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ABSTRACT

Terrestrial plasmaspheric dynamics have been observed using single satellite passes and
long term statistical studies for many years all within-situmeasurements. The EUV instru-
ment aboard the IMAGE spacecraft provided global plasmaspheric data by imaging He-II
at 30.4nm. The global imaging revealed signi�cant dynamicsmodifying current theory and
observing many new features. Global imaging removes any space/time ambiguity and pro-
vides a regular high-quality data set ideal for correlativestudies and region comparisons.
This work presents several studies enabled by this global imaging: an empirical model of
plasmapause position as a function of solar wind parameters, a derivation of the global
magnetospheric convection electric �eld based on plasmaspheric feature tracking, and a
study of plasmaspheric rotation and its associated ionospheric ion drift signature. Using
plasmapause position data extracted from inverted EUV images, the plasmapause position
is found to be strongly correlated with the interplanetary magnetic �eld (IMF)z-component
and a magnetospheric merging proxy. Delay in the plasmapause response to the arrival
of solar wind conditions at Earth is found to be 180 minutes for the IMF z-component
while the delay from the arrival of the merging proxy is foundto be 240 minutes. This
result allows an upstream solar wind monitor such as ACE to enable a simple prediction
of the plasmapause location three hours in advance. Using inverted IMAGE-EUV data it
is demonstrated that Alfvén layer boundary positions are suf�cient to derive the magneto-
spheric convection electric �eld strength. This result provides a global imaging method to
derive a parameter responsible for signi�cant inner magnetospheric dynamics. No iono-
spheric drift differences are found between corotating andsub-corotating plasmaspheric
conditions; this is believed to be caused by an under-sampling in the drift measurement
locations, highlighting the need for further exploration of magnetosphere-ionosphere (M-I)
coupling.
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CHAPTER 1

INTRODUCTION

This dissertation explores new quantitative studies of theinner magnetosphere opened by

recent advances in global magnetosphere imaging. The imaging of the plasmasphere by

resonantly scattered He+ 30:4nm extreme ultraviolet light reveals signi�cantly more struc-

ture and more complex dynamics than previously suspected. Global imaging offers signif-

icant improvements in the approaches available to a large number of studies. Correlative

studies using global andin-situ measurements greatly increase conjunctions and therefore

both statistic and event availability. Global imaging alsoopens up studies of the morphol-

ogy and motion of large scale features. Global imaging also alleviates the problems of

space/time aliasing of data, there is no ambiguity in the data about temporal and spatial

changes.

The focus of this dissertation will be on the con�guration and dynamics of the inner

magnetospheric system as a whole; in particular the role of the plasmasphere. The Earth's

magnetosphere has a standard and unchanging overall con�guration that will be de�ned and

discussed, together with the changes that occur within thatsystem. This chapter is meant

to give the scienti�c reader an introduction to the region ofspace studied and its dynamics.

A detailed description of the the entire system is beyond thescope of this work. For a more

exhaustive overview of the geospace system I suggest the introductory textKivelson and

Russell(1995). For a more exhaustive look at the plasma physics involved,Parks(2004) is

excellent. For a reference about the electromagnetism and single charged particle motion

involved,Northrup (1963) is the seminal work. For a reference about electromagnetism,

Jackson(1998) is exhaustive.
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Geospace Environment

Magnetosphere

The magnetosphere is the region of space dominated by the Earth's magnetic �eld. The

magnetic �eld forms a cavity in the heliosphere separating and to a large extent shield-

ing the Earth from the interplanetary plasma. The interplanetary plasma has its source

at the sun. Expansion of the solar corona gives rise to the solar wind which at Earth is

supersonic. The interaction of the solar wind and the Earth's magnetosphere set up a colli-

sionless bow shock which diverts most of the solar wind around and down the �anks of the

magnetosphere. Figure 1.1 is an early, yet correct, schematic view of the magnetosphere

from Dungey(1963). The solar wind carries the solar magnetic �eld with it. This �eld is

known as the Interplanetary Magnetic Field (IMF). The IMF orientation and strength have

a signi�cant impact on the dynamics of the magnetosphere.

Figure 1.1: Early schematic view of the magnetosphere. Notice the “X” point reconnection
points at the subsolar magnetopause (far left) and deep intothe geomagnetic tail (far right).
Image from fromDungey(1963).
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The magnetosphere is typically broken into two distinct regions, the inner and outer

(or tail) magnetosphere. The inner magnetosphere is characterized as the region where the

magnetic �eld can be considered dipolar, and the outer magnetosphere is characterized by

magnetic �eld lines that are signi�cantly stretched through interactions with the solar wind.

A simple operational de�nition used throughout this work isthat �eld lines that lie equator-

ward of the auroral zone are considered inner magnetosphere, auroral zone �eld lines map

to both the near and far tail, and polar cap �eld lines connectwith the IMF and are swept

deep into the tail before reconnecting.

McIlwain L Value

The McIlwainL value, often referred to simply asL or L-shell, is a way to enumerate

�ux tubes in the magnetosphere. For a dipole �eld, theL value is the number of Earth radii

where a �ux tubes crosses the equatorial plane. AnL-shell is the set of all �eld lines that

cross the equatorial plane at that distance for every local time. This is a slight misuse of the

original parameter, but 30+ years have made this de�nition commonplace (McIlwain, 1961;

Heynderickx et al., 1996). Appendix A contains the mathematical de�nition andrelations

pertaining to the McIlwainL value.

Plasmaspheric Physics

Plasmasphere Description

The plasmasphere is a region within the magnetosphere characterized by cold(� 1eV),

dense(� 103cm� 3) non-collisional co-rotating plasma. It extends from its source, the

ionosphere, out to several Earth radii(RE). This region was discovered independently by

Gringauz(1963) using satellite data, and byCarpenter(1966) using ground based whistler
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observations. Carpenter observed a sharp density gradientat 3� 5RE which he coined the

“plasmapause.”

The plasmasphere is the innermost magnetospheric plasma population (Figure 1.2).

Typically the plasmasphere extends to 2RE or less during active times and upward of 6RE

during geomagnetically quiet times. The plasmasphere is anoutward extension of the

ionosphere. There is no clear boundary between the two regions however plasmaspheric

altitudes tend to be measured in RE while ionospheric altitudes are measured in km making

the difference largely one of scale and position. Empty or partially �lled �ux tubes are

slowly �lled ( t � days) from the ionosphere by pressure driven diffusion along thelocal

�eld lines. The process is both complex and ill understood inits entirety (Song et al., 1988;

Horwitz and Singh, 1992;Rasmussen et al., 1993). In contrast to the slow re�lling rate the

plasmasphere can be depleted in a matter of minutes, making this a highly dynamic plasma

population (Carpenter and Anderson, 1992;Goldstein et al., 2002b). Particle populations

that overlap the plasmasphere are affected by its dynamic nature making the plasmasphere

an important region to study, in order to understand the dynamics of other more energetic

populations. Two of the more important overlapping populations are the ring current and

the radiation belts, described below.

