified.

solar-terrestrial environment.

1.1 The Earth’s Magnetosphere

The plasmasphere is but one part of a larger region of near-Earth space called the
magnetosphere. The Earth’s magnetosphere is a complex configuration of plasma
regions with a wide range of densities and temperatures, contains several large scale
current systems, and hosts a variety of electromagnetic and electrostatic wave phe-
nomena. The magnetosphere, shown schematically in Figure 1.1, is formed as a result

of the interaction between the intrinsic magnetic field of the Earth and the solar wind
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Figure 1.2. A schematic diagram in the noon-midnight meridional plane showing
the distortion of the Earth’s intrinsic magnetic field by the solar wind flow forming
the magnetosphere.

blowing outward from the Sun [Cowley, 1996].

The magnetic field of the Earth [Chapman and Bartels, 1940] is believed to be
created by currents in the molten, electrically conducting core of the Earth. It can be
approximated, to first order, as a dipole whose axis is tilted ~11° from the Earth’s
spin axis. This magnetic field points down towards the surface of the Earth in the
northern hemisphere and away from it in the southern hemisphere. The average
magnetic field strength on the surface of the Earth is ~50 uT.

The solar wind [Neugebauer and Snyder, 1966] is a fully ionized plasma that
streams continuously outward from the Sun at speeds of about 300 to 800 km/s. It is
comprised primarily of protons and electrons with a small percentage (less than 5%
by number) of alpha particles and heavier ions and has an average electron number

3

density of ~ 5 ¢cm™. The average energy of solar wind particles is about 10 eV.
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a) Meridional Plane b) Equatorial Plane
Dusk

Dawn

Figure 1.3. Cross-sections in the (a) meridional and (b) equatorial planes identifying
the solar magnetic (SM) coordinate system as well as the parameters, L, A (a) and
magnetic local time (MLT) (b).

Embedded in the solar wind is a large scale interplanetary magnetic field (IMF) with
an average strength of ~5 n'T.

As the solar wind approaches the Earth, it cannot easily penetrate the dipolar
magnetic field but is instead slowed down and deflected around it [Chapman and
Ferraro, 1931]. The kinetic pressure of the solar wind distorts the outer part of
the Earth’s magnetic field, and the resulting field is shown schematically in Figure
1.2. On the dayside, the solar wind compresses the Earth’s magnetic field so that
the magnetopause boundary is typically located at a geocentric distance of 8 — 10
Earth radii (1 Rg = 6378 km). A long magnetotail is formed extending for several
hundred Rg on the nightside. However, near the Earth the dipole configuration of

the geomagnetic field is relatively unaffected by the solar wind flow.

1.1.1 Coordinate Systems

This work focuses on studies of the inner magnetosphere which can be loosely de-
fined as the region of space inside of the geosynchronous orbit lying at a geocentric

equatorial distance of 6.6 Rg. Throughout most of this disseration, we assume that
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the magnetic field of the Earth in this region can be approximated with reasonable
accuracy by a centered, tilted dipole.

For studies of the inner magnetosphere, the solar magnetic (SM) coordinate system
is often used [Kivelson and Russell, 1995, App. 3]. In the SM system, the Zgy axis
is coincident with the geomagnetic dipole axis, the Yg\ axis is perpendicular to the
Earth-Sun line toward dusk, and the XZg\ plane contains the Sun direction. The SM
system rotates with both a yearly and daily period with respect to inertial coordinates.

However, since magnetospheric plasma is strongly ordered by the magnetic field,
it is useful to define another coordinate system with the three coordinates being L,
magnetic latitude (), and magnetic local time (MLT). In a dipole magnetic field, the
equation of a field line can be expressed [ Walt, 1994, Ch. 3] as

r = L cos*\ (1.1)

The L parameter essentially identifies a field line and is defined as the distance in
Earth radii at which a field line crosses the magnetic equatorial plane, and A\ is
magnetic latitude as measured from the equator (Figure 1.3a). The third parameter,
MLT, defines the azimuthal component and is measured counter-clockwise (when
looking in —Zgy direction) in decimal hours from 00 MLT (magnetic midnight) in

the —Xgy direction as shown in Figure 1.3b.

1.1.2 Magnetospheric Plasma Regions

There are several magnetospheric plasma regions of interest in this work, including
both cold plasma populations with energies less than several electron-volts as well as

energetic particles with energies greater than a kilovolt.

Ionosphere

The ionosphere forms the base of the plasma environment of the Earth. At altitudes
above about 90 km, the tenous neutral atmosphere becomes partially ionized by
solar ultraviolet radiation. In addition, solar and galactic comic rays and energetic

particles from the magnetosphere precipitate into the neutral upper atmosphere to
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Plasmapause

Ionosphere

Electron Number Density, cm-3

Plasmatrough

Yoms R

Figure 1.4. A model electron density distribution in the inner magnetosphere color

coded on a log scale, with the plasmasphere, plasmapause and plasmatrough regions
identified.

produce secondary ionization. This effect is particularly important at high latitudes
and at night when photoionization ceases. The electron number density reaches a
maximum of ~ 10° cm™ at an altitude of ~ 300 km and decreases steadily above
that into the magnetosphere. Ion and electron temperatures in the ionospheric are
generally less than several tenths of an electron-volt.

The ionosphere is only partially ionized, and the density of neutral air molecules
is relatively high so that collisions occur frequently between charged and neutral
particles. On the other hand, above the ionosphere in most regions of the magneto-
sphere, collisions between particles occur infrequently, and thus the plasmas therein
are generally treated as collisionless.

The ionosphere and the solar wind are the ultimate sources for the other magne-

tospheric plasma populations.

Plasmasphere

The plasmasphere is a toroidal region of cold plasma which encircles the Earth. Com-

pared with other regions of the magnetosphere, the densities in the plasmasphere are
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3 as shown in Figure 1.4. The

quite high, ranging from about 10 to 10* electrons cm™
plasmasphere is populated by the outflow of ions and electrons from the underlying
ionosphere along mid- and low-latitude geomagnetic field lines [e.g., Lemaire, 1989).
However, ion and electron temperatures in the plasmasphere are on average about
three times higher than those in the ionosphere (on the order of 1 eV), possibly due
to heating by plasma waves or Coulomb collisions with photoelectrons escaping from
the ionosphere [Comfort, 1986; Newberry et al., 1989]. Protons are the principal plas-
maspheric ion species, followed by He™, OT and trace amounts of heavier ions with
an equal number of electrons maintaining overall charge neutrality [Comfort, 1988].
Bulk plasma motion in the plasmasphere is primarily driven by the rotation of the
Earth, and thus the plasmasphere is generally considered to corotate with the planet.

The plasmapause is an approximately field-aligned surface at the outer boundary
of the plasmasphere at which there typically exists a sharp density gradient in the
equatorial density profile on the order of a factor of five density decrease over less than
0.5 L [Carpenter and Anderson, 1992]. Outside the plasmapause in the plasmatrough,
the cold plasma density drops to ~1 — 10 ecm™ (Figure 1.4).

In an average sense, the plasmasphere as viewed in the geomagnetic equatorial
plane tends to be roughly circular with the plasmapause typically lying between
L ~ 3 and 5. However, since the time of the earliest studies of the plasmasphere,
large scale (1 Rg or greater) bulges in the equatorial plasmapause have been observed,

especially in the dusk local time sector [Carpenter, 1966].

Radiation Belts and Ring Current

The radiation belts are energetic particles which occupy magnetic field lines in the
range of L=2 to 7. They extend in energy from several keV up to as high as 10 MeV
for electrons and 500 MeV for protons. These energetic particles are magnetically
trapped in the mirror geometry of the Earth’s field, executing helical gyro-motion
around field lines and bouncing back and forth between conjugate hemispheres | Walt,
1994, Ch. 4]. They also undergo a slow azimuthal drift around the Earth as a result
of the gradient and curvature magnetic drifts. A net westward current, known as the

ring current, results from these drifts as the electrons drift eastward while the ions
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drift westward. Although all trapped particles in the inner magnetosphere contribute
to the ring current, only ions in the medium-energy range of ~10 keV to a few hundred
of keV contribute substantially to the total current density. Electrons contribute little

to the net current due to their negligible energy density [e.g. Daglis et al., 1999].

Plasma Sheet

The plasma sheet [Baumjohann et al., 1989] occupies the region of closed field lines
in the equatorial magnetotail. It consists of ions and electrons with energies on the
order of several keV and typical number densities of ~0.1—1 cm™3. The plasma sheet
extends along geomagnetic field lines, reaching down to the nightside high-latitude
ionosphere where precipitating plasma sheet particles collide with neutral atmospheric

particles producing the visible aurora [Chamberlain, 1961].

1.2 Geomagnetic Activity

The solar wind carries a large amount of kinetic and electrical energy and momentum
some of which can be transfered to the magnetosphere. Strong or sudden changes
in the solar wind parameters, such as an increase in the velocity or density or a
change in the interplantery magnetic field (IMF) strength or direction, can cause a
variety of geomagnetic disturbance activity within the magnetosphere. Energy can
be transfered between the solar wind and the magnetosphere most efficiently when
the IMF embedded in the solar wind and the Earth’s magnetic field are oppositely
directed [Burton et al., 1975]. Thus, the vertical component of the IMF is of particular
importance, and there is a well established correlation between southward IMF (B, <
0) and the level of geomagnetic activity [Murayama, 1982]

Geomagnetic disturbances may last only several hours, such as in the case of an
isolated substorm [Akasofu, 1964], or for several days, as in the case of a large magnetic
storm [Lui et al., 1987]. The most apparent manifestations of these disturbances
are changes in the measured surface magnetic field strength of the Earth, resulting
from enhancements in magnetospheric and ionospheric current systems as well as a

brightening and expansion to lower latitudes of the visible aurora.
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For example, the ring current can become quickly and substantially enhanced
during geomagnetic storms as plasma sheet particles are transported Earthward and
become trapped in the inner magnetosphere. A slow decay of the ring current occurs
over several days as magnetospheric activity subsides. The global strength of the
ring current can be monitored by ground-based magnetometers located at mid- and
equatorial latitudes due to its diamagnetic effect on the surface field strength [Dessler
and Parker, 1959]. The Dst magnetic index [Sugiura, 1964] calculated from these
observations gives an estimate of the total energy content of the particles forming the
ring current and can thus be used to monitor geomagnetic storms. Other frequently
used magnetic indices include the AE index [Davis and Sugiura, 1966], an indicator
of substorm activity which measures changes in the auroral electrojet current system
in the ionosphere, and the Kp index [Bartels et al., 1939], a more general index which
includes contributions from several current systems.

The size and shape of the plasmasphere is also strongly affected by the level of
geomagnetic activity within the magnetosphere. Much of the dynamics of the plas-
masphere are governed by the interplay between two plasma flow regimes in the inner
magnetosphere, one driven by the rotation of the Earth and the other a global circu-
lation pattern, referred to as global magnetospheric convection, driven by the solar
wind during times of southward IMF (See Section 2.2). Empirical models of the
plasmapause location [e.g., Carpenter and Anderson, 1992] show that the plasma-
sphere quickly shrinks during periods of enhanced geomagnetic activity and slowly
grows or refills during recovery times. In the aftermath of strong magnetic activity,
the plasmapause may be located at L =2, and plasmaspheric plasma may extend glob-
ally beyond L =6 after several days of low magnetic activity. Statistically, bulges in
the dusk sector tends to be detected at earlier local times during periods of increased

disturbance and at later local times (or not at all) during quiet periods [Carpenter,
1970].
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1.3 Experimental Techniques

The plasmapause was initially discovered by two independent researchers using two
quite different techniques, in situ observations of the electron number density [Gringauz,
1963] and ground-based “whistler” measurements [Carpenter, 1963]. These two tech-
niques have continued to be used successfully for many decades to study the plasma-
sphere and plasmapause region.

Satellites can provide high time resolution measurements of the electron number
density along the satellite orbit path. Density values can be extracted from data
acquired with plasma wave receivers, as described in Section 3.2.1, or directly deter-
mined by particle detectors or Langmuir probes which may also be used to extract
information on temperature and composition. In situ observations are well suited
for the study of density structures of various scale sizes [e.g. Chappell, 1974; Mold-
win et al., 1995; Carpenter et al., 2000]. However, in general it is difficult to obtain
insight on the dynamic development of such density structures due to the typically
long orbit periods (> 10 hours) of high altitude satellites. The large data sets pro-
duced by satellite missions have be used to develop empirical plasmasphere density
and plasmapause location models such as the widely used Carpenter and Anderson
[1992] model or newer models based on data from the CRRES satellite [Sheeley et al.,
2001; Moldwin et al., 2002].

A whistler is a natural radio wave produced when impulsive very low frequency
radiation from a lightning flash propagates through the dispersive plasma environ-
ment of the magnetosphere [Helliwell, 1965]. Analysis of the dispersion properties
of whistler signals recorded at ground stations conjugate to regions of high lightning
activity yields a variety of information on the electron density distribution in the
magnetosphere [Carpenter and Smith, 1964; Park, 1972]. Whistlers received on the
ground are guided along discrete magnetic field-aligned paths or ducts, which are be-
lieved to take the form of field-aligned density enhancements [Smith, 1961]. A typical
lightning flash excites several of such ducts over a range of L values. The dispersion
properties of most ground whistlers are such that a frequency of minimum time delay,

or “nose” frequency, develops at a frequency proportional to the minimum magnetic
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field value along the path. Measurement of the nose frequency indicates the approx-
imate L value of the path, and travel time at that frequency provides a measure
of the integrated electron density along the path [Smith and Carpenter, 1961]. The
dispersion properties of whistlers are heavily weighted by the plasma environment
along the higher-altitude (near equatorial) portion of the path where variations in
the plasma parameters per unit distance along the field lines are minimal. As a re-
sult, whistlers provide a measure of the electron density near the magnetic equator
that is relatively insensitive to the functional form of the distribution of plasma along
the field lines used in the calculations [Angerami and Carpenter, 1966]. Therefore,
instantaneous multi-point equatorial electron density profiles can be constructed from
multi-component whistler measurements. Long observation periods allow for changes
equatorial density and total flux tube content to be precisely tracked, and thus a
particular strength of the whistler technique is the ability to determine cross-L bulk
plasma motions in a frame of reference rotating with the Earth [Carpenter and Smith,
2000].

As detailed in Chapter 2, the plasmasphere has been studied extensively in the
past using these and other experimental methods as well as theoretical techniques.
Experimental research has revealed many complexities in both the structure and
dynamics of the plasmasphere, but the ability to put observations into a global context
has been limited [e.g., Carpenter and Lemaire, 1997]. On the other hand, numerical
models have had some success in describing large scale plasmasphere features but
generally tend to over-simplify many of the underlying physical processes.

The IMAGE satellite, with its unprecedented measurement capabilities, has brought
about a resurgence of interest in the plasmasphere, its dynamics and interactions with
energetic particle populations. In particular, the Extreme Ultraviolet Imager (EUV)
(Chapter 3) is designed to study the plasmasphere by imaging the distribution of
He™ through its emission at 30.4 nm. EUV obtains an image encompassing the en-
tire plasmasphere with a spatial resolution of about 650 km once every ten minutes
and thus allows us for the first time to study the plasmasphere system from a global

perspective.
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1.4 Geophysical Importance of the Plasmasphere

The plasmasphere is a central element in many of the complex interactions within
the magnetosphere, and thus knowledge of its dynamics on a global scale is impor-
tant for a variety of reasons. First of all, the size and shape of the plasmasphere
give an indication, although in a complex integral sense, of the recent time history of
magnetospheric convection, an important global process within the magnetosphere.
Convection in the inner magnetosphere is complex and not accurately described in the
simple, but widely used, global models [e.g. Volland, 1973; Stern, 1975]. Secondly,
the plasmasphere contains a large of amount of mass, and during geomagnetic dis-
turbances a significant amount of that mass is removed. Some of this plasma may be
lost to the solar wind or the ionosphere or can be energized and redistributed within
the magnetosphere. Finally, the cold plasma density is a fundamental parameter in
the generation and propagation of plasma waves and the interaction of these waves
with energetic particles. Wave-particle interactions play an important role in the loss
(through precipitation into the upper atmosphere) of energetic particles and may also
contribute to the storm-time acceleration of radiation belt electrons [e.g., Koyzra et
al., 1997; Horne, 2001].

1.5 Contributions of this Research

This work explores several aspects of plasmaspheric dynamics during periods of en-
hanced geomagnetic activity. By tracking the location of the plasmapause in se-
quences of EUV images, we make quantitative measurements of radial and azimuthal
motions of the boundary during various phases of geomagnetic disturbances. We ex-
amine inward motion of the plasmapause boundary on the nightside of the Earth, the
formation and evolution of plasmaspheric “plumes”, and the tendency for mesoscale
azimuthal irregularities in the plasmapause radius to develop in a specific local time
sector (Chapter 4). A significant amount of mass is removed from the plasmasphere

during these disturbance periods and in Chapter 5, we use the global images to make
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estimates of this loss. Finally, we explore the the relationship between the plasmas-
pheric plume and regions of precipitating energetic protons (Chapter 6).

The major contributions of this research can be summarized as follows:

1. Established the relationship between in situ measurements of the steep plasma-

pause boundary and edge features observed in global extreme-ultraviolet images.

2. Carried out the first global quantitative measurements of azimuthal and radial
motions of the plasmasphere during geomagnetic disturbances, verifying the

predicted formation of plume-like structures in the afternoon local time sector.