RingCurrent The ring current is a population of particles between 1� 200keV. These

constitute a westward current around the Earth in the equatorial range� 2 to 7RE. Elec-

trons and protons convected earthward from the magnetotailduring magnetically active

periods drift in different directions around the Earth in response to the magnetic gradient

curvature force. Much of the energization of the particles comes from impulsive magnetic

reconnection in the deep magnetotail. Figure 1.3 shows a representative image of the ring

current from the IMAGE-HENA instrument (Mitchell et al., 2000). The Energetic Neutral

Atoms (ENA) used to image the ring current are created through charge exchange between
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Figure 1.2: Magnetosphere cartoon showing the plasmasphere region of the magneto-
sphere. Image fromRasinkangas et al.(1998).

the trapped energetic ions and the neutral hydrogen geocorona yielding an energetic proton

and an ENA. The ENA, being neutral, exit the ring current on ballistic trajectories and are

used to image ring current ion densities. This requires a non-trivial inversion of the raw

ENA image. The ring current plays an important role in the dynamics and energetics of

magnetospheric substorms making it an important process tostudy.

Radiation Belts The radiation belts, or the Van Allen radiation belts after their discov-

erer Dr. James Van Allen (van Allen et al., 1959), are highly energized, trapped particles,

organized into two distinct regions separated by a slot. Theinner belt has a typical equa-

torial extent of 0:1� 1:5RE with the most energetic component being a large population

of energetic protons (� 1� 100MeV). It is often referred to as the proton belt. The outer

belt (2 � 10RE) has energetic electrons (0:1 � 10MeV) as its primary energetic compo-

nent. The radiation belts are an important region to study for two reasons: to understand

the basic particle acceleration processes involved and as amajor source of problems in
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Figure 1.3: Energetic neutral atom (ENA) emissions from theEarth's ring current, as
seen with the High Energy Neutral Atom (HENA) on NASA's IMAGEspacecraft from
9Jun2000 21:18 during the recovery stage of a geomagnetic storm that began on 8Jun2000
in the 16� 27keV energy range. The view is toward Earth's north pole from an altitude of
5 Earth radii. The relative size and position of the Earth areindicated by the white circle.
Pairs of representative �eld lines (extending to 4 and 8 Earth radii respectively) are shown
at (clockwise from top) local midnight, dusk, noon, and dawn. Image and caption courtesy
the IMAGE-HENA team.
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spacefaring applications of all kinds. More that one spacecraft has been lost due to high

doses of radiation from radiation belt �ythroughs.

PlasmasphereOverlap Study of the plasmasphere is easily split into two categories,

one being the study of the plasmasphere itself and the other its in�uence on both the

ring current and radiation belts that overlap it. The latterforms an important aspect in

magnetosphere-ionosphere (M-I) coupling. The phrase often used to describe plasmas-

pheric studies is “the coldest particles determine the dynamics of the hottest particles.” Fig-

ure 1.4 shows the relationship between possible wave modes and the plasmasphere which

varies along a particles drift trajectory. The different plasma waves and their effect on the

radiation belt and ring current particles is well beyond thescope of this work, except to say

that each of the waves shown in Figure 1.4 scatter energetic particles. They have important

implications for the creation of the slot region between theelectron and proton belts as well

as overall acceleration and loss rates within these regions. They also provide a mechanism

to transfer energy from the ring current to the topside ionosphere. It can be said that the

study of the plasmasphere is the study of the whole inner magnetosphere.

Early Plasmasphere Dynamics

Fromin-situand ground based observations during the late 1960's and 1970's the plas-

masphere was thought to be roughly circular (in the equatorial plane) with a “duskside

bulge.” The plasmasphere was known to increase in size with low magnetospheric activity,

and decease in size with increased activity. Figure 1.5 shows an early plot of plasmasphere

pro�les for different levels of geomagnetic activity, demonstrating its dependence on the

Kp index, which is a measure of global magnetospheric convection. As global convection

increases (increasing values of Kp) the plasmapause is closer to Earth than during quiet

(low Kp) times.
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Figure 1.4: Cartoon showing the locations where various inner magnetospheric plasma
waves are possible. Figure and fromSummers et al.(1998).

Figure 1.5: The plasmapause H+ concentration, based on groups of observations from the
OGO-5 satellite in the range 0000-0400 LT at different levels of magnetic activity. Figure
from Chappell et al.(1970b).
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The plasmasphere is located in the region of overlap betweenthe radially inward coro-

tation and the dawn-dusk convection electric �elds. The electric �elds are described in

detail later in this chapter. The plasmaspheric plasma reacts to the localE � B force set

up by the superposition of the two �elds. The overlap of these�elds creates two types of

drift paths; open and closed. On the closed drift paths the plasma is trapped, and in the

open drift path the plasma convects sunward and is lost at themagnetopause. Figure 1.6

shows the simplest model of the inner magnetosphereE � B streamlines, while Figure 1.7

shows a more complicated and realistic model obtained by adding in effects such as inner

magnetospheric shielding.

Figure 1.6: Equipotential contours for the magnetosphericelectric �eld in the equatorial
plane. Upper left: First-order approximation for the convection electric �eld as uniform.
Upper right: The co-rotation electric �eld. Lower: Sum of convection and co-rotation
electric �elds. Figure fromNishida(1966).
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Figure 1.7: Streamlines of the solar wind-induced convection on the equatorial plane for
open and closed magnetospheric models. Figure fromAxford and Hines(1961);Nishida
(1966).

InnerMagnetosphereStreamline Derivation In order to illustrate the overall behavior

of the cold plasma inner magnetosphere, it is instructive toderive the streamlines in Figure

1.6. This derivation closely follows that ofParks(2004) but is limited to the equatorial

plane (also seeLyons and Williams(1984)). The electric �eld in the stationary frame of the

corotating plasma in the presence of the Earth's dipole �eldis

Ec = � (w� r ) � B (1.1)

wherew is the Earth's angular velocity. The magnetic �eld of the Earth on the equatorial

plane is given in Appendix A Equation A.2 as

B = ẑ
B0

(r=r0)3 = ẑ
B0

L3 (1.2)

whereB0 is the surface magnetic �eld andL = r=r0. Aligning the dipole axis with the spin

axis setsw = wẑ and noting thatr = rr̂ allows for the calculation of
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w� r = wr(ẑ� r̂ ) (1.3)

Substituting equations 1.2 and 1.3 into 1.1 yields the corotation electric �eld

Ec = � wr
B0

L3 (ẑ � r̂ ) � ẑ

= � r̂wr
B0

L3 (1.4)

which falls off as 1=r2 and points radially inward. Assuming thatEc is a potential �eld

(Ñ � B = 0, Ec = � Ñy ) the scalar potential can be written as

y c = �
wB0R2

E
L

(1.5)

wherer = REL. Particles of zero thermal energy follow equipotential lines as their stream-

lines and produce the upper right frame in Figure 1.6.

The other �eld in the derivation is the cross tail or convection electric �eld which is

driven by the solar wind motion past the magnetosphere. To estimate this �eld we assume

that the solar wind drags �ux tubes from noon to dusk across the the polar caps, which

produces av � B electric �eld. Assuming force balance(å F = 0), which then implies

frozen in �ux and using a dipole magnetic �eld the convectionelectric �eld can be stated

as

Econv= � hvsw�
M
R3

E
(1.6)

wherevsw is the solar wind velocity,M is the planetary dipole moment, andh is a di-

mensionless coupling ef�ciency of the solar wind into the magnetosphere (Selesnick and

Richardson, 1986). The convection �eld in equation 1.6 assuming a radial outward so-

lar wind and a southward pointing dipole moment gives rise toa dawn-dusk convection
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�eld which to �rst order is constant in the whole inner magnetosphere at aboutEsw =

2:5� 10� 4V m� 1. This constant �eld

Esw = � Eswŷ (1.7)

then can be written as a scalar potential as

y sw = Eswy

= EswLREsinf (1.8)

The 0eV streamlines from equation 1.8 are shown in the upper left frame of �gure 1.6.

The �nal frame in �gure 1.6 is derived by the superposition ofthese two potentials

y = y c + y sw

=
� wB0R2

E
L

+ EswLREsinf (1.9)

The equation of the contours of constanty are found by solving equation 1.9 forL as

L =
� y �

q
y 2 + 4B0R3

EEswwsinf

2REEswsinf
(1.10)

whereEsw is a free parameter of the system. As the strength of the convection electric �eld

increases (equation 1.7) closed drift paths will change to open drift paths, losing plasma in

those �ux tubes to the magnetopause (see Figure 1.6). The plasma reacts at drift speeds

which are much slower than the Alfvén speed at which the driftpaths change, requir-

ing a distinction be made between the open/closed boundary and the plasmapause. The

open/closed boundary is a function only of the �elds presentwhile the plasmapause is a
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density feature, an important distinction that is often forgotten. It should also be noted that

this simple derivation does not allow for the direction of the convection �eld to vary, or for

there to be localized regions of different �eld strengths and directions. Both are known to

occur, and affect the plasmasphere, especially during impulsive events.

Magnetospheric currents play a crucial rule in the evolution of the plasmasphere. Ex-

amples are the phenomena of shielding, overshielding, and undershielding of the inner

magnetosphere (seeSchield et al., 1969;Vasyliunas, 1970;Wolf, 1974;Peymirat et al.,

2000; Goldstein et al., 2002a, 2003b). To illustrate these phenomena we will follow a

standard activity cycle in the inner magnetosphere. Assumethat a steady northward inter-

planetary magnetic �eld (IMF) has a southward turning and remains southward for a long

stretch of time. This increases convection in the magnetosphere (seen as an increase in the

convection �eld from equation 1.8) causing the plasmasphere to shrink. Adding magneto-

spheric currents to this simple model sets limits on the plasmasphere response. In response

to the increased convection the plasmasheet forms a partialring current which, closing in

the �nite conductivity ionosphere, sets up electric �elds that act to shield the inner mag-

netosphere from the convection �eld. This shielding is found to take about an hour to

become complete (Kelley et al., 1979). Since the shielding takes time to become effective,

the period before the shielding is complete is described as undershielding. If the IMF turns

back northward the shielding is now too large causing plasmato �ow anti-sunward until

the system can reorganize itself to the correct amount of shielding. The above scenario is

discussed with data and simulation results byGoldstein et al.(2002a).

Plasmasphere: IMAGE Mission

In the late 1990s the detailed understanding of the plasmaspheric response to external

drivers and the plasmasphere interaction with the rest of the inner magnetosphere became
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a timely and interesting topic. It became apparent that to make the next step in our un-

derstanding of the dynamics of the inner magnetosphere would require global imaging

capability with suf�cient time resolution to observe the changes and interactions taking

place. This was suf�cient to warrant NASA's support of the Imager for Magnetopause-to-

Aurora Global Exploration (IMAGE) mission. IMAGE was to perform global imaging of

the plasmasphere, ring current, and aurora.

IMAGE Description

The IMAGE satellite (Burch, 2000) was launched in March 2000 into an polar elliptical

orbit with axes 0:15� 7:2RE with a 14:2h orbital period. The spacecraft has a 2 min

spin period that sets the temporal resolution of most measurements. The highly elliptical

orbit provides long stretches of time with favorable observing geometry, with lines of sight

nearly perpendicular to the geomagnetic equatorial plane.The orbit precesses in time so

that apogee moves from over the North pole to the equatorial plane to over the South pole in

about eight years. This dissertation utilizes data from theIMAGE mission which provides

the �rst opportunity to use global data in the study of the inner magnetosphere.

The ExtremeUltraviolet Imager The Extreme Ultraviolet Imager (EUV) instrument

aboard IMAGE (Sandel et al., 2000) measures the brightness of the He+ 30:4nm resonantly

scattered emission from the plasmasphere. It has a spatial resolution of 0:6 deg (about

0:1RE) at apogee and a time resolution of� 10min (5 satellite revolutions). The measured

brightness is directly proportional to the column abundance of the optically thin He+ along

the lines of sight corresponding to each pixel. As the He+ is optically thin (see page 17) the

photons that reach the detector come from the entire column of plasma within the �eld of

view of each detector pixel. He+ accounts for approximately 15% of the electron density

the rest is made up by H+ and trace amounts of O+ (Carpenter and Lemaire, 1997). It is
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still debated about whether the He+ can serve as a correct proxy for the e� density (Jaggi

and Wolk, 1973;Waite et al., 1984;Newberry et al., 1989).

EUV is a scanning instrument with three sensor heads, each with a 30 deg �eld of

view that overlaps 3 deg with the neighboring head. Each detector is a spherically curved

microchannel plate (MCP) with stack and wedge and strip readout. Each MCP is scanned

to obtain three measurements that are 52� 600 with a two pixel overlap (Sandel et al.,

2000).