3. Determined that azimuthal irregularities of the plasmapause boundary tend
to form in a specific magnetic local time sector, located approximately between
dawn and the western edge of the plasmaspheric plume, during geomagnetically

disturbed conditions.

4. Quantified the total amount of plasma removed from the plasmasphere during

five periods of enhanced geomagnetic activity.

5. Identified an association between a subauroral arc produced by precipitating

energetic protons and a globally observed plasmaspheric plume.



Chapter 2
Background and Past Research

In this chapter, we review some relevant basic plasma physics concepts and simpli-
fying assumptions generally used in studies of cold plasma, provide a preliminary
description of bulk plasma motions in the magnetosphere, and review past research

on the structure and dynamics of the plasmasphere.

2.1 Frozen-in Magnetic Flux

A few key concepts underlying space plasma physics are reviewed in this section,
while for a more complete introduction the reader is referred to Baumjohann and
Treumann [1997] and Parks [1991]. While there are several levels of theoretical de-
scriptions of plasma phenomena, in magnetospheric physics a magnetohydrodynamic
(MHD) approach is often adopted to describe low energy and large scale phenom-
ena. In an MHD formulation, the plasma is treated as a single conducting fluid with
macroscopic variables such as average density, velocity and temperature. The set of
MHD equations includes the continuity equation, the momentum equation, Maxwell’s
equations and the generalized Ohm’s law.

MHD theory assumes that the plasma is a good conductor and that therefore free
charges do not accumulate within the fluid. In addition, the displacement current is

considered negligible compared to the conduction current, resulting in the modified

14
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Maxwell’s equations given below:

0B
VXE = —— 2.1
x 5 (2.1)
V-ggE = 0 (2.2)
V-B =0 (2.4)
A simplified form of the generalized Ohm’s law can be expressed as
J=0¢(E+uxB) (2.5)

where u is the bulk plasma velocity and g is the electrical conductivity. This equa-
tion describes the electrical current constituted by the motion of plasma under the
influence of fields E and B. It is valid in fully ionized magnetospheric plasmas where
the typical collision frequencies are low and the plasma conductivity is high. It is not
valid, for example, in the lower part of the ionosphere where frequent collisions in the
presence of a strong magnetic field lead to an anisotropic conductivity tensor.

In studies of low energy magnetospheric plasmas, the motion of the plasma and
the magnetic field lines are interconnected. In order to examine their relationship we
can examine the temporal variation of the magnetic field B in a conducting fluid. By
taking the curl of Ohm’s law (2.5) and replacing J and V x E using Maxwell curl
equations (2.2) and (2.4), we obtain

0B 1

E:VX(UXB)_‘_MOUO

VB (2.6)

The first term on the right hand side of Equation (2.6) is known as the flow term
while the second term is called the diffusion term. In most MHD problems either
one or the other of these terms tends to dominate. For example, if the plasma is at
rest (u = 0) the flow term is dropped. The magnetic field slowly diffuses across the
plasma smoothing out any local inhomogeneities. The finite conductivity results in

Ohmic losses and the magnetic field eventually decays away as magnetic energy is
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converted to plasma energy.

On the other hand, when the conductivity is extremely large, the idealized ap-
proximation of a perfectly conducting fluid, in which the conductivity approaches
infinity, is often used. Neglecting the second term of Equation (2.6) leads to the
“frozen-in” flux theorem [e.g. Parks, 1991, pp. 162 — 167] which states that the flux
of magnetic field through any closed contour moving with the fluid is constant and
that fluid elements that lie on a magnetic field line remain on that same field. There-
fore, the magnetic field lines are considered to be “frozen” into the fluid. Plasma can
flow freely parallel to the magnetic field, but any bulk motion perpendicular to the
magnetic field carries the magnetic field lines with the plasma. In studies of low en-
ergy magnetospheric plasmas as well as the solar wind, the approximation of infinite
conductivity and therefore frozen-in flux is generally considered to be valid over most
time scales of interest.

The approximation of infinite conductivity yields the ideal MHD formulation in
which Ohm’s law reduces to

E=-uxB (2.7)

This relationship implies that an observer at a fixed location would observe an electric
field as a result of the convecting plasma. Although the notion that bulk motion in
the magnetosphere is driven by electric fields is widely held, Vasyliunas [2001] has
recently emphasized that the plasma motion is in fact the fundamental parameter,
and thus that electric fields are consequences of the flows and not vice versa. The
ideal MHD approximation implies that magnetic field lines are electric equipotential
lines (E - B = 0), i.e., that there are no magnetic field aligned electric potential drops.
In the cold plasma approximation, generally used in studies of the plasmasphere, the
plasma temperature is assumed to be zero so that the gradient and curvature magnetic
drifts, which are proportional to the energy of the particles, as well as gravitational
drifts are generally ignored. Thus, the electric equipotential surfaces are parallel to

the cold plasma flow.
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2.2 Bulk Plasma Motion

There are two main external forces which drive the bulk motion of cold plasma within
the magnetosphere. The first is the daily rotation of the Earth and the second is the

kinetic energy of the solar wind.

2.2.1 Corotation

Neutral atmospheric particles rotate with the Earth as a result of frictional drag,
and thus the ionosphere is also forced to corotate due to frequent ion and electron-
neutral collisions. Although the ionosphere is not completely frozen-in due to the
high collision frequency and thus finite conductivity, in the absence of other forces,
ionospheric flux tubes and their magnetospheric extension also tend to corotate with
the Earth. This condition is typically valid in the low and mid-latitude ionosphere
[Hines, 1961].

The corotation of plasma and flux tubes is, for a non-rotating observer, equivalent

to an electric field of
Eop = —(Qg x1r)x B (2.8)

where Qg is the angular velocity of the Earth. Using the simplifying assumption of
a dipole magnetic field centered on the Earth’s rotation axis, in the equatorial plane
E..: is directed radially inward toward the Earth and falls off as 1/72.

2.2.2 Convection

The second main driver of bulk plasma motion in the magnetosphere is the solar
wind. Since the solar wind is frozen to the interplanetary magnetic field while the
plasma surrounding the Earth is frozen to its field, when these two plasmas meet, they
should not mix but instead form two distinct regions separated by a thin current sheet.
However, the frozen-in condition can break down in this current sheet, and within
a relatively small diffusion region, oppositely directed interplanetary and terrestrial
field lines can merge across the boundary [Baumgjohann and Treumann, 1997, pp.
73 —82).
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Figure 2.1. Schematic diagram of magnetic field line merging and the resulting con-
vection of plasma flux tubes. Adapted from Figure 5.4 of Baumjohann and Treumann
[1997].

As shown in Figure 2.1, this process of magnetic field line merging or reconnection
[Dungey, 1961] can occur when a southward directed interplanetary field line (denoted
by the green field line labeled 1) encounters a northward directed terrestrial field line
(blue field line labeled 1) at the equatorial magnetopause. Within the diffusion region
(black square), the two field lines merge and split into two open field lines, (labeled
2) each of which has one footprint on the Earth and the other stretching out into the
solar wind (eventually reaching back to the Sun). The solar wind transports these
merged field lines across the polar cap and down the magnetotail (labeled 3 —6). At a
distance of ~ 100 to 200 Rg downtail, the two open field line halves meet and reconnect
again in a small diffusion dominated region (labeled 7). Due to magnetic tension and

pressure gradients, the stretched tail field line begins to move Earthward (labeled
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Figure 2.2. Equipotential contours of the E5D equatorial electric field model for
two levels of geomagnetic activity, (a) Kp = 2 and (b) Kp = 7. The equipotential
lines are equivalent to plasma flow streamlines for zero energy particles.

8 —9), and this field line is eventually brought back to the frontside magnetosphere
(labeled 1). The magnetospheric sunward return flow (blue arrows) is referred to as
global magnetospheric convection. It should be noted that while magnetic field line
merging is one of the most poorly understood processes in space plasma physics [e.g.,
Vasyliunas, 1975], the magnetospheric consequences of this process, including but not
limited to the flow cycle described above, are well documented [e.g., Burch, 1983].
Like corotation, magnetospheric convection can also be expressed in terms of an
electric field. Convection electric fields are generally modeled as potential fields,
V xE=0 and E=—-V®, with the potential & assumed to be constant along the
field lines. The simplest equatorial convection model assumes a spatially uniform
dawn-to-dusk electric field:
Econ = Eyy (2.9)

where the magnitude Ej is generally less than 1 mV/m.
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2.2.3 Global Convection Models

By combining the effects of corotation and convection, simple models of the inner
magnetospheric electric field can be constructed. Figure 2.2 shows potential patterns
from the so-called E5D model, a semi-empirical equatorial electric field model for two
levels of geomagnetic activity [Mcllwain, 1986]. During quiet geomagnetic conditions
(Figure 2.2a), corotational flows dominate the inner magnetosphere as indicated by
the concentric circles. The contours further away from the Earth are open and the
flow is dominated by the solar wind induced convection. During times of increased
geomagnetic activity (Figure 2.2b), the strength of convection increases, and the
region dominated by corotation shrinks. Note that on the dawn side, corotational
and convective flows are generally in the same direction, whereas they oppose each
other on the dusk side.

Shielding

In addition to the effects of corotation and convection, most electric field models
(including the E5D model shown in Figure 2.2) include the effect of shielding [Jaggi
and Wolf, 1973]. When the plasma sheet moves Earthward in response to enhanced
convection, a zonal charge separation is created as energetic electrons drift dawnward
and energetic protons drift duskward around the Earth. The polarization electric field
associated with this charge separation is directed from dusk to dawn and thus acts
to shield the inner magnetosphere from the full dawn-to-dusk cross tail convection
electric field. Shielding takes a finite time to be established, and changes in the
convection field or other magnetospheric parameters can cause it to be ineffective for

extended periods.

2.3 Past Research on Plasmaspheric Dynamics

2.3.1 Early Discoveries

The existence of a sharp outer boundary of the plasmasphere or plasmapause was first

discovered in the early 1960’s [Carpenter, 1963; Gringauz, 1963]. Analysis of whistler
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waves recorded at ground stations established the plasmapause as a permanent fea-
ture within the magnetosphere and also showed the tendency for the plasmapause to
move inward during periods of increased magnetic activity [Carpenter, 1963]. Further
studies showed that the plasmasphere not only shrank but became asymmetric with
a bulge in the dusk sector during periods of disturbance whereas during quiet times
the plasmasphere expanded and tended to become more circular [Carpenter, 1966].
Also, while the plasmasphere appeared to move at the same angular velocity as the
Earth, i.e. corotated, in the local time sector from 00 to 17 MLT, it motions were

more “confused” in the dusk to midnight quadrant.

2.3.2 Basic Plasmaspheric Dynamics

In response to the first reports from whistlers on the global shape of the plasmas-
phere and its variations with magnetic disturbance, Nishida [1966] and Brice [1967]
proposed a steady state model which explained the formation of the plasmapause in
terms of the interplay between the corotation and convection flows within the inner
magnetosphere. These models defined the steady state plasmapause as corresponding
to the last closed (i.e., Earth encircling) equipotential of the combined flow with the
bulge resulting from a region of stagnation in the dusk sector. These early models,
later modified to account for the unsteady nature of convection, provide important
insight into why the region exterior to the plasmasphere is low in density and why
the plasmasphere should diminish in overall size during periods of increased magnetic
disturbance.

If quiet geomagnetic conditions persist for several days (Figure 2.2a), flux tubes
following the roughly circular paths enclosing the Earth can be slowly filled by the
outflowing ionospheric plasma. Eventually, a diffusive equilibrium distribution of
plasma along the magnetic field lines is established resulting from a combination of
centrifugal and gravitational forces [Angerami and Thomas, 1964]. A sharp plasma-
pause density gradient may not necessarily be present during long periods of quiet,
but instead the profile may decrease gradually with distance.

Even under quiet geomagnetic conditions, a weak convective flow dominates the
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trajectories of the cold plasma outside some distance. Convection during quiet condi-
tions may be due to a viscous interaction between the magnetosphere and solar wind
[Azford and Hines, 1961]. Although ionospheric outflow still occurs at these latitudes,
flux tubes drifting in from the magnetotail do not have the opportunity to be filled
to plasmaspheric levels before drifting out to the dayside boundary layers.

If the strength of magnetospheric convection increases due to a southward turning
of the IMF (Figure 2.2b), particles that were previously on the outermost closed
trajectories suddenly find themselves on open trajectories and drift toward the dayside
magnetopause. Thus, the outer layers of the plasmasphere are stripped away and the
plasmasphere shrinks.

In the aftermath of a disturbance, the plasmasphere begins the slow process of
refilling as corotational flows once again dominate. While the inner plasmasphere
may be expected to approach a diffusive equilibrium with the underlying ionosphere
much of the time, the outer plasmasphere is more likely to be in a state of partial
refilling due to the long refilling times and continually recurring geomagnetic storm
and substorm activity [Park, 1974].

It is widely accepted that the plasmapause is essentially the boundary of the
region where low energy plasma rotates with the Earth and that beyond it convection
overpowers corotation [e.g. Parks, 1991, pp. 229 — 237; Wolf, 1995, pp. 314 —317].
However, Lemaire [1975; 2001] has suggested that the plasmapause is the limit beyond
which cold plasma is easily lost through the interchange instability. Lemaire [2001]
proposes that a new sharp density gradient is formed in the post-midnight local
time sector as a result of convective instabilities and interchange motion which, in
conjunction with enhanced magnetospheric convection, act to pull out and peel off

the outer layers of the plasmasphere.

2.3.3 Departures from Corotation

Even at times of quiet magnetic conditions, the plasmasphere may not strictly coro-
tate with the Earth. Quiet day cross-L drift motions of flux tubes in the outer

plasmasphere were shown in whistler studies to exhibit a generally repeatable diurnal
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pattern [Carpenter and Seeley, 1976]. The cross-L flow near L =4 is characterized
by relatively slow outward drifts near midnight (~0.06 Rg per hour), slightly faster
outward drifts in the morning sector (~ 0.11 to 0.17 Rg per hour), and a reversal
to inward flows in afternoon (~0.17 Rg per hour). These plasmaspheric drifts were
associated with the solar quiet (Sq) ionospheric current system which is produced by
solar heating and tidal oscillations in the atmosphere [Carpenter, 1978].

Slight departures from corotation in the azimuthal direction are not easily detected
with the whistler technique since the viewing area of a given ground station generally
spans about 30° in longitude. However, azimuthal features observed in EUV global
images of the plasmasphere and described as “bite-outs” can persist for long durations
under quiet conditions, allowing their rate of rotation to be carefully tracked. Sandel
[2003] studied thirteen such events and found that averaged over the lifetime of the

feature, the rotation rates were between 77 % and 93 % of corotation.

2.3.4 Reduction in the Plasmapause Radius

Previous experimental work has indicated that the reduction in the plasmapause
radius during periods of disturbance occurs primarily in the post-midnight sector.
Using in situ ion density profiles Chappell et al., [1970a] showed that the plasmapause
position on the nightside (22 to 06 MLT) was closely correlated with the average
magnetic activity over the preceding 2 to 6-hour period. The plasmapause moved to
a lower L and the plasmapause density profile was found to steepen in that sector
in response to increasing magnetic activity. On the other hand, the plasmapause
position on the dayside (06 to 15 MLT) did not immediately respond to changes in
magnetic activity, but its position depended instead on the level of activity present
when that region previously corotated through the nightside region [Chappell et al.,
1971].

In addition, Carpenter et al. [1979] characterized cross-L drift patterns during
the expansion phase of substorms near =4 and found that rapid inward drifts were
detected approximately from midnight to dawn, with the fastest drift being of order

0.5 Rg per hour in the post-midnight sector and weakening with increasing local
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time. However, in the aftermath of an isolated substorm, a reversal to outward drifts
in the 02 to 05 MLT sector was frequently observed with a duration and amplitude
comparable to the previous inward motion [Carpenter et al., 1972]. Thus, during
isolated substorms, the plasmapause radius might be locally modulated but might
not have a globally reduced average radius. Sustained activity for periods of 10 or
more hours appeared to be necessary to significantly reduce the overall size of the

plasmasphere |[Carpenter et al., 1972].

2.3.5 Duskside Bulge and Detached Plasma Regions

The dynamic behavior of the duskside bulge was first revealed in whistler studies
during magnetospheric substorms [Carpenter, 1970]. The westward edge of the bulge
was generally observed to be quite abrupt with an increase in the plasmapause radius
of 0.5 to 2.5 Rg within about an hour of local time, while the radius on the eastern
edge decreased more smoothly with increasing local time. The bulge was observed at
earlier local times with increasing levels of magnetic disturbance, assumed to be due
to strong westward flows resulting from enhanced convection. In the aftermath of a
substorm, the bulge was observed at later local times, a feature interpreted to be the
result of the increased influence of the Earth’s rotation during periods of quieting.
In addition, regions of high-density cold plasma were first observed outside the
plasmasphere by the OGO spacecraft [Chappell et al., 1970b]. In a statistical analysis
of such events [Chappell, 1974], these so-called detached plasma regions were identi-
fied as being outside the main plasmapause and having a density above a specified
threshold (100 em™ at L =4 and reduced by L~ for higher L to account for the
increase in flux tube volume). They were found across the entire dayside of the mag-
netosphere during moderate to disturbed magnetic conditions with a peak occurrence
in the afternoon-dusk sector. These detached regions tended to be located near the
plasmapause at dusk and progressively farther away at earlier local times. They were
variable in size, ranging from <0.1 L to >1 L in extent, and tended to exhibit exten-
sive fine scale (50 to 200 km) density structure. Such regions were interpreted as being

peeled off (and hence detached) from the plasmasphere near dusk and subsequently
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drifting outward and westward toward the magnetopause.