Shown in table 1.1 are the EUV design parameters. EUV is a wideband instrument

Table 1.1: EUV instrument design parameters. FromSandel et al.(2000).
Property Value

Mass 15:5kg
Power 9:0W
Size 49:7(h) � 23:3(w) � 49:5(d) cm

Field of view 84o � 360o

Optical design Prime focus,f =0:8
Spherical mirror and focal surface

Angular resolution 0:6o

Spatial resolution 630km
Time resolution 10 min

Sensitivity 1:9count s� 1 R� 1

Aperture area 21:8cm� 2

Aperture diameter (outer) 8:2cm
Aperture diameter (inner) 6:0cm

Mirror diameter 12:3cm
Mirror radius of curvature 13:5cm
Detector active diameter 4:0cm

Radius of curvature of focal surface 7:0cm

designed in such a way to allow high transmission of the He+ 30:4nm line while having

low transmission of the other lines, such as He-I 58:4nm and O+ 53:9nm. The instrument

obtains a long wavelength cutoff using an Al �lter and a multilayer coated mirror to re�ect

30:4nm and not re�ect 58:4nm (Sandel et al., 2000). This design is optimized for plasma-

spheric imaging in that it has high peak transmission and lowtransmission for the speci�c
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lines known to exist in the region, there is no continuum radiation in this wavelength region

unless the instrument views the Sun. Figure 1.8 shows a cutaway view of the instrument

and a sensor head.

Figure 1.8: (Left) Left-front view of the EUV, with a portionof the main light baf�e cut
away to show the location of the sensor heads. The high-voltage power supply is mounted
on the far side, hidden in this view. (Right) Cutaway drawingof a sensor head. Detector
signal and bias cables are not shown here. Figure and captionfrom Sandel et al.(2000).

This instrument allowed the entire plasmasphere to be imaged at once for the �rst time.

This revealed more features and dynamics than were imaginedfrom in-situdata, including

plasmapause features such as undulations, shoulders, sub-corotation, troughs, and bite-

outs (Burch et al., 2001). Figure 1.9 shows a representative time series of images taken on

18Jun2001. Each image is a 360� by 84� (phase by elevation) scan with only the portion

containing the plasmasphere being plotted. Each plot spans10 minutes. Plotted is the

line of sight brightness for each pixel on alog color scale. Features that show up in every

image are the airglow on the sunward side of each image (lower-right) and the faint shadow

opposite the sun in each image (upper-left). The airglow is formed by the contamination

from O+ and neutral He which is intense enough on the dayside to overcome the instrument

rejection of these wavelengths. The series shows the formation of a plasmaspheric plume in
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the upper-right of each image. As time progresses the plume narrows in magnetic local time

(MLT) and begins to wrap around the plasmasphere due to decreased convection. These

plumes were known before IMAGE but the exact progression andconditions of formation

were unknown.

Figure 1.9: IMAGE/EUV data from 18-Jun-2001. In the images the Sun is to the lower
right as seen by the day-glow contamination and the shadow tothe upper left. Each image
is 10 min apart.

Plasmaspheric Optical Depth
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Description Optical depth of a medium,t , is a measure of the transparency of that

medium. It is de�ned as the fraction of radiation that is scattered between a point and

the observer, which can be expressed mathematically ast = Ns, whereN is the column

density ands is the scattering cross section. In a stellar system the photosphere is de�ned

as the surface where the optical depth,t , is one, implying that the transmission,T = e� t ,

is 36:8%: Imaging a system with a non-zero optical depth complicates analysis as features

can be hidden behind regions of high optical depth just as onecannot see the blue sky or

stars through the high optical depth clouds in the sky.

To verify that there is no effect of optical depth in the IMAGEEUV images, we derive

the maximum optical depth for a plasmaspheric line of sight.This derivation is not meant

to be exhaustive, but instead sets bounds on the optical depth, showing it is essentially zero

for any plasmaspheric line of sight.

Beginning with a 2RE path length through the plasmasphere at a He+ density of 1000cm� 3,

which is a high estimate for He+ , yields a column density ofN = 1:28� 1012cm� 2. As-

suming that the scattering cross section of He+ is the Van der Walls radius for helium

(� 140pm), also a high estimate, the optical depth is

t = Ns = ( 1:3� 1012cm� 2) � p(140pm)2 = 8:0� 10� 4 (1.11)

andt � 1 implying that the plasmasphere is optically thin and optical depth considerations

can be safely neglected. For a more detailed calculation that can be easily expanded to

include optical depth seeGarrido et al.(1992).

The IMAGE contribution

The ability to globally image the plasmasphere is a major impact of the IMAGE mis-



19

sion. This allows correlative studies to be made that are impractical using multiplein-situ

measurements and facilitates the veri�cation of previous statistical views of the plasma-

sphere. This has led to major break throughs in our understanding of the plasmasphere

including: how the plasmasphere as a whole responds to changes in the IMF, cavities in the

plasmapause as a source of Auroral kilometric radiation1 (AKR), the role of the plasma-

sphere in M-I coupling and others. Before the IMAGE mission,knowledge of the global

nature of the plasmasphere was statistical, constructed from multiple ground based and

in-situmeasurements. This washes out both temporal features as well as any motion.

One result which illustrates the potential of global imaging is shown in Figure 1.10,

whereGoldstein et al.(2004c) have derived the large scale azimuthal electric �elds by

using motions of the plasmapause as deduced from the IMAGE EUV data.

Figure 1.10: Equatorial plots showing EUV electric �eld tangential to the plasmapause at
5:25 UT and 7:07 UT on 10 July 2000 shown in red and blue respectively. (a) Tangen-
tial electric �eld vectors, scaled as 1RE = 0:8mVm� 1. (b) Scaled �ow-directions at the
plasmapause. Figure and caption fromGoldstein et al.(2004c).

This dissertation makes use global images of the plasmasphere in three studies. The

�rst study shows correlations between the plasmasphere andthe upstream solar wind. The

second study explores how open/closed drift path boundary motion can be used to calculate

the global cross tail electric �eld magnitude. The third explored the ionospheric in�uence

1AKR is intense radio radiation emission mainly generated from cyclotron radiation. The radiation has a
frequency of between 50 and 5000 kHz.
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on plasmaspheric corotation and corotation lag.
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CHAPTER 2

CORRELATION BETWEEN PLASMAPAUSE POSITION

AND SOLAR WIND PARAMETERS

The average plasmapause radial position is highly dependent on the electric �eld convec-

tion pattern in the inner magnetosphere. We present correlations relating the plasmapause

position directly to interplanetary parameters. The plasmapause position is found to be

strongly correlated with the interplanetary magnetic �eld(IMF) Bz component, IMF clock

angle, andf , a merging proxy. Delay in the plasmapause response to the arrival of the

conditions measured by the ACE spacecraft of both IMFBz and IMF clock angle at Earth

is found to be 180 min while the delay to the arrival off is found to be 240 min. A re-

lationship is derived between IMFBz, f , and the plasmapause position. Avoiding the use

of geomagnetic indices removes any requirement for knowledge of the current state of the

magnetosphere. This chapter is an expanded reproduction ofthe journal articleLarsen

et al. (2007).

Introduction

The location of the plasmapause is known to vary with geomagnetic activity (Chap-

pell et al., 1970a;Carpenter, 1970). Recent work byO'Brien and Moldwin(2003) and

Moldwin et al.(2002) has shown correlations betweenin-situ radial plasmapause position

determinations and several geomagnetic indices, including Kp, AE, Dst, AU, AL, ASY, and

DDst. They suggest that both convective and substorm electric �elds are involved in the

determination of plasmapause position due to a stronger correlation between the plasma-

pause position andAE than withAL or AU. The best model discovered byO'Brien and
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Moldwin (2003) (as de�ned by a strong correlation) is based on the minimum Dst in the

previous 24 hours suggesting thatDst is a better proxy for the maximum convection elec-

tric �eld strength than isKp. They also separate out the differences between parameters

responsible for fast relative motion of the plasmapause (DDst, ASY) and for the absolute

plasmapause position (minDst, Kp). The study shows a clear indication of the importance

of geomagnetic activity in determining the state of the plasmasphere and the difference in

the effectiveness of the various parameters.

Changes in the strength of the inner magnetospheric convection electric �eld alter the

local particle drift paths which in turn determine the size of the plasmasphere and corre-

spondingly the location of the plasmapause (Kavanagh et al., 1968). Computations of the

convection electric �eld have advanced from the simple uniform convection electric �eld

model ofKavanagh et al.(1968) to the various electric �eld models based on the Volland-

Stern electric �eld model (Stern, 1975;Volland, 1978). The latter allows inclusion of some

shielding effects. The further addition of sub-auroral polarization streams (SAPS), over-

shielding, and other localized phenomena (Goldstein et al., 2002a, 2003a, 2004a) to the

�eld structure has allowed the introduction of localized structure on the average plasma-

pause.

In this study we explore correlations of upstream parameters with the average plasma-

pause position. The parameters explored include the raw ACEmeasurements together with

several derived parameters. The ACE spacecraft sits at the �rst Lagrange point, between the

Earth and the Sun located atx = 1:488499� 106km, y = 151757km,z= 102417km in the

Geocentric Solar Magnetospheric (GSM) coordinate system,making near continuous mea-

surements of the solar wind as it passes the satellite (Stone et al., 1998). These include the

IMF magnitude(jBj), x;y;z components(Bx;y;z), root-mean square rate of change(dBrms),

and several angles measuring the orientation (d, l , q). Whered is the angle between the

Br=Bt plane towardBn whereB is measured in the Radial/Tangential/Normal (RTN) coor-
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dinate system,d is also known as the RTN latitude. The anglel is the RTN longitude and

is measured betweenBr towardBt . Finally, the anglesq is the IMF clock angle in they� z

plane
�

q = arccos Bzp
B2

y+ B2
z

�
. Particle measurements include the solar wind proton veloc-

ity (Vsw), thex;y;zcomponents of the velocity(Vx;y;z), proton number density(Np), proton

temperature(Tp), and the ratio ofa-particles to protons (a ratio). Included for this study

are several derived parameters, including the solar wind dynamic pressure(Pdyn µ NpV2
sw),

a merging proxy de�ned byKan and Lee(1979)
�
Ekl = VBT sin2 q

2

�
, and a polar cap po-

tential parameter de�ned byAkasofu(1979);Reiff et al.(1981),
�
f = VBsin2 q

2

�
. Of these

parameters the only ones to show a strong correlation at a particular time delay are the

interplanetary magnetic �eld (IMF)Bz component, the IMF clock angle,q, and the merg-

ing proxy,Ekl. Studying the time delay between changes in interplanetaryconditions and

any effect that can be seen in the plasmasphere provides information both on the response

or the inertia of the magnetosphere and also possible mechanisms involved in propagating

the effects inward. Response times of the plasmasphere to changes in various conditions

in the upstream solar wind have been touched on by several authors (Brandt et al., 2002;

Goldstein et al., 2002a, 2005) but never rigorously computed.

Using inversions of the EUV plasmaspheric image data we are able to monitor the

entire plasmapause for extended periods providing excellent statistics. In this initial study

we have used an average plasmapause position determined by averaging in magnetic local

time (MLT) along the actual boundary. This effectively removes local plasmapause features

such as bite-outs, shoulders, notches, and undulations which have no place in a statistical

study of this nature. A study which includes MLT dependence is beyond the scope of this

dissertation but is a possibility for future work. Correlations and time delays between solar

wind parameters and plasmapause position (averaged in MLT)provide information both

on the overall effect of different upstream parameters on the plasmasphere and how this

relates to the magnetosphere as a whole.
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Data

This study makes use of both the ACE interplanetary �eld and particle data sets as

well the IMAGE EUV plasmaspheric images. The EUV instrumentmeasures the global

distribution of He+ by imaging the resonant scattered emission at 30:4nm (Sandel et al.,

2000). Each image pixel provides the He+ column density along a line of sight. The

images can be inverted to give a mapping of the He+ density in the SM equatorial plane.

The inversion technique is described byGurgiolo et al.(2005) and in the following section.

EUV Data Inversion

An EUV image is a two dimensional representation of the three-dimensional plasma-

spheric He+ density pro�le. Under the assumption that the He+ density is constant along

L, the images can be inverted to produce two-dimensional density maps of the He+ ion

population in the geomagnetic equatorial plane. The constant density alongL is not a very

good assumption however empirically the difference between constant and a power law de-

pendence is negligible in the viewing of the inverted image,so the computationally simpler

constant will be used. This provides the advantage of being aqualitative measure of the

number density(#cm� 3) as opposed to a line of sight integrated intensity(#cm� 2). The

EUV data inversion has been published byGurgiolo et al.(2005);Larsen et al.(2007) and

is reproduced and expanded here for convenience.

In the inversion the magnetic �eld is assumed to be dipolar throughout the inversion

region which in the inner magnetosphere is a very good approximation and signi�cantly

simpler than a more realistic �eld map. Most often the plasmasphere lies within anL of 4

during geomagnetically active periods and within anL of 5 during geomagnetically quiet

periods neither region show a large departure from dipole magnetic �eld.

Proper treatment of background and noise reduction in the measured image is paramount
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in the inversion. Background increases the error in the absolute density estimate and noise

is a major source of instability in the inversion. Removing the background and noise is a

two-step process. First, the instrument background is removed by computing the average

count rate in each column (instrument pixel) of the image fora �xed rotation angle above

and below the plasmasphere and subtracting this average from each pixel in the column.