Numerical models have been used extensively to understand the observations of
the dusk-side plasmasphere (for a comprehensive review see [Lemaire and Gringauz,
1998]). Ideal MHD models typically use a parametrized electric potential distribution,
which includes the effects of the corotational electric field and the solar wind driven
convection electric field, to calculate the temporal evolution of the plasmapause by
following the E x B drift trajectories of plasma flux tubes from an initial location.
An early model by Grebowsky [1970] assumed that the initial plasmapause location
corresponded to the last closed equipotential in a combined corotation and uniform
dawn-dusk convection field, resulting in a “tear-drop” plasmasphere with a bulge in
the dusk sector. In response to a step increase in the strength of convection, the bulge
rotates westward and portions of the outer plasmasphere on the dayside are trans-
ported sunward, forming a plasmaspheric plume in the afternoon local time sector.
Sometimes referred to as plasma tails, these plumes contain material eroded from
the main plasmasphere and extend toward the magnetopause. Chen and Grebowsky
[1974] used a similar model to show that the observations of detached density struc-
tures in the noon to dusk quadrant might in fact be crossings of satellites through
such plumes, so that the so-called detached regions may be on a global scale attached
to the plasmasphere. In response to a decrease in convection, the modeled plume or
bulge would then rotate eastward and possibly wrap around the Earth [e.g. Chen
and Wolf, [1972]; Kurita and Hayakawa, 1985]. It should be noted that the details
of the temporal development of the plume in various models depend strongly on the
assumed initial plasmasphere shape and the details of the modeled convection field.

The existence of plasmaspheric plumes was directly verified when the first global
images of the plasmasphere using the IMAGE EUYV instrument were published [Burch
et al., 2001; Sandel et al., 2001] and the dynamic development of these observed

features is examined in Chapter 4.
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2.3.6 The Loss of Plasmaspheric Plasma

A significant amount of material can be removed from the plasmasphere during pe-
riods of enhanced geomagnetic activity. Global convection acts to remove the outer
layers of the plasmasphere, and significant reductions in the electron density have
been observed on flux tubes interior to the new plasmapause boundary as well. Using
whistler data during a geomagnetic storm on June 15, 1965, Park [1970] estimated
that ~ 3 x 103! electrons and ions were removed from the plasmasphere, more than
half the plasma stored in the quiet time plasmasphere, based on removal of essentially

all plasma in a belt extending globally from L = 3.5 to 5.

Effects of Convection

Global convection models predict that the outer portions of the plasmasphere are con-
vected to the dayside magnetopause and are supported by observations of the duskside
bulge as well as by direct measurements of sunward flows of cold, dense plasma at
geosynchronous orbit during magnetic storms |e.g. Lennartsson and Reasoner, 1978].

Global convection may be aided by fast but latitudinally narrow westward flow
channels that develop in the subauroral ionosphere. These flow channels were recently
collectively termed subauroral polarization streams (SAPS) [Foster and Burke, 2002].
SAPS are believed to result from a coupling between the inner edge of the plasma
sheet and the poorly conducting nightside subauroral ionosphere [e.g. Anderson et
al., 2001]. On average, the SAPS region in the ionosphere is below the auroral oval,
extends ~ 3—5 degrees in invariant latitude and is concentrated most strongly in
the dusk and pre-midnight sectors [Foster and Ho, 2002]. When mapped out to the
equatorial plane, the flow channel would be ~2 Rg in radial extent and may harbor
westward flows as fast as several kilometers per second. SAPS may significantly
increase the rate of plasma transport from the duskside plasmasphere to the dayside
magnetosphere during geomagnetic disturbances [Goldstein et al., 2003d].

Once the eroded plasmaspheric material reaches the outer dayside magnetosphere

it may enter the boundary layers or if convection weakens, it may become trapped in
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the afternoon-dusk sector of the outer magnetosphere [Carpenter et al., 1993]. Plas-
maspheric plasma entering the dayside boundary layers is heated and accelerated to
energies of ~1—2 keV [Fuselier et al., 1989]. The plasma becomes entrained in the
strong anti-sunward flow and may be swept back along the flanks of the magneto-
sphere in the low latitude boundary layer or may cross the magnetopause and be
transported on reconnected field lines over the polar cap and down the magnetotail
[Freeman et al., 1977]. While some of this heated plasmaspheric plasma may be lost
to the solar wind, some of it may eventually populate the plasma sheet. Calculations
by Borouvsky et al. [1997] suggested that material removed from the outer plasmas-
phere could account for observations of the “super-dense” plasma sheet (> 2 cm™2).
Once in the plasma sheet, the former plasmaspheric material may precipitate into the

auroral zone or be recirculated as ring current.

Losses to the Ionosphere

Just inside the new plasmapause boundary, whistler data have shown reductions in
density ranging from a factor of ~1 to 3 in the aftermath of a disturbance [e.g. Park
and Carpenter, 1970; Carpenter et al. 1993]. Flux tubes inside the shrinking plasma-
pause remain on closed drift paths and thus losses are likely not due to convection.
In order to explain this density reduction as well as nighttime enhancements in the
electron density of the mid-latitude ionosphere, Park [1971] proposed a draining of
the flux tubes along the magnetic field lines and dumping of plasma into the iono-
sphere. In the topside ionosphere where the O™ concentration decreases rapidly with
altitude, the downward component of the cross-L drift (inward at the equator) results
in a reduced O" concentration at a given altitude. Below a critical altitude, where
H* is in chemical equilibrium with O™, a reduction in O™ must be accompanied by

a reduction in H*. Thus a downward flow of HT is induced from the plasmasphere.
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2.3.7 Irregular Density Structure

Although empirical plasmasphere density models [e.g., Carpenter and Anderson, 1992;
Gallagher et al., 2000; Sheeley et al., 2002] treat the radial density profile and az-
imuthal plasmapause shape as smoothly varying, the plasmasphere has been found
to be highly irregular on a wide range of scale sizes. Early whistler studies inferred
the existence of longitudinal ripples on the dayside plasmapause, consisting of peak
to valley variations in the plasmapause radius of as much as 0.4 Rg within less than
an hour of local time [Angerami and Carpenter, 1966]. More recently, these types
of mesoscale features have been observed globally by the EUV imager [Green et al.,
2002; Goldstein, 2002, but much remains to be learned about the mechanisms of
their formation.

High resolution in situ data has shown that the outer plasmasphere and plasma-
pause regularly exhibit fine scale (< 1000 km) density irregularities [e.g. Carpenter,
1993]. In a statistical study of CRRES data, LeDocq [1994] found that density irreg-
ularity amplitudes of at least 10 % occured 50 % of the time between L =2.5 and 4.
At geosynchronous orbit, the level of variability in ion density structures was found

to increase with increasing geomagnetic activity [Moldwin, 1995].



Chapter 3

Observational Techniques

3.1 IMAGE Satellite Overview

The Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) mission [Burch,
2000] was the first satellite mission dedicated to imaging the Earth’s magnetosphere.
IMAGE employs ultraviolet imaging, neutral atom imaging as well as radio techniques
to produce comprehensive global images and thus observe, in an unprecedented fash-
ion, the large-scale dynamics of the magnetosphere and the interactions among its
constituent plasma populations. The IMAGE spacecraft was launched on March 25,
2000 into a highly elliptical polar orbit with initial apogee at a geocentric radial dis-
tance of 8.22 Rg in the northern hemisphere and an initial perigee altitude of 1000
km in the southern hemisphere. The orbit period is ~ 14 hours, and the spacecraft
has a spin period of 2 minutes with the spin axis perpendicular to the orbital plane.
The two instruments intended for investigations of the plasmasphere are the Ex-
treme Ultraviolet Imager (EUV) and the Radio Plasma Imager (RPI). Figure 3.1
shows an example IMAGE orbit from June 10, 2001 from 03:40 UT to 18:00 UT
when the satellite was approximately in the dawn—dusk plane. For ~ 9 hours cen-
tered on apogee, the EUV instrument obtains global images of He™t distribution in the
plasmasphere (shown in Figure 3.1 as the portion of the orbit between 04:30 UT and
13:30 UT). For the subsequent ~ 3 hours around perigee, RPI can use active radio

sounding as well as passive in situ techniques to measure the electron number density

29
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IMAGE Orbit 10 Jun 2001
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Figure 3.1. An orbit of the IMAGE satellite from June 10, 2001 projected into
Y Zsy meridional plane. The portion of the orbit over which EUV (RPI) observes the
plasmasphere is shown as the portion of the orbit between the points labeled EUV A
(RPI A) and EUV B (RPI B). The approximate size of the plasmasphere as observed
in situ by RPI is indicated by the shaded dipole region.

within and beyond the plasmasphere (shown as the portion of the orbit between 15:00
UT and 18:00 UT).

3.2 Radio Plasma Imager

The RPI instrument |[Reinisch et al., 2000] is a low-power radar which operates in the
radio frequency bands which contain the plasma resonance frequencies characteristic
of the Earth’s magnetosphere. RPI can locate regions of various plasma density by

observing radar echoes from the plasma that are reflected where the radio frequency
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meets cutoff conditions for the various propagating ordinary, extraordinary, and z-
modes or at the altitude of steep density gradients in the bottom-side ionosphere for
the whistler mode.

RPI is a multi-mode instrument in which sounding and listening frequencies, range
detection, pulse characteristics and repetition rate are adjustable parameters over a
wide range of values. The instrument covers the frequency range from 3 kHz to 3 MHz
with a receiver bandwidth of 300 Hz. There are three orthogonal thin-wire antennas,
consisting of two 500-m tip-to-tip dipoles in the spin plane (X and Y) and a 20-m
tip-to-tip dipole along the spin axis (Z). The long dipoles are used for transmission,
and all three antennas are used for reception. The nominal radiated power from RPI,
variable (in terms of free space mode excitation) from 0.1 mW at low frequencies
to ~ 10 W per dipole at 200 kHz, was reduced by 3 dB on May 8, 2000 when the
power supply for the Y axis transmitter failed. A further 3 dB reduction occurred on
October 3, 2000, when one of the X axis monopoles was partially severed, apparently
by a micrometeorite.

An important result of the active sounding is the identification of small-scale
field-aligned density structures within and beyond the plasmasphere [Carpenter et
al., 2002]. During sounding of the plasmasphere from both outside and inside the
plasmapause, RPI echoes that follow non-field-aligned ray paths are usually not the
discrete traces on range-versus-frequency records that are predicted by ray-tracing
simulations using smooth magnetospheric density models. Instead, such RPI echoes
exhibit various amounts of spreading, from ~0.5 to 2 Rg in virtual range (defined as
the range assuming speed of light propagation). The range spreading is attributed
to scattering from, partial reflection from, and propagation along geomagnetic-field-
aligned electron density irregularities.

In addition to the active sounding, RPI also makes passive measurements of the
local plasma wave environment. Figure 3.2 show a dynamic spectrogram from June
10, 2001 taken over the portion of the orbit between the points labeled RPI A and
RPI B in Figure 3.1. The record was obtained by sweeping the 300-Hz bandwidth
RPI receiver through 243 frequency steps between 3 kHz and 1 MHz. The interval of
3 kHz — 20 kHz was covered by 44 steps of 400 Hz, while another 199 frequency steps
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RPI Dynamic Spectrogram 10 Jun 2001
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Figure 3.2. RPI dynamic spectrogram from June 10, 2001 showing a typical pass
through the plasmasphere. The orbital parameters L, magnetic local time, and mag-
netic latitude are shown as well.

(2% increments) covered the 20 kHz — 1 MHz interval. At each frequency step, RPI
sampled the receiver amplitude 36 times at 3.2 ms intervals and calculated a series of
eight 25.6 ms running averages. In this way, transient signals tend to be suppressed
and relatively steady signals such as local resonances and continuum radiation are
emphasized. A frequency sweep is run every 2 to 6 minutes, each sweep taking about
1 minute to complete.

In Figure 3.2, the solid red curve indicates the cyclotron frequency estimated from
the T96 magnetic field model [Tsyganenko and Stern, 1996]. The T96 model has an
uncertainty of a few percent in quiet times and an order of magnitude during storm
periods. The strong emissions at frequencies generally below the cyclotron frequency
are whistler mode signals, and between ~20—40 kHz VLF transmitters can be seen

as discrete horizontal lines. The frequency banded emission above the cyclotron



CHAPTER 3. OBSERVATIONAL TECHNIQUES 33

frequency is the upper hybrid resonance (UHR) noise band from which estimates of
the electron density can be made as described below. Above the UHR band, auroral

kilometric radiation (AKR) and continuum radiation can be observed.

3.2.1 Deriving Electron Density from UHR Measurements

We use the technique described by Mosier et al. [1973] to derive electron number
density profiles from the intense plasma noise bands typically observed near the up-
per hybrid frequency. The upper hybrid frequency is a combination of the electron

cyclotron frequency, f., and the electron plasma frequency, f..

fun =/ Ipe + [& (3.1)

The electron cyclotron frequency is a function of the magnetic field strength, B,

_ le|B
2mme,

Jee (3.2)

and the electron plasma frequency is a function of the electron number density, n.,

o = o ()2 (3.3)

21 \me€g

where ¢, is the charge of electron, m, is the mass of an electron, and ¢, is the per-
mittivity of free space.

As was also seen in the Imp-6 radio instrument used by Mosier et al. [1973], in
RPI dynamic spectrograms the intense UHR noise band typically extends from f,,
down to f,. with a generally less intense emission extending down to the z-mode

cutoff frequency given by
1 1/2
fz = 5 [_fce + ( 026 +4 p26) :| (34)

The upper limit of the noise band at f,; is usually the most pronounced cut-
off in the RPI data. Thus, in order to determine the electron density profile for a

given spectrogram, the f,;, is visually identified and the electron number density is
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determined using Equation (3.1) and the cyclotron frequency inferred from the model
magnetic field. In order to verify the correct identification of f,;, both the f,. and f,
are calculated and overlayed on the spectrogram. Figure 3.3a shows an example of
the procedure used for density extraction with the frequencies of interest identified.
Figure 3.3b shows the calculated electron density using the selected f,;, and the model
fee- The red error bars show the range of density values corresponding to a £20 %
variation in the magnetic field values (i.e., fe.).

Errors in the magnetic field model cause significant changes in the derived density
only when the plasma and cyclotron frequencies are of the same order of magnitude.
Such errors are minimized in the outer plasmasphere where electron densities are high

but the magnetic field strength is relatively low.



CHAPTER 3. OBSERVATIONAL TECHNIQUES 35

RPI Dynamic Spectrogram 10 Jun 2001
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Figure 3.3. (a) RPI dynamic spectrogram with the upper hybrid frequency, fun,
identified and the plasma, f,., and z-mode cutoff, f., frequencies overlayed using the
model cyclotron frequency. (b) The derived electron density with the red error bar
corresponding to £ 20 % error in the magnetic field model.
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EUV Image *

10 Jun 2001 06:12 UT]

Figure 3.4. An EUV image of the plasmasphere taken on June 10, 2001 at 06:12
UT as IMAGE satellite approached apogee. The Earth is indicated by the dashed
circle and the Sun direction by the black arrow.

3.3 Extreme Ultraviolet Imager

The EUV instrument [Sandel et al., 2000] images the He™ distribution in the Earth’s
plasmasphere by detecting resonantly scattered solar 30.4-nm radiation. He™ is the
second most abundant ion species in the plasmasphere, after HT which has no optical
emission, and constitutes between 3 % and 30 % of the total ion distribution [Craven
et al., 1997]. Since the plasmaspheric He™ emission is optically thin, the integrated
column density of He™ along the line of sight through the plasmasphere is directly
proportional to the intensity of the emission.

EUV consists of three identical sensor heads, each having a 30° conical field of
view. The sensor heads are tilted relative to one another by 27° to cover a fan-shaped
instantaneous field of view of 84° x 30°. As the satellite spins, the instrument sweeps
an 84° x 360° swath across the sky. The sensitivity of the instrument is ~ 1 count

per second per Rayleigh. EUV integrates the intensity of 30.4-nm emissions over 5
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spins of the IMAGE satellite. Overlapping fields of view from 3 camera heads are
then merged to form one complete image every 10 minutes. EUV collects images for
~7 — 9 hours out of each 14-hour orbit, generally operating where Lgipole > 14. The
spatial resolution of EUV is ~ 0.1 Rg in the equatorial plane as seen from apogee
(~8 Rg).

Figure 3.4 shows an EUV image from 06:12 UT on June 10, 2001 when the satellite
was at a geocentric distance of 7.10 Rg and 69.5° magnetic latitude (location of the
triangle in Figure 3.1). The universal time indicated for each EUV image refers to the
center of the 10-minute integration window. The size and location of the Earth are
indicated by the dashed circle, and the Sun direction is indicated by a black arrow.
The shadow of the Earth is faintly visible in the anti-sunward direction due to the
lack of solar illumination on the nightside of the Earth. Imperfect flat-fielding in the 3
camera heads appears as two vertical dark narrow bands across the image, indicated
by the 2 white arrows. The haze around the Earth is the He™ distribution in the
plasmasphere. The dayside limb of the Earth exhibits a bright arc that contains the
30.4-nm He™ emission as well as some leakage of neutral He airglow at 58.4-nm into
the instrument passband.

Figure 3.4 was taken in the aftermath of a geomagnetic disturbance during which
Kp reached a maximum value of 5+. The azimuthal structure of the plasmasphere is
generally typical of that observed during disturbed periods, and the dynamic devel-

opment of the features seen in Figure 3.4 is examined in Chapter 4.

3.3.1 Mapping EUV Images to the Equatorial Plane

As the spacecraft moves along the orbit from point EUV A to EUV B in Figure 3.1,
the distance to the plasmasphere as well as the viewing angle continuously change. In
view of such variations, the first step in the analysis of EUV data is to eliminate (or
attempt to minimize) the distortion in the images due to the changing perspective
by mapping the images to the magnetic equatorial plane. Throughout this section,
we assume that the Het distribution as seen by EUV can be used as a proxy for the

entire plasmasphere, and that the “sharp” intensity gradient in the He™ distribution
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can be reliably associated with the plasmapause boundary. This assumption is further

investigated in Section 3.4.

Mapping the Plasmapause to the Equatorial Plane

Figure 3.5a shows a model He™ distribution in the dawn meridional plane shown
with a logarithmic color scale. An equatorial electron density distribution was taken
from the Global Core Plasma Model (GCPM) [Gallagher et al., 2000] for MLT = 06
and Kp = 3—, and He"™ was assumed to uniformly comprise 10 % of the total ion
distribution. The equatorial He' density profile used is shown in Figure 3.5b. A
diffusive equilibrium model was used for the distribution of He' along the geomagnetic
field lines. The expression for the density along the magnetic field line normalized to
the equatorial density was taken from Park [1972], and a plasma temperature of 1 eV
was assumed.

The red and green lines in Figure 3.5a represent two different possible lines of sight
from the vantage point of the EUV instrument through the He™ distribution. Both
lines of sight are tangent to the plasmapause boundary (L = 4.53) but at different
geomagnetic latitudes (red: A =0°, green: A =20°). Figure 3.5¢ shows the model
He™ distribution along each line of sight. The distribution is plotted as a function
of distance, in L, away from the minimum L (L, =4.53 for both lines). There is
a rather sharp peak in the distribution due to the contribution from L values very
near the minimum L. The —3 dB full width of both peaks is ~0.04 L. Therefore, the
contribution to the line of sight column density is primarily due to the contribution
from the minimum L value when the line of sight is tangent to the plasmapause,
regardless of the viewing angle. There is very little contribution to the line of sight
column density from L > L;,.

In order to use these types of considerations to eliminate the effects of the changing
perspective, two additional assumptions must be made: (1) the plasmapause is a
field aligned surface, and (2) a tilted dipole magnetic field model can be reliably used
throughout the field of view of the EUV instrument. The second assumption is the
more tenuous of the two especially in regions where L is greater than approximately 5

and during periods of moderate to strong geomagnetic activity. However, the dipole
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assumption greatly reduces the complexity of the mapping routines that need to be
used.

Using software routines provided by the EUV instrument team, the plasmapause
boundary as observed in the global EUV images is mapped to the magnetic equatorial
plane as follows. The points corresponding to the plasmapause boundary are manu-
ally selected along the sharp brightness gradient on each image. Figure 3.6a shows
the plasmapause locations selected manually for the image of Figure 3.4. Next, the
minimum L along the line of sight is found for each selected point, and the field line
is traced to the magnetic equator (XYgy plane) using a centered, tilted dipole model.
Figure 3.6b shows the mapping of the selected points plotted as function of L versus
magnetic local time (MLT). Concentric dotted circles are spaced 1 Rg apart, and
L =4 is indicated by the dashed circle. MLT spokes are drawn every 2 hours with
noon being in the +Xgy direction. The uncertainty associated with this mapping
method is discussed in Section 3.4.

A plasmapause location is selected only at local times for which a sharp brightness
gradient can be identified. In some cases, the plasmapause boundary may lie outside
the field of view or the brightness may fall off gradually with distance so that no
sharp gradient can be reliably identified. In this context, it is important to note that
Goldstein et al. [2003a] and Moldwin et al. [2003] have estimated the lower sensi-
tivity of the EUV cameras to be equivalent to 30 — 50 electrons cm™3. Accordingly,
those transitions that represent a “sharp” density change, from typical plasmaspheric
densities of several hundreds of electrons per cm™ to several tens of electrons per

cm~? within about a half an Ry, are best suited for this type of visual identification.
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Figure 3.5. (a) The model He™ distribution in the dawn meridional plane con-
structed using a equatorial profile shown in (b) and assuming a diffusive equilibrium
distribution along the field lines. Two line of sights (red and green) pass through a
minimum L (Lyi,) of 4.53. (¢) The He™ distribution along the two line of sights, red
and green lines in (a), showing that the maximum contribution to the column density
comes from field lines within 0.05 L of Ly;y,.
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EUV Image 10 Jun 2001 06:12 UT EUV Mapped Plasmapause Locations

Figure 3.6. (a) An EUV image from June 10, 2001 at 06:12 UT, with the plasma-
pause locations indicated by the white squares. (b) The equatorial mapping of the
plasmapause locations from (a) using the minimum L technique.
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Mapping the Entire He' Distribution to the Equatorial Plane

The technique described in the previous section can also be used to map points interior
to the plasmapause to the geomagnetic equatorial plane although the uncertainty
associated with such a mapping is higher than that for the mapping of just the
boundary points. This increased uncertainty can be seen in Figure 3.7 in which the
same meridional density distribution as in Figure 3.5 has been used, but with the two
lines of sight being tangent to a field line (L =3.53) interior to the plasmapause. There
still are peaks in the He™ density along the line of sight (Figure 3.7¢) corresponding to
the minimum L value, but there now are also significant contributions from L > L ;..
The —3 dB width of the peaks is greater than a third of an L, but once again we see
that the line of sight distribution is not strongly dependent on the viewing angle.

Figure 3.8 shows the EUV image of June 10, 2001 at 06:12 UT with each pixel
mapped to the magnetic equatorial plane using the minimum L technique. The format
is similar to that of Figure 3.6b with being noon to the right and white dashed circle
corresponding to L =4. The image has also been calibrated so that the color scale
is the log of the He column density, in cm~2, along the line of sight of each pixel.
The calibration is a function of the instrument response as well as the input solar
30.4-nm flux which varies daily and is obtained from the SOLAR2000 empirical solar
irradiance model [Tobiska et al., 2000].
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Model He" Distribution Equatorial Profile
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Figure 3.7. The format is the same as that of Figure 3.5, but in this case the lines
of sight are tangent to a field line interior to the plasmapause (L, =3.53) and thus
there is more contribution to the column density from L values greater than L.
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EUV Mapped Image 10 Jun 2001 06:12 UT

6
5 111.5
48 N
e
5 [&]
: =
2 £
c
11 &8
= =
>_ O ,,,,,,, E
>
S
O
+
-2 T
' 105 o
S
-4 &
-6
245 10
-6 -4 -2 0 2 4 6
XSM

Figure 3.8. The EUV image from Figure 3.4 with each pixel mapped to the magnetic
equatorial plane using the minimum L technique.
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3.4 The He™ Edge and the Plasmapause

Since the ratio of the He' density to the total number density within the plasmas-
phere is known to vary both spatially and temporally [e.g., Craven et al., 1997], it is
necessary to investigate the degree to which the He't distribution as seen by the EUV
instrument can be used a proxy for the entire plasmasphere. In the EUV images the
plasmapause is assumed to be the outermost sharp edge where the intensity of the
30.4-nm radiation drops “abruptly”, henceforth called the “He™ edge”. A quantita-
tive test of this assumption is made possible by comparing the location of the steep
electron density gradient at the plasmapause observed in situ by RPI to the location
of the He™ edge observed by EUV when the satellite is near apogee. The results of
this study were originally published as Goldstein et al. [2003a].

3.4.1 Methodology

A statistical analysis was performed for all inbound (dawn local sector) plasmapause

crossing for the month of June 2001 using the following methodology:

1. For each dawnside plasmapause crossing, a steep gradient was visually identified
in the RPI dynamic spectrogram. A line segment of n. versus L was recorded

for each gradient.

2. Two EUV images were selected, one before and one after the RPI-observed
plasmapause crossing. The time difference between the RPI measurement and

each of the EUV images was minimized.

3. From each image the Het edge was extracted at approximately the same mag-
netic longitude as the RPI gradient (typically within 1°— 2°), implicitly assum-
ing that the plasmasphere strictly corotated in the intervening time between

the measurements.

4. The L values of the RPI gradients and the EUV He' edges were compared.
When possible, the EUV L value was calculated as an average of two EUV

images that bracketed the RPI measurement in time. This averaging was found
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IMAGE Orbit 10 Jun 2001
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Figure 3.9. IMAGE orbit from June 10, 2001 showing the location of the RPI
measurement of the dawn side plasmapause crossing (“2”) and the two EUV images
closest in time to that crossing (“1” and “3”).

necessary to minimize the effects of inward or outward drifts of plasmaspheric
flux tubes or expansion of the plasmasphere due to refilling in the intervening

time.

The procedure 1 to 4 was attempted for the dawnside plasmapause crossings in
each of the 51 orbits of the IMAGE satellite during June 2001. Duskside plasmapause
crossings were not included in this study. Two of the 51 orbits had RPI line segments
for which both of the endpoints were below 50 cm ™2 and were excluded on the grounds
that such low densities were near or below the lower sensitivity threshold of EUV.
Two of the orbits had no available/interpretable EUV images. Out of the remaining
47 orbits, 15 orbits had only one EUV image (either before or after the RPI mea-
surement) that permitted reliable extraction of the Het edge. Thus, 47 orbits were
analyzed using this methodology: 32 used two EUV measurements per RPI dynamic
spectrogram, and 15 used only one EUV measurement per RPI dynamic spectro-
gram. The maximum time difference between the RPI and EUV measurements was

10.8 hours, and the average time difference was 4.6 hours.
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RPI Electron Density, 10 Jun 2001
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Figure 3.10. Density profile extracted from the RPI dynamic spectrogram on June
10, 2001. The dawnside plasmapause gradient is identified as the bold line segment
labeled “2”.

3.4.2 Example Cases

We use the orbit from June 10, 2001 (Figure 3.9) as an example to illustrate the
details of the methodology outlined above. Figure 3.10 shows the electron density
profile extracted from RPI data (as described in Section 3.2.1) obtained from 15:00
to 18:00 UT on this day. IMAGE crossed the dawnside plasmapause at 15:30 UT
(location labeled “2” in Figure 3.9). The steep gradient in electron density is shown
by a single line segment over-plotted on the density profile as a bold line. The two
endpoints of this line segment (indicated as filled circles) both occur at 7.4 MLT. The
outer (inner) endpoint has an L value of 2.9 (2.6).

EUV images for this orbit were produced during two intervals, 04:21 —13:35 UT
and 19:21 — 23:57 UT. The two EUV images closest in time to the 15:30 UT plasma-
pause crossing are therefore from 13:35 UT (~ 2 hours before) and 19:21 UT (~4
hours after). In Figure 3.9, these locations are labeled as “1” and “3” respectively.
The extracted He™ edges from these two times are shown in Figure 3.11. The location
of the RPI observed plasmapause gradient is shown both at the MLT of the original
measurement (open circles) and at the MLT assuming strict corotation of the plas-

masphere, i.e., rotated —1.91 hours of MLT in panel “1” and rotated +3.85 hours of
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10 Jun 2001 13:35 UT 10 Jun 2001 19:21 UT
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Figure 3.11. The extracted He™ edges from the two EUV measurements which
bracket in the time the RPI plasmapause crossing. The original MLT and L of the
RPI gradient are shown as a pair of open circles, and the MLT assuming corotation
of the plasmasphere is shown as a pair of open triangles.

MLT in panel “3”.

In this example, when the plasmapause is assumed to corotate in the intervening
time between measurements, there is excellent agreement between the RPI measure-
ment of the plasmapause density gradient and the location of the He™ edge as mea-
sured by EUV both before and after the RPI measurement. This same information
is displayed in a slightly different way in Figure 3.12. The RPI gradient is shown as
a line segment of electron density versus L and the L location of the He™ edges are
shown as vertical lines. This example suggests that the Het edge is indeed a visual
signature of a steep density gradient at the plasmapause.

As can been seen in Figure 3.12, any azimuthal variation in the plasmapause
radius can effect the comparison between the in situ measurement of the density
gradient and the Hetedges, especially if the assumption of strict corotation is violated.
While corotation is a reasonable assumption on the dawnside, it may be a very poor

assumption in the dusk sector [Carpenter and Park, 1973]. In addition, shallow
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Figure 3.12. RPI measurement of the plasmapause gradient overlayed with the L
location of the He™ edges as observed by EUV on June 10, 2001.

density gradients with no clear plasmapause appeared more frequently in the RPI
duskside plasmapause crossings. Thus, duskside plasmapause comparisons were not
included in our statistical study.

In addition to spatial variations, temporal changes in the plasmapause location
due to varying geomagnetic activity would tend to decorrelate the RPI and EUV
measurements. In general, during active conditions the plasmapause can be expected
to move inward on the dawn sector (on times scales as fast as an hour or two)
while during recovery periods, we expect the boundary to drift outward and the
plasmasphere to slowly refill (over the course of one to several days). Thus, it is
useful to consider the geomagnetic conditions when comparing temporally separated
plasmapause measurements.

The values of the Kp index for June 10, 2001 (Figure 3.13) indicate that all three
measurements (i.e., “17, “2”7 and “3” as shown in Figure 3.9) were made in the
aftermath of a geomagnetic disturbance which occurred early in the day, and hence
the plasmapause was observed to be at L < 3 in all three measurements. However,

Kp was fairly steady in the intervening time between the three measurements, and
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Figure 3.13. The Kp index for June 10, 2001 with the times of the RPI and EUV
measurements identified.

thus good agreement between the measurements can be expected.

In contrast to the case of good agreement between the two EUV images and the
RPI in situ measurements, Figure 3.14 illustrates a case on June 2, 2001 when the
plasmapause was observed to move progressively inward between the three measure-
ments. The Kp index from this time (Figure 3.15) indicates relatively strong activity,
consistent with inward motion of the plasmapause.

The third example (Figure 3.16), illustrates a case of outward motion of the bound-
ary during a period of relatively low geomagnetic activity (Figure 3.17). In this case
the outward motion is attributed to outward drifting flux tubes and/or refilling of

flux tubes during this period of recovery.
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Figure 3.14. RPI and EUV measurements from June 2, 2001 showing an inward
progression of the plasmapause.
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Figure 3.15. The Kp index for the observed inward motion of the plasmapause on
June 2, 2001.
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Figure 3.16. RPI and EUV measurements from June 25, 2001 showing an outward
progression of the plasmapause.
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Figure 3.17. The Kp index on June 25, 2001 indicates relatively quiet geomagnetic
conditions.
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Figure 3.18. Correlation between the closest-in-time EUV measurement of the
He™ edge and the RPI midpoint L value of the density gradient. The length of the
horizontal bar on each data point is inversely proportional to the steepness of the
density gradient.

3.4.3 Statistical Analysis

The two cases of temporal variation of the plasmapause position illustrated in Fig-
ures 3.14 and 3.16 are not atypical. Of the 32 orbits in which there were two EUV
measurements available (with an average time difference of ~9 hours), approximately
two-thirds showed plasmapause displacements of 0.5 L or more.

One way to minimize the effects of the temporal separation of the measurements
is to compare the EUV measurement that occurred closest in time to the RPI plasma-
pause crossing. Except in the case where EUV data gaps occurred, the closest EUV
measurement was typically taken a few hours before the RPI measurement. The re-
sults of this comparison are shown in Figure 3.18 where the RPI L is defined as the

L value at the midpoint of each RPI density gradient line segment. The length of the
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Figure 3.19. Correlation between the average EUV L (includes orbits with both
one and two EUV measurements available) and the RPI L.

horizontal bar on each data point is

[A(log ne)} -1
AL
representing the uncertainty in the assessment of the plasmapause position which is
inversely proportional to the steepness of the RPI density gradient. The solid diagonal
line indicates perfect agreement between the two measurements, and 36 out of the 47
data points (77 %) are within 0.5 L of perfect agreement (the dotted diagonal lines).
There appears to be slightly less scatter in the steeper gradients (short horizontal
lines). The correlation between the closest (in time) EUV measurement (Lguv closest)
and the RPI measurement (Lgpr) is 0.83 (highly significant).
A second way to minimize the effects of erosion or recovery in the intervening time
between the measurements is to take advantage of the fact that 32 orbits had two
EUV measurements available, one before and one after the RPI measurement. Thus,

an average of the two EUV measurements (Lgyv avg) Was constructed to compare
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Figure 3.20. Correlation between the average EUV L (includes only those orbits
with exactly two EUV measurements available) and the RPI L.

with the RPI measurement. In the example event of June 25, 2001 (Figure 3.16), the
average of the two EUV measurements is several tenths of an L closer to the RPI
measurement than either EUV measurement alone. For the June 2, 2001 case, the
closest in time measurement and the average measurement are equidistant from the
RPI measurement so that the averaging does not change the comparision. Figure 3.19
shows the correlation between Lgyv avg and Lrpr. This plot contains all 47 orbits and
thus includes orbits for which only one EUV measurement was available. When the
average EUV measurement is compared to the RPI measurement 55% of the points
are within 0.25 L of perfect agreement and 81 % are within 0.5 L. The correlation
coefficient is 0.86 (highly significant). The tendency of steeper gradients to be less
scattered from the center line is more pronounced.