The resultant image is then passed through a despeckling algorithm to remove isolated iso-

lated pixel clusters. The cluster size is nominally set to two pixels. Figure 2.1 shows the

results of a typical background and noise removal. The left image is the original EUV

image cropped to show just the plasmasphere region while theright is the background and

noise reduced image. The inversion begins with the cleaned image.

Figure 2.1: Measured EUV image (left) and the noise and background subtracted image
(right). Figure fromGurgiolo et al.(2005).

The inversion uses an iterative approach in which an initialguess is modi�ed repeatedly

until it converges to a stable solution. The �rst step of the iteration is the formation of the

zero solution and density matrices. Both matrices have identical order and represent a

griding of the geomagnetic equatorial plane inL-shell (L) � geomagnetic longitude (L )
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space. Both are over-dimensioned to give them a higher spatial resolution than the EUV

measurements. This is necessary both for stability and smoothness in the �nal solution.

The density pro�le matrix holds the current density He+ pro�le. The pro�le is initial-

ized to a simple power law inL with noL dependence as

D = 10� 0:715L (2.1)

The zero solution matrix holds a status �ag for each grid in the density matrix. This �ag is

either zero or one, depending on whether the density of the grid is known to be zero or not.

The matrix is initialized to all ones. Each EUV line of sight found to have a zero intensity

is then mapped onto the zero solution matrix, and the grids itpasses through are set to zero.

Additionally, since the instrument measures column density, any pixel contained in a line

of sight with a zero total intensity associated with it must itself have zero density.

Also set up in the initialization are the variable grids in the density matrix. These are the

grids that are modi�ed in each step in the iteration process and from which the new density

matrix is built in each iteration step. There is one variablegrid representing each instrument

line of sight. This keeps the problem from being over constrained in the iteration phase of

the inversion. The variable grids form a unique set of unknowns and are set to the grids

containing the closest approach to the Earth of each line of sight.

Each iteration step begins with the construction of a synthetic image from the current

density pro�le matrix. This is done in three steps. First, the zero solution matrix is used

to mask off the zero intensity grids in the density matrix. Second, the column abundance

along each of the instrument lines of sight is then computed from the modi�ed density

matrix. Any line of sight that is found to have only a single nonzero density and having

zero neighbors is set to zero and the zero solution matrix is updated. Lines of sight which

have only a single nonzero value are generally noise that wasnot caught in the initial noise
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and background removal. Finally the column densities are modi�ed by the instrument

characteristics and the synthetic image is produced.

The mean square deviation between the synthetic and measured image is then computed

and compared to mean square deviations computed in previousiteration steps to see if a

convergence has been reached. If so, the iterations are terminated and the current density

pro�le is returned.

When convergence has not been obtained, the measured image is divided by the syn-

thetic image to produce a correction value for each line of sight. The density matrix is

rebuilt using only the variable grid values multiplied by their corresponding correction

value. All unassigned grids in the density pro�le matrix are�lled using a 2-D linear least

square �t algorithm. Last, the zero solution mask is appliedto give the new density pro�le

and a hot spot check is made. This is a search through the matrix for pixels which have

intensities larger than their neighbors by some preset value. Such pixels represent solutions

which are either currently, or in the process of becoming unstable. Their density is ad-

justed to the average value of their nearest neighbors. The iteration step then restarts with

the computation of a new synthetic image. Figure 2.2 shows a sequence of inverted images

for comparison against the EUV images in �gure 1.9.

It should be noted that the inversion makes no special provision for either the dayglow

contamination in the near-Earth sunlit portion of the EUV images, nor the dimmer plasma-

sphere seen within the Earth's shadow. Both are treated in the inversion as real phenomena.

This results in an anomalous density enhancement in the sunlit sectors and a density de-

pression directly anti-sunward of the Earth, these features are visible in all inversions.

InversionMethod Base assumptions in the inversion:

A. Density is constant along anyL-shell at a speci�c Solar Magnetic (SM) longi-

tude.
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Figure 2.2: (right) EUV images between 2001-169 14:00 and 2001-169 15:15 (18Apr2001), in each the Sun is to the lower right
as demonstrated by the airglow. There is a large plasmaspheric plume in the upper right of each image. (left) Inversions of the
EUV images for comparison. In the inversions the Sun is to theright and the units are now He+ =cm3 and all look effects are
removed.
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B. The magnetic �eld can be approximated using a dipole formulation.

Algorithm steps:

1. Form raw EUV image from the data as a function of spacecraftphase angle

and instrument elevation angle. In this image each pixel represents a line of

sight of the instrument.

2. Do any noise reduction at this point. This included removing sensor noise on

the pixel level and isolated active pixels.

3. Compute the lines of sight in SM coordinates for each pixelin the raw image.

4. Map the raw EUV image into matrix which is dimensionedL by SM longitude.

The mapping is done by assigning an(x;y) to each line of sight which is its

closed approach to the SM origin and computing L and the SM longitude at

that position.

a) Since this is a non-linear mapping there will be empty grids in the

SM matrix if the resolution was set near that of the raw matrix.

These are �lled using a 2D least squares algorithm.

b) The �lled grids need to be marked since they do not contain "real"

data are are not included in some steps in the inversion.

5. Build a zero solution matrix using the same matrix format as (3). This is built

by

a) Set all matrix elements to 1:0

b) Find all lines of sight which have 0 intensity.
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c) Walk down those lines of sight using a step sizedS. At each step

compute L and the SM longitude and set the corresponding grid

in the zero solution matrix to 0:0.

6. Form the unrestricted solution matrix. This has the identical order and uses the

same coordinates as (3)

7. Make initial guess at a solution. The guess that is that thehelium ion density in

the plasmasphere follows the formulaD = 10� 0:715L This has no longitudinal

variation and no cutoff inL.

8. Do a grid by grid multiplication of the zero solution matrix with the solution

matrix to obtain the restricted solution.

9. Do a numerical integration over each line of sight using the restricted solution

matrix to obtain the helium ion density at the different L, SMlongitudes. From

this restricted solution matrix a synthetic raw image in theformat of (1) is

produced.

10. Get the variation of the synthetic to measured image ratio to produce a vari-

ance. If the change in the variance is within some tolerance then a solution has

been reached.

11. Reform the unrestricted solution matrix adjusting eachgrid point which is as-

sociated with a line of sight byV � cDm=cDswhereV is the current density

assigned to the grid,cDmis the measured column density andcDsis the syn-

thetic column density computed for the line of sight from theprevious solution

matrix.



31

12. Scan new solution matrix for "hot spots" and deal with them. Hot spots are

grids points whose column density exceeds their neighbors by some factor.

Hot spots are generally set to an average of their neighbors column densities.