Figure 3.20 also presents a plot of Lgyvy ave Versus Lrpr, but in this case includes
only the 32 orbits for which there were exactly two EUV measurements available for

averaging. The correlation coefficient in this case is 0.87 (highly significant).
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Figure 3.21. Comparison of the two independent EUV He™ edge extractions. The
solid diagonal lines indicates perfect agreement and the dotted lines are + 0.25 L.

One source of error in this study is the intrinsic subjectivity involved in the man-
ual extraction of the Het edges from the raw EUV images. As an attempt to quantify
this uncertainty, two versions of this study were performed independently. Two in-
dividuals separately performed the extraction of all the EUV edges corresponding to
the RPI gradients for each of the orbits in June 2001. The difference between the two
measurements was judged to be the uncertainty due to subjectivity in the EUV edge
extraction. Figure 3.21 shows a comparison of the two independent extractions. The
difference was less than 0.25 Ry for 73 % of the images. The images for which there
was greater than 0.25 Rg difference tended to correspond to a gradual roll-off in the

intensity of the image rather than a sharp, well-defined He™ edge.

3.4.4 Conclusions

In examining a month of RPI and EUV data, we have found an excellent correlation

between steep electron density gradients measured in situ by RPI and He™ edges
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observed in the EUV images. Maximum correlation between the data sets is found
when the RPI measured plasmapause location is compared to an average of two
EUV measurements which bracket (in time) the RPI measurements. The averaging
appears to reduce the effects of erosion or recovery in the intervening hours between
the measurements and a correlation coefficient of 0.87 is obtained. Based on our
results, we conclude that a well-defined He™ edge may be reliably interpreted as the

plasmapause.



Chapter 4

The Global Response of the
Plasmasphere to a Geomagnetic

Disturbance

In this chapter, we use global images of the plasmasphere obtained by the Extreme
Ultraviolet (EUV) imager on the IMAGE satellite to study the evolving structure of
the plasmasphere during two geomagnetic disturbances. By tracking the location of
the plasmapause as a function of L shell and magnetic local time, quantitative mea-
surements of radial and azimuthal motions of the boundary are made for intervals >7
hours in duration with a time resolution of 10 minutes. The two cases presented are
June 26 — 27, 2001, a period of relatively weak but isolated geomagnetic disturbance,
and June 9 — 10, 2001, a period moderate disturbance activity with a multi-staged
onset and recurring substorm activity after the main disturbance.

In support of the global images, in situ density measurements available from sev-
eral instruments were used. The density of ions in the range of ~ 1—130 eV/q
are provided by the Los Alamos magnetospheric plasma analyzers (MPA) [Bame et
al., 1993; McComas et al., 1993] onboard two geosynchronous satellites (L = 6.6)
1991—080 and 1994—084. Electron density profiles are also obtained from passive
mode dynamic spectrograms recorded by the IMAGE Radio Plasma Imager (RPI)

when the satellite is at low magnetic latitudes.

58
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The results of this study were originally published as Spasojevic¢ et al. [2003].

4.1 Case I: June 26 — 27, 2001

On the 26th through 27th of June, 2001, the magnetosphere experienced a mild geo-
magnetic disturbance, and the response of the plasmasphere was observed globally by
IMAGE EUV and in situ by the LANL MPA instruments and IMAGE RPI. Although
a relatively weak substorm-related disturbance with Kp reaching a maximum value
of 4, this is a particularly interesting study period because of the isolated nature of
the event. For over 40 hours prior to the onset of the disturbance, Kp remained <2,
and immediately after the disturbance Kp dropped to < 1— for over 30 hours. The
geomagnetic and solar wind conditions for a 30 hour period from 04:00 UT on the
26th through 20:00 UT on the 27th of June 2001 are shown in Figure 4.1. From top
to bottom, the panels indicate Kp, SYM-H which is essentially a 1-minute version
of the Dst index, AE, polar cap potential (PC'P) derived from measurements from
the SuperDARN radar network [Shepherd and Ruohoniemi, 2000], and solar wind B,
from ACE MAG [Smith et al., 1998] time shifted by 54.8 minutes to correspond to
the average propagation time to the magnetopause for this interval. The solar wind
dynamic pressure (not shown) for this interval as observed by ACE SWEPAM [Mc-
Comas et al., 1998] stayed relatively constant at values <3.7 nPa. During this time
period, there are three intervals for which global EUV images of the plasmasphere
are available (indicated by the matching sets of vertical lines): June 26, 05:56 — 14:27
UT; June 26, 18:53 — June 27, 03:55 UT; and June 27, 10:22 — 18:23 UT.

4.1.1 Quiet Geomagnetic Conditions

The series of EUV global images from 05:56 to 14:27 UT on June 26, 2001, between
the dashed lines in Figure 4.1, captured the onset of the geomagnetic disturbance
on June 26, 2001. Figure 4.2a shows the EUV extracted plasmapause location at
08:59 UT on June 26 before the disturbance onset plotted in the equatorial plane as

a function of L (or R) versus magnetic local time (MLT). The view is from the north
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Geomagnetic Conditions 26, 27 June 2001
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Figure 4.1. Geomagnetic and solar wind conditions for a 40 hour period from 04:00
UT on June 26, 2001 to 20:00 UT on June 27, 2001. From top to bottom, the panels
indicate Kp, SYM-H, AFE, polar cap potential (PCP), and solar wind B, (in GSM
coordinates) from ACE MAG time shifted by 54.8 minutes. Intervals between sets
of matching vertical lines indicate time periods for which EUV global images of the
plasmasphere are available.
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EUV Plasmapause 26 June 2001 08:59 UT
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Figure 4.2. (a) The EUV extracted plasmapause location at 08:59 on June 26, 2001
before the onset of a weak geomagnetic disturbance. The view is from the north pole
and the sun is to the right. Concentric dotted circles are spaced 1 Rg apart, L =4
is indicated by the dashed circle, and MLT spokes are drawn every 2 hours. (b) Ion
number density observed along geosynchronous orbit indicating a dayside bulge of
plasmaspheric plasma.
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pole and the sun is to the right. Concentric dotted circles are spaced 1 Rg apart,
and L =4 is indicated by the dashed circle. MLT spokes are drawn every 2 hours.
At this time the average plasmapause location was L~5 as may be expected under
quiet conditions. However significant azimuthal variation in the plasmapause radius
was observed with a minimum of L =3.3 near 19.6 MLT and a maximum of greater
than 6.6 on the dayside where between 10.9 and 14 MLT the boundary was outside
the field of view of EUV.

The MPA instrument on LANL satellite 1994—084 also observed a bulge of plas-
maspheric plasma along its geosynchronous orbit (L = 6.6) throughout most of the
dayside (Figure 4.2b). The local time extent of this bulge is indicated as the local
time between the open square and open right-facing triangle in Figure 4.2a.

EUV commonly observes variations in the plasmapause radius with local time
on the order of 1 —2 Rg during quiet periods that can persist for as long as 60
hours [Sandel et al., 2003]. This observation is consistent with a statistical analysis
by Moldwin et al. [1994] in which it was noted that, during low activity levels, a
geosynchronous satellite can commonly encounter bulges of plasmaspheric plasma
with a range of local time durations throughout the day and evening portions of its
orbit.

4.1.2 Disturbance Onset
Erosion on the Nightside

Beginning after 11:20 UT EUV images captured an inward movement of the plasma-
pause in the midnight to dawn local time quadrant. The approximate local time
sector is labeled A in Figure 4.2a although by 11:20 the sector had rotated such that
the western edge was located near midnight. No inward movement of the boundary
could be detected at any other local time, yet it should be noted that the plasmapause
in the dusk to midnight quadrant was already at reduced L.

Figure 4.3a shows the progression of the boundary plotted as L shell versus mag-
netic local time. Each curve represents the extracted plasmapause location at the

universal time specified in the legend. Near the end of the interval as the IMAGE
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EUV Plasmapause Locations, 26 June 2001

Average Location for 3 < MLT <4
5.5p - - - -

5— :
a e o b
L]

48 ° o

4.6}
e

- — 4.4
45} 11:02UT ]
—e 12:03
| = 12:35 | 42
—v 13:05
4 —— 13:36 4 |
| < 14:06 |
—o— 1427 n\“\:n\nm
' ' ' ' ' 3.8 ' ' ' '
0 1 2 3 4 5 10:00 11:00 12:00 13:00 14:00
MLT uT

Figure 4.3. (a) Plasmapause locations in L for in the 00 — 05 MLT sector at selected
universal times. (b) The average plasmapause location is tracked between 3 and 4
MLT in all EUV images between 10:00 and 14:30 UT.

satellite moved toward perigee, the plasmapause boundary began to move outside of
the field of view of the EUV instrument. Hence after 13:05 UT, the plasmapause
location was available in only a limited local time sector until the EUV cameras were
turned off after the image at 14:27 UT. Figure 4.3b shows the average plasmapause
location in the local time sector 3 < MLT < 4 plotted as L versus UT. Plasmapause
locations from all available EUV images from 10:00 UT to 14:30 UT are included.
Beginning after ~11:30 UT, the plasmapause began moving inward in L at an average
rate of 0.20 L per hour of UT, calculated in a linear least-squares sense. Subsequently
from ~ 13:15 to 14:27 the average erosion rate increased to 0.56 L per hour of UT.
Both the initial onset of erosion and the increase in the rate were correlated with
southward turnings of the IMF B,. At 11:00 UT, a southward turning of the IMF
which lasted about 45 minutes reached the magnetopause. After ~ 32 minutes the
PCP began to rise, and the plasmapause began moving inward. Then at ~12:30 UT
B, turned and remained steadily southward for >5 hours. This longer period of south-
ward IMF is correlated with the increased average erosion rate. The instantaneous

radial velocity of the plasmapause (dL/dt) in the post-midnight sector calculated
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from each of the points in Figure 4.3b was correlated with high statistical significance
with both the polar cap potential and the IMF B, (time shifted by 32 minutes in
addition to propagation delay from the ACE satellite to the magnetopause). This
result is consistent with the recent report of Goldstein et al. [2003b] discussing the
timing between the IMF B, and another EUV observed plasmaspheric erosion event.
The additional time delay for the IMF B, is attributed to a combination of the delay
due to propagation from the magnetopause to the ionosphere and the ionospheric

reconfiguration time [Goldstein et al., 2003b and references therein)].

Smoothing of Azimuthal Features

While the EUV images captured inward motion in the post-midnight sector, flows in
the pre-midnight sector led to a smoothing of the azimuthal features labeled sectors
B and C in Figure 4.2a. For ~5 hours from 9 UT to 13 UT, the average rotation rate
of the features in sector B was estimated to be ~60 % of the corotation velocity, while
sector C rotated at only ~30% of corotation. The differential rotation in the dusk
to midnight quadrant led to distortion and essentially a smoothing of the azimuthal

features seen in Figure 4.2a.

4.1.3 Disturbance Main Phase

After 14:27 UT, the EUV cameras were turned off for ~ 4.5 hours as the IMAGE
satellite passed through perigee. The next available sequence of EUV images, iden-
tified as the time period between the solid vertical lines in Figure 4.1, captured the
formation of a plasmaspheric plume in the noon to dusk quadrant. The interval began
with Kp at its maximum value of 4 for the disturbance. The IMF B, component was
primarily southward during this interval but approached and remained near zero for
several hours. The end of the EUV measurement interval at 03:55 UT on June 27
coincided with an abrupt northward turning of the IMF and a drop in the cross polar
cap potential after which Kp and AF began to steadily decline and SYM-H (Dst)
began to recover from its minimum value of —33 nT.

Figure 4.4 shows a sequence of selected EUV plasmapause locations from this
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EUV Plasmapause Locations 26, 27 June 2001
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Figure 4.4. EUV extracted plasmapause locations from June 26 — 27, 2001, showing
the formation of a plasmaspheric plume and a morningside shoulder. The black square
in (f) and the triangle in (h) indicate the approximate UT and MLT times between
which in situ density observations of the plume are available (Figure 4.6).
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Figure 4.5. The MLT location at which the western edge of the plume crossed
L=4.5is tracked as function of UT. The plume rotated at 0.79 of corotation until it
crossed MLT =~ 14 where it slowed to 0.21 of corotation.

interval. Figure 4.4a corresponds to the image taken at 19:33 UT when the satellite
was still at a relatively low magnetic latitude (A ~ 64°) such that the plasmapause
gradient in the noon to dusk sector was outside of the field of view of the EUV
cameras. A comparison of Figure 4.2a and Figure 4.4a shows the inward displacement
of the plasmapause boundary across the morningside and the loss of a large volume
of plasma especially from 8 to 10 MLT.

By 21:04 UT (Figure 4.4b) IMAGE had moved to a higher latitude and the dusk-
side plasmapause had come into the field of view. Near midnight, the plasmapause
was located at L ~3.5 while plasmaspheric plasma extended to L > 6 between noon
and 16 MLT. The azimuthal irregularities in the plasmapause radius in the dusk to
midnight quadrant seen in Figure 4.2 are no longer apparent, and in fact the nightside
plasmapause through the entire sequence appears smooth at least to the resolution
of EUV.
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Plume Formation

The formation of a plasmaspheric plume can be seen in this sequence as the plasma-
pause appeared to stagnate in the pre-dusk sector forming the eastern edge of the
plume while the western edge of the plume, indicated by the arrow in Figure 4.4a,
moved steadily across the noon sector. By 03:34 UT (Figure 4.4h) a distinct plume
of cold plasma extended sunward and the minimum plasmapause radius of L =2.5
was located in the local time sector just west or noonward of the plume.

Figure 4.5 tracks the rotation rate of western edge of the plume as a function
of UT. Each point represents the MLT location at which the plasmapause on the
western edge of the plume crossed L = 4.5 for each EUV image from 19:30 UT on
June 26, to 04:00 UT on the 27th. From 19:30 to 00:20 the plume edge moved from
~10 to 14 MLT at a rate of 0.79 hours of MLT per hour of UT (or equivalently at
79 % of corotation). Once the edge of the plume crossed 14 MLT, its rotation rate
slowed considerably to 21 % of corotation.

While azimuthal flows on the dayside formed the western edge of the plume, the
location of the plasmapause boundary across the afternoon and evening sector re-
mained relatively stationary, thus forming the eastern edge of the plume. However,
there was some motion in those local time sectors. For example from 00:09 UT to
01:10 UT (Figure 4.4e —f) at 18 MLT the plasmapause moved earthward about 0.6
Rg. This motion can be attributed to unsteady convection due to the variable solar
wind IMF during this period. For instance, the radial velocity of the plasmapause at
22 MLT during this period (19:33 UT — 03:55 UT) was correlated with high statis-
tical significance to the strength of IMF B, with southward IMF leading to radially
inward motion. For maximum correlation, the IMF data were shifted an additional
20 minutes.

On the other hand, there does not appear to be a correlation between a change in
the IMF and the decrease in the azimuthal velocity of the western edge of the plume
(Figure 4.5). It appears that the transition in azimuthal flow may be attributed to
the spatial distribution of the magnetospheric flow pattern rather than a temporal
change in that flow although it is perhaps unexpected that the transition should occur

over such a narrow range in local time.
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Figure 4.6. In situ density measurements of the plume made by LANL satellites
1991—080 and 1994—084 at geosynchronous orbit. (a) The density structure within
the plume as it was observed early in the day on June 27, 2001 in the afternoon sector.
(b) Reduced densities were observed in the plume later in the day after it had rotated
to the pre-midnight sector. The square and triangle (star and right-facing triangle)
in panel a (b) correspond to the L and MLT locations indicated in Figure 4.4 (4.7).

Plume Density Structure

The black square in Figure 4.4f at MLT ~ 13.5 and the triangle in Figure 4.4h at
MLT =~ 15.7 indicate the approximate universal and magnetic local times between
which the MPA instrument of the LANL 1991—080 satellite encountered the plume
at L=6.6. The location of the western edge of the plume (square) is well correlated
between the EUV and MPA measurements. However, there is disagreement in the
location of the eastern edge (triangle) possibly due to the sensitivity threshold of
EUV or the dipole field assumption used in the mapping routines.

The cold ion density profile measured by MPA within the plume is shown in Figure
4.6a. Although not apparent in the global image (perhaps due to the line of sight

integration), the plume contained a great deal of irregular structure with average
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fluctuations that were ~60 % of the mean density value.

Azimuthal Structure

In addition to the formation of the plume, there are several other features of interest
in Figure 4.4. Although the nightside plasmapause location varies considerably from
L=5.1 at dusk to L=3.4 at dawn, the variation is quite smooth in azimuth. Yet in
the local time sector from approximately dawn to the western edge of the plume, the
plasmapause exhibited highly irregular azimuthal structure. This irregular structure
can be seen particularly well in Figure 4.4b —e, which correspond to EUV images
taken when the IMAGE was at the highest magnetic latitudes so that the distortion
of the images due to viewing angle was minimized. These mesoscale variations or
“crenulations” on the plasmapause surface are on the order of a few tenths of an Rg
and appear to be limited to the local time sector between dawn and the western edge
of the plasmaspheric plume.