13. Go back to 8 and continue.

Plasmapause Determination

The plasmapause is determined from the equatorial density maps derived in the inver-

sion using a semi-automated procedure developed for this study. Other researchers such

as Carpenter and Anderson(1992); O'Brien and Moldwin(2003) have taken an opera-

tional de�nition of the plasmapause as the innermost factorof 5 drop in density in less than

0:5 Earth radii(RE), we adopt the same de�nition in this study. The de�nition does not

handle times when the plasmapause is observed as a gradual decline in density sometimes

stretching to geosynchronous orbit. Generally in these cases the location of the plasma-

pause will be underestimated. Figure 2.3 shows an example ofthe global plasmapause

determination from the semi-automated plasmapause locator. Each plus sign (+) in the

�gure marks the plasmapause and is obtained by computing thedensity gradient along a

radial cut and setting the plasmapause at the outside location which meets the criteria stated

above for a 0:5RE sliding window. This removes any subjectiveness from the process of

the plasmapause determination which is often present when hand selecting the locations.

Each mapping can be quickly scanned for accuracy to be sure that we are not, for example,

setting the plasmasphere at the outer edge of a drainage plume (Goldstein et al., 2004b)

rather than at the edge of the bulk plasmasphere. Badly determined points are manually

deleted from the plasmapause data sets prior to usage.

The base data set used in this study consists of 1365 global images with derived plasma-

pauses. Figure 2.3 is representative of a plasmapause determination. All of the plasma-
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Figure 2.3: Example inverted EUV image with the semi-automated extracted plasmapause
overplotted. The Sun is to the right and the “bulge” at about 1300 MLT is an anomaly in the
data (light contamination) and therefore does not have plasmapause points for that region.

pauses used in this study come from images taken in 2001. While most consist of full MLT

coverage, some have only partial coverage due to data dropouts and light contamination in

one of the three IMAGE EUV heads. Averaging in radial distance over each plasmapause

position in a given image (over all MLT) provides a single plasmapause location which is

used in the analysis denotedLpp. This is a rough estimator but provides a general parameter

that is the overall plasmasphere size.

Data from the ACE spacecraft (Stone et al., 1998) are used to provide the interplanetary

indices used in the correlative study. The data are binned to10 min averages to match the

IMAGE EUV accumulation time. This averaging also acts as a smoothing �lter on the inter-

planetary data. Each 10 min ACE average is time delayed by themeasured solar wind speed

to the Earth before usage in the correlation analysis, this is performed as ACE_POS_X/Vsw;x

which is the GSMx-coordinate of the spacecraft divided by thex-velocity of the solar wind.
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Analysis

The analysis consisted of �rst identifying a large number ofinterplanetary parameters

and indices which could be either obtained directly or constructed from the ACE data sets

and which might be candidates to show a correlation with average plasmapause location,

Lpp as de�ned above. Initial tests showed both the ACE and plasmapause data to be free

of signi�cant autocorrelated errors which removed the needto correct for these (Neter

et al., 1996). Each of the identi�ed solar wind delayed ACE generated parameters was then

correlated withLpp using a nonparametric, rank-order correlation analysis which make it

unnecessary to have any information about the underlying distribution of the data (Press

et al., 1992). The Spearman rank-order correlation method was used throughout. The �rst

correlation coef�cient is generated using a delay time of� 20 minutes (20 minutes into

the future). Successive coef�cients were generated by incrementing the delay time by �ve

minutes at each step, stopping at a delay time of 600 minutes.Each delay represents a plas-

maspheric reaction time. A parameter which is correlated with the average plasmapause

location exhibits either a peak or valley in its spectrum at the most probable delay time. A

negative time delay (occurrence before the fact) and a zero time delay (instantaneous reac-

tion) are not considered physical solutions since we assumethat there is a least some time

delay associated with each response of the system to changesin the external parameters.

The initial set of correlations yielded only three parameters which were found to exhibit

a signi�cant correlation peak withLpp. These were the IMF clock angle (q), IMF Bz

component, and the merging proxy,f , de�ned in equation 2.3. IMFBz is one of the directly

measured ACE products, the IMF clock angle is de�ned in termsof IMF By andBz as

q = arccos

0

@ Bzq
B2

y + B2
z

1

A (2.2)
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andf is de�ned as

f = vBsin2(q=2) (2.3)

wherev is the solar wind speed,B is the magnitude of the IMF, andq is the IMF clock

angle from equation 2.2.

The correlations for each of the three parameters above is shown in Figure 2.4. Also

shown is the correlation derived for the solar wind pressure(Pdyn). The latter is included to

show an example of a parameter showing no correlation peak with Lpp. With the exception

Figure 2.4: Rank order correlation coef�cients as a function of solar wind delay (reaction
time). The error bars denote 1s con�dence found using bootstrap resampling with replace-
ment. The dashed vertical line denotes the strongest correlation and the dashed lines show
a Gaussian �t to the curve used to �nd the peak.

of thePdyn correlation in the lower right-hand plot, each plot shows a signi�cant peak or

valley in its correlation which occurs at the most probable delay time between the measured

parameter arriving at Earth and its impact on the location ofthe plasmapause. The arrival
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at Earth is used to avoid ambiguities in the location of the magnetopause. The absence of

a peak in thePdyn correlation delay plot indicates that the value of the dynamic pressure

has no systematic affect on the plasmapause location. This is not to say that the arrival of

interplanetary shocks, high speed streams, and other fast �uctuations of pressure have no

effect. They do, but there is no effect for slow changes and near steady state values of the

dynamic pressure.

The peaks in the correlated parameters have different widths and positions. The maxi-

mum correlation peak inBz occurs at a delay of 180 min, theq correlation peak occurs at a

delay of 175 min while thef delay is 240 min. The curves relating toBz andq are identical

within the error bars. (In fact they are essentially identical but mirrored about the abscissa.)

This indicates that at the level of precision shown hereBz andq have the same effect, or

more simply only one of them needs to be considered in the end analysis. This is not a

surprise asBz = Bcosq andB does not exhibit a correlation peak.

Once the delay times are calculated the next step is to deriveexpressions which relate

the position of the plasmapause as a function of each parameter using the indicated time

delay. Using the delay times indicated above (Bz;q : 180 min,f : 240 min) the linear regres-

sion equations are shown in Table 2.1. The single regressionequations yield the following

maximum and minimum plasmapause locations for the indictedrange of each parameter:

2:99< LBz < 4:83, 3:55< Lq < 4:59, and 2:95< Lf < 4:53RE for Bz, q; andf respectively.