The formation of a morningside bulge or plasmaspheric “shoulder” was also seen
during this event. The appearance of shoulders in EUV global images was first re-
ported by Burch et al. [2001]. Goldstein et al. [2002, 2003c| in studying two such
EUV observations, May 24, 2000 and July 28 — 29, 2000, have proposed that plasma-
spheric shoulders can be created in response to an overshielding condition triggered
by sudden and strong northward IMF turnings. Overshielding leads to radially out-
ward flows concentrated in the pre-dawn local time sector, producing a bulge which
then rotates eastward. Goldstein et al. [2002] acknowledged that shoulders may also
form under other circumstances as well, for example as a result of outflows in the pre-
noon sector resulting from an undershielding condition, and unfortunately in both
events studied the initial formation of the shoulder was not observed and the view
was limited to the time of its subsequent rotation across the dayside.

The shoulder formation of June 26 — 27, 2001, appears to be initiated by a north-
ward turning of the IMF at ~21:15 UT. After a time delay of ~30 minutes, outward
motion was observed across the entire nightside plasmapause while the plasmapause
location in the post-dawn sector remained about the same (Figure 4.4c —d). Sub-

sequently at 23:15 the IMF turned southward, and once again after a delay of ~ 30
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minutes, the nightside plasmapause began moving inward (Figure 4.4e — f). However,
in the intervening time between the northward and southward turnings, plasma from
the pre-dawn sector corotated to the post-dawn sector so that following the southward
turning and the inward motion pre-dawn, a bulge remained in the post-dawn sector
(arrow in Figure 4.4e. The bulge or shoulder continued to rotate eastward, and as it

approached the pre-noon sector, began moving outward in L (Figure 4.4g — h).

4.1.4 Recovery Phase

By the time of the third EUV interval indicated as the time period between the dot-
dashed lines in Figure 4.1, geomagnetic conditions had quieted significantly, and the

magnetosphere was in a recovery phase.

Plume Rotation

A sequence of four EUV extracted plasmapause locations from this interval is shown
in Figure 4.7. Figure 4.7a was taken ~ 6.8 hours after Figure 4.4h in which time
the entire plasmaspheric plume rotated ~ 4.25 hours of magnetic local time to the
post-dusk sector. The irregular azimuthal structure observed earlier just west of the
plume still persisted and a wide bulge had formed pre-noon. It is likely that the
plume began to rotate through the dusk sector sometime around or after 04:00 UT
corresponding to the abrupt drop in the polar cap potential.

The rotation rate of the plume was measured by tracking the MLT location of the
L =4 plume crossing for each EUV image from 10:22 to 17:43 (Figure 4.8). Both the
western and eastern edges of the plume rotated at 87 % of corotation for the entire

interval.

Density Structure

Prior to the EUV image at 10:22, the IMAGE satellite passed through perigee, and
the electron density profile along the orbit was measured by RPI (Figure 4.9a). Figure
4.9b is a dawn to dusk meridional slice (viewed from the sun direction) indicating the

orbit of the IMAGE satellite along with shading where RPI encountered regions of



CHAPTER 4. THE GLOBAL RESPONSE OF THE PLASMASPHERE 71

EUV Plasmapause Locations 27 June 2001
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Figure 4.7. EUV extracted plasmapause locations from June 27, 2001 showing the
rotation of the plume across the nightside. In situ density measurements are available
between the down-facing triangle and the diamond (star and right-facing triangle) in
Figure 4.9 (4.6).
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Figure 4.8. The MLT location at which both the eastern and western edge of the
plume crossed L =4.0 is tracked as a function of UT.

enhanced electron density. On the inbound portion of the orbit (dawn), RPI measured
the steep plasmapause gradient at L ~3.4. As the satellite then traveled outbound
in the dusk sector, RPI measured a steep gradient at L ~ 2.6 which corresponds
to the sector of low L just west of the base of the plume in Figures 4.4h and 4.7a.
An outlying region of enhanced density was then observed between L ~ 4.5 and
L~6.1. This outlying density region was the mid-latitude field-aligned extension of
the plasmaspheric plume at an intermediate MLT position between Figures 4.4h and
4.7a. The black diamond and triangle in Figure 4.7a correspond to those of Figure
4.9 and indicate the L extent of the plume as measured by RPI.

The peak electron density in the plume region was 168 cm™3 at the lower L edge
of the plume (which corresponds to the western edge as observed by EUV), and the
density within the plume varied relatively smoothly. Although the RPI data show a
smoother profile than that observed by MPA (Figure 4.6a), it should be noted that
the spatial and temporal resolution of RPI (147 seconds, 520 km in the plume region)
is about half that of the MPA instrument (86 seconds, 254 km).
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Figure 4.9. (a) In situ electron density profile observed by IMAGE RPI along the
orbit of panel (b). Shaded regions in (b) indicate where RPI encountered the main

plasmasphere in the dawn and dusk sectors as well as an outlying density enhancement
at dusk.
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In Figure 4.7c in the local time sector between the star and the right-facing trian-
gle, the LANL 1994—080 satellite passed through the plume, and the density profile
observed is shown in Figure 4.6b. The average density within the plume has been

reduced to ~ 10 ecm ™3 from ~ 33 cm™3

as measured in the previous geosynchronous
encounter some 12 hours earlier. The density reduction within the plume is presum-
ably due to the loss of plasma resulting from sunward outflows during the earlier
periods of enhanced convection.

In the EUV images from later in the day on June 27 to early hours of June 28,
2001, the remnants of the plume could still be seen as it rotated across the dayside.

However, due to refilling the edges of the plume became quite hazy and less distinct.

4.2 Case II: June 9—-10, 2001

The second study interval of June 9 — 10, 2001 was a time of a slightly larger and
more complicated disturbance than the previous example. Geomagnetic and solar
wind conditions for a 46 hour period from 02:00 UT on June 9 to 24:00 UT June 10
are shown in Figure 4.10. The bottom panel displaying ACE MAG solar wind B, data
has been time shifted by 59.4 minutes from the beginning of the interval to 12:00 UT
on June 9 and 44.5 minutes afterward to account for the average propagation delay
to the magnetopause during those intervals. Quiet conditions prevailed prior to the
disturbance with Kp remaining below 2+ on June 8, 2001, and during the peak of
the disturbance Kp reached a maximum of 5+ and SYM-H a minimum of —44 nT.
However the evolution of the plasmaspheric density structures differs considerably
from the June 26 — 27, 2001 case due to a multi-staged disturbance onset and recurring
substorm activity after the main disturbance.

Four EUV image collection intervals are indicated in Figure 4.10 by the sets of
matching vertical lines with the beginning of the first interval and end of the last
interval outside the range of the plot. Unfortunately due a spacecraft pointing error,
only a total of ~20 high quality EUV images were available for the first 2 intervals
of Figure 4.10, and therefore precise calculations of radial or azimuthal motions for

these intervals cannot be presented only general trends. Full 10-minute resolution
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Geomagnetic Conditions 9, 10 June 2001
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Figure 4.10. Geomagnetic and solar wind conditions for a 46 hour period from 02:00
UT on June 9 to 24:00 UT on June 10. The format is identical to that of Figure 4.1.
Four EUV image collection intervals are indicated the sets of matching vertical lines
with the beginning of the first interval and end of the last interval outside the range
of the display.
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EUV Plasmapause Locations 9 June 2001

—— 02:59 UT —— 17:05 UT
—— 07:47 UT —— 21:21 UT

Figure 4.11. EUV plasmapause locations on June 9, 2001 at the times indicated
in the legends.

images were available for the third and fourth EUV intervals.

4.2.1 Multi-staged Onset

The plasmapause location, extracted from the EUV image of June 9, 02:59 UT, prior
to the disturbance commencement is indicated by the curve connecting the solid
triangles in Figure 4.11a. The average plasmapause location was L = 5.3, yet in
the dusk sector an azimuthal variation of > 1.5 R was present within one hour of
magnetic local time.

An increase in geomagnetic activity on June 9, 2001, occurred in two stages as
perhaps can be seen best in the SYM-H index in Figure 4.10. SYM-H dropped
sharply after 04:00 UT in response to a southward turning of the IMF about 20
minutes earlier, remained fairly steady for many hours until 18:00 UT when it began

to decline, again correlated with a southward IMF turning about 20 minutes prior.
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Initial Nightside Erosion and Plume Formation

An inward motion of the plasmapause boundary was first captured in eight EUV
images between 04:00 and 08:00 UT, and the plasmapause location at 07:47 UT is
indicated by the line connecting the hollow circles in Figure 4.11a. The plasmapause
location on the entire nightside (dusk to dawn) was reduced by ~1 Rg with the bulk
of that motion occurring before 06:00 UT. The azimuthal variation near dusk was
smoothed apparently as a result of sunward flows in that sector. Also, a sunward
motion of plasma moved the plasmapause outside of the EUV field of view across
much of the dayside.

The plasmapause location at 17:05 UT (second EUV interval) after ~ 9 hours
of fairly steady conditions is indicated by the hollow squares in Figure 4.11b. The
plasmapause in the pre-midnight sector was located at approximately the same radial
distance as at 07:47 UT but had drifted slightly inward post-midnight. A plasma-
spheric plume had formed in the afternoon sector due to corotation flow across the
dayside as was shown in Figure 4.4 for June 26 — 27, 2001. In addition, azimuthal
variations in the plasmapause radius had formed from dawn to the western edge of

the plume.

Secondary Erosion and Sunward Surge

The combined effects of the second stage of geomagnetic activity can be seen from
the location of the plasmapause at 21:21 UT, solid diamonds in Figure 4.11b. The
plasmapause moved inward ~0.7 Rgat midnight, and sunward flows moved the east-
ern edge of the plume to earlier local times with the L =6 crossing moving from 17.3
MLT to 16.2 MLT. However, the most pronounced motion from 17:05 UT to 21:21
UT was a sunward surge of plasma on the dayside. For example at a magnetic local
time of 14:00, the plasmapause moved from L =4.4 to L >6. This outward motion

effectively moved the western edge of the plume to an earlier magnetic local time.
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EUV Plasmapause Locations 10 June 2001
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Figure 4.12. EUV plasmapause locations on June 10, 2001 showing the wrapping
of the plume around the main plasmasphere and the formation of prominent bulge
or shoulder on the dayside. In situ density measurements in the region between the
square and the triangle in (c) are shown in Figure 4.14.
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Figure 4.13. The rotation rate of the western edge of the plume is tracked at
different L values. The plume rotated faster at lower L.

4.2.2 Recurrent Substorm Activity

After ~ 06:00 UT on June 10, the IMF B, hovered near zero, but the AFE index
indicated that substorm activity continued throughout the remainder of the day.
The evolution of plasmaspheric density structures during the third EUV interval from
Figure 4.10 is captured in Figure 4.12. At 05:44 UT (Figure 4.12a) a well defined
plume was present in the dusk sector with the plasmapause at L =2 in the local time
sector just west of the plume. The subsequent snapshots show that this low L sector
along with the western edge of the plume rotated toward midnight while the eastern

edge of the plume remained stationary.

Wrapping of the Plume

Using all of the extracted plasmapause locations from 05:50 UT to 13:24 UT, the
azimuthal motion of the western edge of the plume was tracked as a function of L.
Various symbols in Figure 4.13 indicate the L shell crossing of the western edge of

the plume from L = 2.5 (hollow circles) to L = 4.5 (hollow inverted triangles) as a
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Figure 4.14. In situ density measurements of the plume at geosynchronous orbit
corresponding to the local time between the triangle and square in Figure 4.12.

function of MLT and UT. The slope of the line fitted to each set of points yields the
azimuthal motion of the boundary in hours of MLT per hour of UT or equivalently
as a percentage of corotation. At L = 2.5, the plume rotated at 0.73 of corotation,
at L =3.5 at only 0.36 of corotation, and at L = 4.5, the plume edge was basically
stationary. Differential rotation of the western edge of plume in L and the stagnation
of the eastern edge led to the formation of a low density channel and the wrapping

of the plume around the main plasmasphere.

Plume Density Structure

The 1994—084 satellite passed through the plume along its geosynchronous orbit in
approximately the region indicated between the black square and the triangle Figure
4.12c. The cold density measured by the MPA instrument, Figure 4.14, shows the
highly irregular density structure within the plume with average density fluctuations

that were ~90 % of the mean.

Azimuthal Structure

The sequence shown in Figure 4.12 also captured the development of a shoulder type
feature on the dayside. In Figure 4.12a the shoulder can be seen as a slight (~0.1—0.2
Rg bulge just post-dawn which moved outward as it corotated to become a large
scale protrusion near noon in Figure 4.12d. The outward motion of the shoulder

was tracked by following the plasmapause location at a magnetic longitude of 95° as
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10 June 2001 Outward Motion of Shoulder
at Magnetic Longitude of 95
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Figure 4.15. The outward motion of the shoulder on June 10, 2001 at a magnetic
longitude of 95 is tracked by as function of L and UT.

shown in Figure 4.15. From 04:22 UT to 06:55 UT, the shoulder moved outward at
a rate of 0.18 L per UT hour after which the rate doubled to 0.37 L per hour.

Multiple Plume Formation

At 13:30 UT the EUV cameras were turned off for several hours, and at the start of
the fourth EUV interval of Figure 4.10, Figure 4.16 shows the extracted plasmapause
location from the EUV image taken at 19:29 UT. The channel of low density cold
plasma between the main plasmasphere and the plume extended from 21 MLT to 06
MLT. The width of the channel was ~0.5 to 0.6 Rg from midnight to 05 MLT. Again
mesoscale crenulations on the plasmapause surface have formed on dayside.

A second plasmaspheric plume is also present in Figure 4.16 which appears to have
been formed by the rotation of the shoulder feature into the dusk sector. Differential
azimuthal velocities in L on the western edge have formed the distinct plume shape.
Using the results of a numerical simulation, Lemaire [2000] proposed that plasmas-
pheric plumes could be formed in just this manner. The model predicts that a bulge

can develop in the pre-noon sector as a result of enhanced sunward convection in
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EUV Plasmapause 10 June 2001 19:29 UT

Figure 4.16. EUV extracted plasmapause location from 19:29 UT on June 10,
2001. The plasmaspheric plume has wrapped around the main plasmapause and
second plume has formed as a result of the rotation of the shoulder into the dusk
sector.
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the 08 — 14 MLT sector which then rotates eastward and develops into a plume like
feature as a result of smaller azimuthal velocities at larger equatorial distances.

In the subsequent EUV images of this interval, the plume that was present in
the dusk sector at 19:29 UT began to wrap around the main plasmasphere while the
channel across the nightside became less distinct possibly due to the refilling of this

region from the underlying ionosphere.

4.3 Conclusions

We presented here two detailed case studies of the global dynamics of the plasma-
sphere during geomagnetically disturbed periods. This work is part of a larger set
of case studies, the results of which appear consistent with the general morphology
presented for the June 26 — 27, and June 9 — 10, 2001 events. Among our findings
are both essentially new results and also results that confirm and extend previous
work. We find that the plasmasphere is highly structured and complex, but clearly
reproducible features evolve during disturbed periods.

When geomagnetically quiet conditions have prevailed for a day or two, the EUV
imager observes an expanded plasmasphere, and although the average plasmapause
radius can extend to greater than L ~ 5, significant azimuthal variations that have
formed during previous disturbed periods can persist. Thus, quieting had evidently
not led to the large dawn-dusk asymmetry or tear-drop form that has been used in
introductory discussions of the “steady state” plasmasphere shape [e.g. Parks, 1991,
pp. 229 —237; Wolf, 1995, pp. 314 —317]. Furthermore, the mesoscale irregulari-
ties in radius are not predicted in traditional explanations of plasmasphere behavior
during recovery periods [e.g., Chen and Wolf, 1972].

At the onset of a geomagnetic disturbance, inward motion of the plasmapause
across the nightside can be observed, with rates greater than 0.5 L per hour, along
with a sunward surge of plasma on the dayside. The onset of erosion is correlated with
a southward turning of the IMF B, with a time delay on the order of 20 to 30 minutes.
For the June 26 — 27, 2001 event, the instantaneous velocity of the plasmapause on
the nightside was highly correlated to the strength of the IMF B,. Also, any azimuthal
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variations in the plasmapause radius existing across the nightside appear to become
smoothed out near the onset of erosion.

A distinct plasmaspheric plume forms after a period of ~ 12 hours, as a result of
sunward flows from dusk which form the eastern edge of the plume and corotational
flows across the dayside which form the western edge of the plume.

Bulges or shoulders are frequently observed in the morning sector during disturbed
periods. In the June 26 — 27 case, the formation of a shoulder was attributed to
a combination of a northward turning of the IMF followed ~ 2 hours later by a
southward turning. In the June 9—10, 2001 event, a particularly large shoulder
feature developed into a plume shape in the afternoon sector as a result of differential
rotation velocities in L. Differential rotation does not appear to be the primary plume
formation mechanism, since such large dayside bulges have not been observed in the
other cases studied so far. Further work is required to determine the degree to which
plumes may form in this manner.

In addition, crenulations on the plasmapause surface on the order of <0.5 in L and
< 2 hours MLT are regularly observed during disturbed times, and their formation
appears to be limited to the local time sector between dawn and the western edge
of the plume. Conversely, the nightside plasmapause tends to remain rather smooth
throughout the disturbance.

During June 26 — 27, 2001, after the main disturbance the magnetosphere entered
a period of deep quiet, and thus corotational flows dominated the inner magneto-
sphere. The plasmaspheric plume was observed to rotate rather rigidly with the main
plasmasphere from the afternoon sector across the nightside at a rate slightly less
than the corotation velocity.

In contrast, during June 9 — 10, 2001, the plume became wrapped around the
main plasmasphere and a low density channel was formed between the plume and
the main plasmasphere. The wrapping of the plume is attributed to the lingering
geomagnetic activity after the main disturbance as indicated by the AFE index. By
tracking the eastern edge of the plume in the afternoon sector, we were able to
observe the transition from primarily corotational flows at low L to sunward directed

convection, associated with substorm electric fields, at higher L.
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In situ density data for these events show highly irregular density structure within
the plume as measured at geosynchronous orbit (L=6.6) whereas a measurement by
IMAGE RPI suggests there may be less structure near the base of the plume closer
to the main plasmasphere. This assertion requires further investigation in view of the
lower temporal and spatial resolution of RPI.

During these events as well as others studied but not presented here, we do not find
evidence of dense plasma elements that are detached from the main plasmasphere.
In the afternoon sector, plasmaspheric plumes appear to remain connected to the
plasmasphere in contrast to earlier interpretations of in situ observations by Chappell
[1974]. In addition, we do not see evidence of the detachment of plasma in the post-
midnight local time sector as proposed by Lemaire [2001]. However, the existence
of detached plasma cannot be completely ruled out at this stage, and the lack of
observation by EUV may result from limitations of the instrument. For example, it is
possible that detached elements may lie outside the EUV field of view (generally less
than L of 5 to 6), be below the sensitivity threshold (equivalent to about 30 electrons
cm ™3, or be washed out by the effects of the line of sight integration.

The ability to track the plasmapause on a global scale has led to new or broader
insights on the plasmasphere dynamics during relatively weak to moderate geomag-
netic disturbances. However, many additional questions remain to be answered such
as those concerning the response of the plasmasphere during great magnetic storms,
the loss of plasma along and perpendicular to the magnetic field, and the behavior at
densities below the present EUV threshold.



Chapter 5
The Loss of Plasmaspheric Plasma

The previous chapter focused on characterizing the evolving shape of the plasmas-
phere during a geomagnetic disturbance. In this chapter, we focus on quantifying the

amount of plasma removed from the plasmasphere during a set of disturbed periods.

5.1 Estimating Plasma Loss

Five disturbance periods were selected in order to study the loss of plasmasphere
material as observed globally by the EUV imager: May 8 — 9, 2001; May 28, 2001;
June 2, 2001; June 18, 2001; June 26, 2001. For each disturbance, two EUV images
were selected, one from before or near the disturbance onset and another from near
the end of the main phase or the beginning of recovery. The two images were selected
one orbit apart with the requirement that at all magnetic local times, L <5.5 was
within the field of view. The total time between the “before” and “after” images was
between 12.4 and 15.5 hours for each of the five events.

Figure 5.1 shows an example from June 18, 2001. The EUV image at 02:53 UT
(Figure 5.1a) captured the He™ distribution in the plasmasphere before the distur-
bance onset, and ~14.1 hours later, the image from 17:01 UT (Figure 5.1b) captured
the beginning of the recovery phase. In order to directly compare the two images, the
regions outside L = 5.5, inside L = 1.5, and behind the Earth in the shadow region

are masked out. Qualitatively, a comparison of the two EUV images shows that a

86
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Figure 5.1. Equatorially mapped EUV images before the disturbance onset (panel
a) and at the beginning of the disturbance recovery (panel b) for June 18, 2001. The
image has been masked out for L < 1.5, L > 5.5, and in the shadow region. Panel c
shows the ACE IMF B, in GSM coordinates with a propagation delay of 72 minutes
applied. The vertical lines indicate the times of the EUV images.

large volume of plasma has been removed especially from the outer plasmasphere.
During the intervening time between the two images, the IMF B, (Figure 5.1c) had
been strongly southward for many hours. A plasmaspheric plume had formed and
after the northward IMF turning at ~ 15:00 UT, began to rotate through the dusk

sector. Similar displays for the other 4 events are shown in Figures 5.2 — 5.5.
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Figure 5.2. Same format as Figure 5.1 for the May 8 — 9, 2001 disturbance.
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Figure 5.3. Same format as Figure 5.1 for the May 28, 2001 disturbance.
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Figure 5.4. Same format as Figure 5.1 for the June 02, 2001 disturbance.
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Figure 5.5. Same format as Figure 5.1 for the June 26, 2001 disturbance.
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Figure 5.6. The initial and final He™ abundance as well as the loss percentage for
each of the five events.

5.1.1 Calculating the Amount of Het Removed

For each of the five disturbance periods, the total number of He™ ions in the plas-

masphere before and after the disturbance was calculated by integrating the He™

column density over the entire equatorial plane (excluding the masked out regions),

and the results are summarized in Table 5.1 and Figure 5.6. For each of the events,
~1-3x10%° He* ions were lost which constituted between 20 % and 42 % of the initial

He* distribution.

Event He™ Ions Start | He™ Ions End | He™ Ions Lost | % Lost | AUT, hrs
02 Jun 2001 6.71 x10%° 5.34x 1030 1.37 x10%° | 204 % 15.5
26 Jun 2001 5.18 x103° 3.82x10% 1.36 x10%° | 26.3% 14.0
28 May 2001 | 7.17 x10% 4.88x10%0 2.29 x10%° | 31.9% 12.4
08 May 2001 | 7.03 x10% 4.77x10%0 2.25 x10%° | 32.1% 14.6
18 Jun 2001 6.28 x103° 3.65x103° 2.64 x10%° | 42.0% 14.1

Table 5.1. Summary of the He™ loss calculations for the five disturbance periods.
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Figure 5.7. Panel a shows a histogram of the IMF B, as observed by the ACE
MFT instrument in GSM coordinates during the disturbance interval. Panel b shows
the relationship between the percentage of lost He™ during the disturbance with the
number of hours of B, <—5 nT.

5.1.2 Correlation of the Loss Percentage with IMF B,

An attempt was made to correlate the percentage of Het lost to various geophysical
parameters such as the magnetic indices Kp and Dst as well as solar wind param-
eters number density, velocity, and IMF. The only direct correlation was found to
be with the strength and direction of the IMF B,. This result is perhaps not sur-
prising given that global magnetospheric convection is driven by magnetic field line
reconnection between oppositely directed solar wind and terrestrial magnetic fields.
In addition, strong coupling between motion of plasma in the inner magnetosphere
and the strength and direction of B, was established in Chapter 4.

Figure 5.7a shows a histogram of the value of B, during the disturbance interval
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Figure 5.8. The total number of He™ ions removed from the plasmasphere is
broken down by the estimated amount lost inside versus outside the new plasmapause
boundary. For example on June 18, 2001, 76 % of the plasma loss occurred outside
the new plasmapause boundary.

(time between the solid vertical lines in Figures 5.1c¢ — 5.5¢). Occurrence is defined as
the number of 16 second samples in each range of B, values. The events have been
ordered from top to bottom by decreasing total percentage loss. For the event with
the lowest percentage loss, June 02, 2001, the values of B, are distributed among
positive and negative values, with a low occurrence of strongly negative values. As
the loss percentage increases so does the occurrence of southward IMF, and the event
with highest loss percentage has a strong peak in the histogram for B, < —10 nT.
Figure 5.7b shows a linear relationship between the total number of hours of B, <—5
nT and the loss percentage. The total number of hours of B, <0 did not correlate
with loss percentage as well since the 3 middle events (May 28, 2001; May 08, 2001;
and June 26, 2001) all had more total hours of B, < 0 than the largest loss event
(June 18, 2001). Nevertheless, the many hours of strongly negative B, appear to be

important in contributing to the large loss percentage on June 18, 2001.
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5.1.3 Comparing Losses Inside and Outside the New Plasma-

pause

Next, we estimate the amount of He™ lost inside versus outside the new plasmapause
boundary. In the second of the set of two images for each case, a plasmapause
boundary was selected, and the two images were compared on either side of that
boundary. The results are shown in Figure 5.8. For all except the June 2, 2001 event,
a greater percent of the total loss occurred outside the newly established plasmapause
boundary.

However, it is important to note that the shadow region for all of the cases was
almost entirely contained within the new plasmapause so that any loss in that region
is not properly accounted for. On the other hand, as discussed in Section 3.3.1, points
mapped inside the plasmapause boundary contain contributions from other field lines
due to the line of sight integrated nature of the EUV measurement. Thus, the loss
inside the new boundary (the shadow region excluded) is slightly overestimated.

In order to more accurately determine the loss on either side of the boundary, an
image inversion could be performed to produce a three-dimensional density distribu-
tion. This procedure would also have some uncertainty, since the inversion inherently

depends on the assumed field aligned distribution.

5.1.4 Estimating the Total Mass of Material Lost

In order to calculate the total mass of material lost from the plasmasphere for each of
the disturbed periods, an assumption needs to be made on the relative concentration
of He™ to the other ion species, primarily H" and O". One simple approach is to use a
constant density ratio between species throughout the entire plasmasphere. However,
a more accurate estimate can be made by using an empirical relationship derived from
a statistical study of data from the retarding ion mass spectrometer (RIMS) on the
Dynamics Explorer [Craven et al., 1997]. Using DE 1/RIMS data over a 3.25 year
period covering both high and low solar activity, this study examined the number
density ratio

NHe+
o =

ny+
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Figure 5.9. The He' to H' density ratio as a function of radial distance for the
minimum (P =135) and maximum (P =172) solar activity of the five study intervals.

and found that « is primarily a function of geocentric distance and the solar EUV
input. The ratio appeared to have no dependence on geomagnetic activity, and a
weak dependence on local time, season, latitude and L value. The authors empirically

derived the follow expression for the ratio:
logip & = —1.541 — 0.1767 + 8.557 x 107*P — 1.458 x 107° P? (5.1)

where r is geocentric radial distance in Rg and P is a proxy measure of solar activity

defined by
_ Fio7+ Fiora

2
where Fig74 is the 81-day average of the daily 10.7-cm solar flux (Fio7).

P

Figure 5.9 shows the density ratio computed using Equation 5.1 for the minimum
(P =135) and maximum (P = 172) solar activity of the five study intervals. Based
on this dependence of @ on Ry and since EUV measures only the He™ content, using
a constant density ratio will tend to overestimate the total number density at small

radial distances and underestimate the total number density at larger radial distances.
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Figure 5.10. The total mass of plasma in metric tons removed for each of the
disturbance intervals calculated using two constant density ratios, « = 0.1, and a =
0.05 and by allowing the ratio to vary as a function of radial distance and solar EUV
input.

For each of the five study intervals, the total mass of plasma removed from the
plasmasphere was estimated 3 different ways: 1) using a constant ratio o = 0.1, 2)
using o = 0.05, and 3) using Equation 5.1. A constant He™ to OT density ratio of
0.10 was used for all three estimates. The total mass was calculated as the sum of
the total masses of HT, He™, O ions with an equal number of electrons. As can
be seen in Figure 5.10, the choice of a can cause the total estimated mass to vary
significantly. When using a constant ratio, the total mass loss scales linearly with
He™ mass lost (show below the event date). However, the initial plasma distribution
as well as the Het mass lost contributes to the total mass lost when using Equation
5.1. For example, on both the May 28, 2001 and May 8, 2001 events, about 15 metric
tons of He™ was lost, and thus when using the constant ratio, the total mass lost
is similar between the two events. However, when estimating the total mass lost
using Equation 5.1, the May 28, 2001 loss estimate is ~22 tons higher than May 8,
2001. This result is due to the fact that the initial plasma distribution on May 28,
2001 (Figure 5.3) extended to higher radially distances where the He™ distribution

underestimates the total distribution.



CHAPTER 5. THE LOSS OF PLASMASPHERIC PLASMA 98

The total number of electrons lost for the cases varied from ~ 1.5 to 4.8 x 103!
for all of the cases using the three values of « in agreement with the Park [1970]
estimate of ~ 3 x 103! electrons based on the removal of essentially all plasma in a
belt extending globally from L = 3.5 to 5.

5.2 Conclusions

For a set of moderate disturbance periods, we calculated the total amount of He™
removed from the plasmapause using calibrated global EUV images. For each of the
events, between ~1 and 3x10%° He™ ions were lost which constituted between 20 %
and 42 % of the initial Het distribution. The lost percentage was correlated with the
number of hours of strongly southward IMF (B, < —5 nT). From these calculations
the total amount of plasma removed from the plasmasphere was estimated by using
several values of the Het to Ht number density ratio. The total mass lost was found
to be in the range of 50 to 100 metric tons for each of the cases with variations on
the order of tens of metric tons depending on the He' to H density ratio used.

As discussed in Section 2.3.6, the plasma removed from the plasmasphere during
these disturbance periods is either transported to the dayside boundary layers or lost
to the ionosphere. Although in the current analysis we cannot distinguish between
these two mechanisms, we did attempt to estimate the loss inside versus outside
the new plasmapause boundary and found that in the four cases with the largest
loss percentage, the majority of that loss occured in the region exterior to the new
plasmapause boundary. This suggests that while losses to the ionosphere may be
significant, a greater fraction of the material is lost due to convection.

The plasmaspheric material convected to the dayside boundary layers is then
transported on open field lines over the polar cap and down the magnetotail [Su et al.,
2001]. Plasma sheet ion density and composition measurements [e.g., Lennartsson and
Shelley, 1986] imply that although some small fraction of this eroded plasmaspheric
material may join the plasma sheet, the vast majority of it is likely lost to the solar

wind before the field line reconnects in the distant magnetotail.



Chapter 6

The Plasmaspheric Plume and the

Precipitation of Energetic Protons

Studies of the plasmasphere are particularly important since the cold plasma density
is a fundamental parameter in the generation and propagation of various types of
plasma waves as well as the interaction of these waves with energetic particles. The
interaction of plasma waves with geomagnetic trapped energetic particles results in
significant losses of those particles through precipitation into the upper atmosphere.
This chapter focuses on the observation of a subauroral arc produced by precipitating
energetic protons and the association of this precipitation with the plasmaspheric

plume.

6.1 Detached Subauroral Proton Arcs:

Past Observations

The first global images of the Earth’s proton aurora have been provided by the Far
Ultraviolet (FUV) Spectrographic Imager (SI) [Mende et al., 2000] onboard the IM-
AGE satellite [Burch, 2000]. On a number of occasions, arcs of precipitating protons

have been observed at latitudes equatorward of and separated from the main proton
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oval. First reported by Immel et al. [2002], these detached subauroral proton arcs ap-
pear over several hours of local time in the afternoon sector during geomagnetically
disturbed periods and preferentially at times of high solar wind dynamic pressure.
Further case studies by Burch et al. [2002] show that the subauroral arcs can appear
after a change from negative to positive of either the B, or B, component of the
interplanetary magnetic field (IMF). As a result of either IMF transition, the main
proton oval contracts poleward, while the equatorward part of the oval remains at its
original latitude. Thus, a separation of several degrees in latitude is created between
the new oval position and the presumably pre-existing proton arc.

In situ satellite observations from both studies confirm the presence of precipitat-
ing protons and an absence of precipitating electrons in these subauroral arcs. While
emissions in the main proton oval are due to particles with energies less than 10 keV,
the subauroral arcs appear to be produced by precipitating ring current protons with
energies in the range of ~10 to 30 keV.

In both studies, the authors noted the tendency for the subauroral arcs to be
located in the mid-afternoon sector where, during disturbed periods, plumes of eroded
plasmaspheric material can extend sunward from the main plasmasphere. Predicted
by numerical modeling for many years [e.g., Grebowsky, 1970; Chen and Grebowsky,
1974], plasmaspheric plumes were first observed globally by the IMAGE Extreme
Ultraviolet (EUV) imager (see Chapter 4).

Unfortunately, no EUV plasmaspheric data were available for the detached pro-
ton arc events previously reported. However in one of the previously reported cases,
the Magnetospheric Plasma Analyzer (MPA) [Bame et al., 1993] onboard the geosyn-
chronously orbiting 1989—046 spacecraft observed enhanced fluxes of low energy plas-
maspheric ions in the region where the equatorial extension of the subauroral arc was
expected to map [Burch et al., 2002]. Previously, good correspondence has been found
between the evolving global structure of the plasmasphere observed by EUV and in
situ plasma observations [Moldwin et al., 2003; Spasojevié¢ et al., 2003].

We present here the results of a case study of a geomagnetic disturbance on
June 18, 2001 during which a direct association has been found between a detached

subauroral proton arc observed by FUV and a plasmaspheric plume observed globally
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by EUV.

6.2 Plasmaspheric Plume Formation

After several days of relatively quiet conditions, a minor geomagnetic storm occurred
on June 18, 2001 which was characterized by an ~ 10 hour period of predominantly
southward IMF and relatively high solar wind dynamic pressure (Figure 6.1). Signa-
tures of multiple substorms were seen in the AE index, and the SYM-H (Dst) index
reached a minimum —84 nT (—61 nT). The disturbance onset was initiated by a
southward turning of the IMF at ~03:00 UT in conjunction with a steady rise in the
solar wind dynamic pressure.

Figure 6.2 shows the plasmapause locations in the SM equatorial plane as ex-
tracted from the EUV global images at four times during the disturbance (labeled
a—d in Figure 6.1). The evolution of the plasmasphere during this disturbed period
is similar to the detailed case studies described in Chapter 4. Just prior to the distur-
bance onset (Figure 6.2a), the average equatorial plasmapause location was L~5, yet
variations in the plasmapause radius on the order of 1 —2 Rg were present in noon
to dusk quadrant.

Figure 6.2b shows the plasmapause locations ~ 3 hours after disturbance onset.
In response to the southward turning of the IMF at ~ 03:00 UT, inward motion of
the plasmapause was observed across the entire nightside. For example at magnetic
midnight, the plasmapause moved inward ~ 1.6 Rg in ~ 3 hours (i.e., at a rate
of ~0.53 Rg per hour). In addition, a sunward surge of plasma was observed on
the dayside. This motion is particularly evident by the sunward elongation of the
azimuthal feature near dusk. The sunward motion effectively moved the plasmapause
location inward ~ 1.1 Rg at 18 MLT, and a narrow low density channel remained
between the previously observed azimuthal features.

By the time of the next IMAGE observation period, the IMF B, had been pri-
marily negative for ~7 hours, and a distinct plasmaspheric plume had formed in the
afternoon sector as a result of continued enhanced sunward convection and corota-

tional flows across the dayside. The EUV image at 13:06 UT (Figure 6.2c) was taken
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Geomagnetic and Solar Wind Conditions 18 Jun 2001
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Figure 6.1. Geomagnetic and solar wind conditions from June 18, 2001. The panels
from top to bottom are AFE, SYM-H, solar wind dynamic pressure (from WIND SWE),
IMF By and IMF B, (from WIND MFI). The solar wind data have 22.5 minute
transition time correction applied. The gray shaded regions are times for which
IMAGE data are available, times of the EUV data shown in Figure 6.2 are labeled
a—d, and the time between the solid vertical lines (labeled ‘arc’) is approximately
when FUV observed the detached proton arc.
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EUV Plasmapause Locations 18 Jun 2001

Figure 6.2. EUV plasmapause locations mapped to the SM equatorial plane on
June 18, 2001. The dashed circles indicate L =4 and 6.6. The open square in (d)
indicates the location of LANL—0la at 15:50 UT, and open diamonds bound the
region over which enhanced cold plasma densities were observed in situ (Figure 6.3).
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Figure 6.3. In situ measurements by the MPA instrument on LANL—0la on June
18, 2001. The top panel is the cold ion (1 —130 eV /q) density nj., the middle panel
is the hot ion (0.13 —45 keV/q), density n;,, and the bottom panel is the hot ion
anisotropy (A = T\ /T — 1). The open diamonds correspond to the MLT locations
indicated in Figure 6.2d, and the detached proton arc was visible in the FUV data
over the interval labeled as ‘arc’.

when the satellite was still at a relatively low latitude (A ~57°) so that the plume
beyond L ~5.5 was outside the field of view.

As is often observed during disturbed periods, the plasmapause location across
the nightside varied smoothly whereas ripples or “crenulations” in the plasmapause
surface were observed from ~04 MLT to noon.

Just before 15:00 UT, the IMF B, turned and remained positive for several hours.
As a result, the strength of magnetospheric convection decreased, and corotation
flows began to dominate the inner magnetosphere. The eastern edge of the plume
(Figure 6.2d) was observed to approximately corotate at L =4, but the rate of rotation

decreased with increasing radial distance to ~ 87 % of corotation at L =5 and only
~ 40% at L=6.
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During the period of plume formation, the LANL—01la satellite was traversing
the dayside, and Figure 6.3 shows the observed density of cold ions (in the range of
~1-130 eV/q) from the MPA instrument. Between ~ 10:00 and 17:00 UT (local time
sector between the two open diamonds in Figure 6.2d), MPA measured enhanced cold
ion densities (ni > 10 cm™3) associated with the initial sunward surge, subsequent
plume formation and later plume rotation. In Figure 6.2d at 15:50 UT, LANL—01la
is shown to be located (open square) east of the plume boundary as determined
by EUV. However, cold ion densities of ~ 15 cm™ associated with the plume were
measured by MPA but were likely below the sensitivity threshold of EUV estimated
to be equivalent to 30 —50 electrons cm™® [Goldstein et al., 2003a; Moldwin et al.,
2003].

6.3 Detached Subauroral Proton Arc

The SI12 channel of the IMAGE FUYV instrument produces global images of the pro-
ton aurora by detecting Doppler-shifted Lyman-« emission (121.8 nm) from charge-
exchanging precipitating protons. An SI12 image from 15:50 UT on June 18, 2001
(the same time as Figure 6.2d) is shown in Figure 6.4. A detached subauroral proton
arc can be seen in the afternoon sector extending to lower latitudes at later magnetic
local times (from A~72° at ~13 MLT to A~64° at ~16.5 MLT).

A keogram centered on 16 MLT from the SI12 instrument in Figure 6.5 shows the
temporal development of the detached arc. From ~14:30 to 15:00 UT, bright proton
aurora can been seen between ~ 64°—70° latitude. At ~ 14:55 UT, a northward
and eastward turning of the IMF occurred, and in response the main proton oval
contracted poleward and by 15:50 UT was centered at ~ 72.5°. However, the equa-
torward portion of the oval remained at approximately the original latitude, and thus
the main oval and the most equatorward arc became separated by several degrees.
After ~16:20 UT, the emissions in the detached arc began to fade.

The amount of separation between the main oval and the detached arc increased
with increasing magnetic local time. For example, at 15:50 UT at 16 MLT (Figure

6.5), there was ~ 8° of separation between the peak emission in each arc and a
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FUV SI12 Image 18 Jun 2001 15:50 UT
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Figure 6.4. A proton aurora image from FUV SI12 on June 18, 2001 at 15:50 UT
mapped onto magnetic latitude and MLT coordinates with the color corresponding
to intensity in Rayleighs. Noon is to the right and 60°, 70° and 80° latitude circles
are drawn.
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Figure 6.5. A keogram of the SI12 imager showing temporal evolution of proton
aurora averaged over a half hour of local time centered on 16 MLT on June 18, 2001.
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18 Jun 2001 15:50 UT

Figure 6.6. The EUV plasmapause locations (blue circles) and the edges of the
detached proton arc (red diamonds) from 15:50 UT are mapped to the SM equatorial
plane using the T96 magnetic field model. The green square indicates the location of
LANL—O01la and the dashed circles are r=4 and 6.6 Rg.
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relatively clear gap between the two. On the other hand, a similar keogram display
for 12 MLT (not shown) showed only ~4° of separation between the peaks, and the
two arcs blend together without a clear gap.

Figure 6.6 shows the EUV plasmapause locations and the equatorward and pole-
ward edges of the detached proton arc at 15:50 UT mapped to the SM equatorial
plane using the T96 magnetic field model [Tsyganenko and Stern, 1996] and the pre-
vailing solar wind conditions. The plasmapause locations were mapped by finding
the field line with the minimum apex along the line of sight to each point and tracing
that field line to the SM equator. (Note there is little difference between the T96
mapping and the tilted dipole used in Figure 6.2.) The detached subauroral proton
arc appears to map approximately to the location of the plasmaspheric plume as ob-
served by EUV and MPA. At ~16—17 MLT, the poleward edge of the arc appears
to map to higher radial distances than the eastern edge of the plume as observed
by EUV, yet measurements by LANL—0la (open square) indicate plume material
in this region, but at densities lower than the estimated EUV threshold. At earlier
local times (13 — 15 MLT), the arc maps to a region that is outside of the field of
view of the EUV instrument, but given the observation that the plume rotated slower
at higher radial distances, it is likely that this region also contained enhanced cold

plasma densities associated with the plume.

6.4 Wave-Particle Interactions

The apparent association between the plasmaspheric plume and the detached sub-
auroral proton arc suggests that the precipitation mechanism may be a resonant
interaction between ring current protons and electromagnetic ion cyclotron (EMIC)
waves which are preferentially generated in the plume region.

The ring current (see [Daglis et al., 1999] and references therein) is formed pri-
marily through the transport of particles from the plasma sheet into the inner mag-
netosphere during magnetic storms. It is unclear whether the ring current build-up
mainly results from Earthward drift during periods of strong magnetospheric convec-

tion or as a result of induction electric fields associated with the dipolarization of



CHAPTER 6. THE PLUME AND PRECIPITATING PROTONS 110

magnetic field lines during magnetospheric substorms [Kamide et al., 1998].

Collisional processes such as charge exchange with the neutral geocorona and
Coulomb collisions with thermal plasma are the dominant loss mechanism for ring
current particles. However, these collisional processes are quite slow, and loss due to
interaction with EMIC waves was first suggested by Cornwall et al. [1970] to account
for rapid decay of the ring current in the early recovery phase of storms.

EMIC waves are transverse, left-hand circularly polarized waves that exist at
frequencies below the local proton gyrofrequency. EMIC waves (in the range 0.1 —5
Hz) occur most frequently in the outer dayside magnetosphere (L >7) and are most
likely to extend to lower L values (L =5 to 7) in the afternoon local time sector
[Anderson et al., 1993].

As ring current ions are transported toward the Earth and thus into stronger
magnetic fields, they gain energy in the transverse direction, producing anisotropic
(T, > Tj) particle distributions. The anisotropy can be increased further by drift
shell splitting [Sibeck et al., 1987] and solar wind compression of the magnetosphere
[Anderson and Hamilton, 1993]. The anisotropic proton distributions can become
unstable to the amplification of EMIC waves, and specifically the presence of cold
dense ions lowers the ion cyclotron instability threshold [Gary et al., 1994]. Thus,
anisotropic yet stable energetic proton distributions drifting westward from dusk may
become unstable when they encounter the enhanced cold plasma densities within the
plasmaspheric plume. As a result, EMIC waves would be amplified and can in turn
pitch angle scatter the energetic protons into the loss cone.

During the ~ 1.5 hour period that FUV observed the detached proton arc, the
MPA instrument on LANL—0la measured cold ion (1 —130 eV/q) densities in the
range of 2 —40 cm™3, hot ions (0.13 — 45 keV/q) with an average density of ~2 cm™
and an energetic ion anisotropy (A =71 /1) — 1) of ~0.4 (Figure 6.3). Using a linear
instability code (Gary et al. [1994]), the observed plasma parameters did indeed
produce an EMIC instability. The cold ion density had a pronounced effect on the
ion cyclotron instability with densities above ~ 8 cm™3 yielding significantly larger
wave growth rates and thus presumably increased scattering rates (S. P. Gary, private
communication, 2003). After ~16:30 UT, MPA observed a decrease in both the hot
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ion density and the hot ion anisotropy coincident with the decrease in the intensity
of the emissions in the detached proton arc.

The geomagnetic disturbance of June 18, 2001, characterized by a prolonged pe-
riod of southward IMF and high dynamic pressure, led to a buildup of the ring current
as measured by the Dst index and as observed globally by the IMAGE High Energy
Neutral Atom (HENA) imager (not presented here). Proton precipitation may have
occurred throughout the disturbance in the region on the dayside filled with plasma-
spheric material which over many hours formed the plasmaspheric plume. However
only after the northward (and westward) turning of the IMF at 14:55 UT, which
caused the main proton oval to contract and the plume to rotate toward dusk, was

the subauroral proton arc visible and distinct.

6.5 Conclusions

Although relationships of the kind described here were suggested by previous stud-
ies [Immel et al., 2002; Burch et al., 2002], we presented here the first observation
of a direct link between a detached subauroral proton arc and a globally observed
plasmaspheric plume. The link between the proton arc and plume is consistent with
the precipitation of protons being due to pitch angle scattering by EMIC waves, and
reduction of the arc emission intensity after 16:20 UT may be correlated with a re-
duction in the temperature anisotropy and density of the westward drifting energetic

ions as measured in situ.



Chapter 7

Summary

7.1 Summary of Major Results

The global vantage point provided by the IMAGE—EUV instrument has allowed us to
explore several aspects of plasmaspheric dynamics from an entirely new perspective.
Through detailed analysis of a set of moderately sized geomagnetic disturbances, we
have obtained new results as well as confirmed and extended the results of previous
experimental studies of the plasmasphere system. These disturbances represent peri-
ods of significant redistribution of mass in the magnetosphere as an estimated 50 to
100 metric tons of material are removed from a volume extending from 1.5 to 5.5 Rg
in a period of 15 hours or less.

The strength and direction of the IMF B, were shown to strongly influence the
motion of the cold plasma. For each of the study periods during the disturbance
onset, inward motion of the plasmapause was observed on the nightside in correlation
with a southward turning of the IMF. In the June 26 — 27, 2001 event, we found
highly significant correlations between the instantaneous velocity of the plasmapause
at midnight MLT and the strength of B, both during the initial disturbance onset and
later during the main phase. This effect was also seen in other cases not presented
here. In addition, the percentage of plasma removed from the plasmasphere for each
of the cases correlated well with the total number of hours of strongly southward IMF

over the duration of the disturbance.
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While the disturbance onset leads to inward motion on the nightside, the plasma-
sphere on the dayside moves sunward. Over a period of many hours, this sunward
surge evolves into a distinct plume in the afternoon sector. In the June 26 — 27, 2001
case, a rather sharp decrease was measured in the azimuthal flow speed as the western
edge of the plume crossed ~ 14 MLT thus allowing the plume to stagnate for many
hours.

The initial sunward surge and continued westward flows from dusk resulting from
enhanced magnetospheric convection transport a considerable amount of plasmas-
pheric material to the outer dayside magnetosphere. For example during the June
18, 2001 event, ~40 % of the initial He™distribution was removed from the plasma-
sphere, and we estimated that 76 % (equivalent to 60 — 80 tons of material) of that
loss occurred outside the new plasmapause boundary. Thus enhanced cold plasma
densities in a region of reduced magnetic field likely became conducive to the growth
of electromagnetic ion cyclotron waves as anisotropic energetic proton drifted into the
region from dusk. The waves in turn scattered those energetic protons into the loss
cone, and the resulting precipitation was imaged by the FUV instrument.

The fate of the plume depends on geomagnetic conditions after the main distur-
bance, and we contrasted two somewhat extreme examples. On June 27, 2001, after
the main disturbance, geomagnetic conditions became extremely quiet, and the plume
was observed to rotate across the nightside at a rate less than (87 % of) the expected
corotation velocity. This result is in agreement with other observations of subrotating
features especially under quiet conditions [e.g. Sandel et al., 2003] and may be due
to a violation of the the frozen-in flux condition.

On June 10, 2001, continued enhanced activity led to the wrapping of the plume,
and we observed the transition from corotational type flows at low L to sunward
directed flows at higher L which acted to form a low density channel between the
plume and the main plasmasphere. A second plume formed on June 10, 2001 as a
particularly large dayside shoulder feature rotated into the afternoon sector.

Various scale size azimuthal irregularities such as shoulders or crenulations are
regularly observed during these disturbance periods, yet they appear to form only

in a limited local time sector from approximately dawn to the western edge of the
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plasmaspheric plume. Once formed, these mesoscale irregularities can be observed
at any local time as they rotate in the aftermath of a disturbance. In contrast,
the nightside plasmapause tends to vary smoothly from dusk to dawn throughout
the disturbance. The mechanisms for the formation of these features are not yet
completely known, nor is it known why this action is absent or suppressed in other

local time sectors.

7.2 Suggestions for Future Research

The rich EUV data set and analysis techniques developed in this work provide many
opportunities for future research.

First, the measurements of azimuthal and radial motions of the plasmapause
boundary for the events presented in Chapters 4 and 6 can be directly compared to
the results of various global convections models. A new empirical electric field model
could be developed or constrained using EUV data. This would require develop-
ing an automated process for boundary selection as the current manual plasmapause
selection process is prohibitively labor intensive.

Further study of morning sector azimuthal irregularities should also be under-
taken. A particularly interesting example was found on May 28, 2001 when EUV
observed the formation of a “notch” or inward indentation of the plasmapause. Fig-
ure 7.1a — ¢ shows the plasmapause location at three times on May 28, 2001 during a
moderate gemagnetic disturbance. At 18:45 UT (Figure 7.1a), a plasmaspheric plume
can be seen in the afternoon sector, and the plasmapause boundary appears smooth
at other local times. Over the course of several hours, a notch in the morning sector
formed as indicated by the dashed radial line in Figure 7.1c. The notch appears to
have formed as a result of inward motion of the boundary at a rate of ~0.25 L per
hour at a magnetic longitude of ~ 226° (Figure 7.1d). The mechanism for the for-
mation of this feature is unknown, but this and others such events could be further
explored with supporting data from mid-latitude ionospheric radar facilities such as
Millstone Hill [e.g. Foster and Rich, 1998].

While analysis of global EUV images provides measurements of the boundary
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motion, it does not yield information on the motion of plasma interior to boundary.
The MPA instruments on the geosynchronous satellites provide not only cold plasma
densities, used throughout this work, but also two component plasma flow measure-
ments. The studies of plasmaspheric losses presented in Chapter 5 could be extended
by careful study of the outward component of flow within the plasmaspheric plume.

Also, the type of analysis used in Chapter 5 to study the global loss of plasma
during disturbances could easily be applied to study of plasmaspheric refilling in
recovery periods.

The event detailed in Chapter 6 showing the association between the detached
subauroral proton arc and the plasmaspheric plume was discovered quite serendipi-
tously, and the relationship should be explored further through an exhaustive data
search. Further studies could also take advantage of in situ measurements of precip-
itating energetic particles such as those from the FAST satellite [Pfaff et al., 2001].
Also, the relationship between the cold plasma distribution and more transient types
of subauroral proton events such as those reported by Hubert et al. [2003] could be

investigated.
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Figure 7.1. (a, b, ¢) EUV extracted plasmapause locations showing the formation
of a notch in the morning local time sector on May 28, 2001. (d) The plasmapause
location at 226° magnetic longitude is tracked showing that the notch formed as a
result of inward motion of the boundary.
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