Creating one multiple regression equation for the plasmapause from all the parameters

(with the appropriate delays for each) yields

Lpp = 0:050Bz;180+ 0:108q175� 1:110� 10� 4f 240+ 4:23 (2.4)
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Table 2.1: Equations relating plasmasphere position to thethree solar wind parameters
studied in the paper. Parameters studied are IMFBz, IMF clock angle,q, and polar cap
potential drop,f , as de�ned in equation 2.3. The uncertainties are 1s con�dence found
using bootstrap resampling with replacement. Note that N C� 1 is a Newton per Coulomb.
Parameter Slope Intercept Range
Bz(nT) 0:062� 0:0027nT RE

� 1 4:11� 0:018RE � 18:01! 11:48
q(rad) � 0:33� 0:021radR� 1

E 4:59� 0:040RE 0:016! 3:14
f (NC� 1) � 1:97� 10� 4 � 8:2� 10� 6NC� 1RE

� 1 4:53� 0:022RE 0:800! 8017:8

The 1s bootstrap uncertainties computed for theBz, q, f slopes, and the intercept are

0:0068, 0:035, 1:59� 10� 5, and 0:060 respectively. The subscripts on each variable is the

delay associated with each parameter. Equation 2.4 states thatBz can act to both increase

and decrease the average radial position of the plasmapause(Bz can be positive or negative),

q acts to increase the radial location and then only by a small amount, andf acts to decrease

the average radial position. The total change in the plasmapause radial location available

from each parameter is 1:47, 0:34, and 0:89RE for Bz, q, andf respectively showing that

the important parameters areBz andf . A statisticalt-test veri�es that theq coef�cient is

not statistically different from zero.

Omitting the clock angle in the multiple regression analysis yields the equation for the

plasmapause location below which as might be expected is almost identical to equation 2.4.

Lpp = 0:0374Bz;155� 1:05� 10� 4f 275+ 4:38 (2.5)

Figure 2.5 is a graphical representation of the data used to derive equation 2.5 withBz and

f varying along the abscissa and ordinate respectively and the average radial plasmapause

position shown a color. It is easy to see that a large plasmasphere occurs whenf is at its

lower range with a higher probability whenBz is positive than when it is negative (as might

be expected in quiet time conditions).
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Figure 2.5: Contour plot showing the plasmapause reaction to different observed combina-
tions of IMFBz and the merging proxy,f .

Other Tested Parameters

The list of parameters that were tested for a correlation peak include every measure-

ment from the ACE spacecraft as well as several derived quantities from those parameters.

Table 2.2 shows the parameters tested for a de�nite correlation peak and the results of the

analysis. Notice that few of the parameters exhibit a de�nite peak, however ,there were

several that had weak peaks that were not statistically signi�cant (peak shorter than the

error bars).
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Table 2.2: Tested correlation parameters
Parameter Peak Comment

jBj yes See �gures 2.6, 2.4. Very weak (not statistically signi�cant)
Bx yes very weak (not statistically signi�cant)
By yes very weak (not statistically signi�cant)
Bz yes

min(Bz, 10 min) yes
Vsw (Vp) yes See �gure 2.6. Very weak (not statistically signi�cant)

Vx no
Vy no
Vz no

Ekl = VBT sin2 q
2 yes very weak (not statistically signi�cant)

f = VBsin2 q
2 yes See �gure 2.4.

q = arccosBz
BT

yes
dBrms no

l no
Np no
Tp no

a ratio no
d yes very weak (not statistically signi�cant)

There are physical arguments for believing that the solar wind velocity and the magni-

tude of the IMF might play an important role as they are both fundamental in the formation

and dynamics of the magnetosphere. Taking a closer look at these parameters however,

shows that the correlation delayjBj, shown in Figure 2.6, is a weak peak and arguably not

statistically signi�cant, as it is not larger than its errorbars. The peak is probably a result of

theBz inclusion in the parameter. We believe that IMFjBj does not play a role in plasma-

pause location, as the magnetosphere sets up shielding for the inner magnetosphere and

plasmasphere, so IMF magnitude is not important only itsz-component and for impulsive

events not studied here its rate of change.

Also shown in Figure 2.6 is the correlation delay curve for solar wind proton velocity

Vsw. There is no signi�cant correlation peak for this parameter. This parameter is ignored

as the error bars allow one to draw a straight line through theplot. It is interesting that the
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correlation forVsw doesn't show a peak, as this implies that the dynamics controlling the

plasmapause position are in�uences more magnetic forces than pressure forces.

Figure 2.6: Plots of the correlation as a function of delay for IMF magnitude,jBj and solar
wind proton velocity,Vsw.

Discussion

Correlation provides a simple means to test for the dependency of one variable on an-

other. In this case, because the correlations are made against time, they also can be used as a

predictive tool that allows knowledge of the upstream conditions to be translated with some

degree of con�dence to conditions at the plasmapause. The large response time in the cor-

relations coupled with the propagation time of the observations at ACE to the Earth allows

for Lpp to be estimated 3 to 4h in the future from the real time solar wind measurements.

It is important to remember that the delay times given in a correlation analysis are valid

for the 10 min smoothed interplanetary parameters, impulsive events including shocks and

IMF turnings are not covered in this analysis. We studied therelaxation times of the mag-

netosphere to a changing input. The system will respond to impulses in any parameter on

time scales faster than that produced in the correlations but the time required for the system
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to reach its �nal state will be on the time scales similar to those derived in the correlations.

As an example,Goldstein et al.(2003a) have reported response times of 32 min from the

southward turning ofBz to the start of the erosion of the plasmasphere which is consider-

ably more rapid than the 180 min response time predicted in the correlation forBz. These

quick changes in plasmapause position are seen in the statistical study as only starting and

ending points of the erosion.

Both Bz andf represent proxies for either conditions or mechanisms in the inner mag-

netosphere that establish the average radial location of the plasmapause. There is no known

direct relationship between the interplanetary conditions andLpp. As such they do not, in

themselves, detail how the changes in theLpp occur and must be associated with processes

which set up the convection electric �eld. The key is then to identify the conditions or

mechanisms which each proxy represents.

The average plasmapause location is controlled by the combination of the co-rotational

and convection electric �elds with the convection electric�eld forming the variable part of

the system. It is reasonable to expect then that bothBz andf are proxies for some aspect in

the setting up or regulation of the convection �eld.

It is not surprising thatBz is strongly correlated withLpp. WhenBz turns southward,

subsolar reconnection becomes possible, increasing the convection electric �eld. The cor-

relation puts the delay between the arrival ofBz and the new plasmapause position at about

2:5h.

The correlation off with Lpp is not as obvious as that ofBz. While it contains a depen-

dence onBz and appears as it should be a reasonable proxy for the interplanetary electric

�eld, it has a signi�cantly longer delay time than associated with Bz which suggests cou-

pling to an additional process. It is reasonable to assume that 3h of the 4h response time

seen in the correlation is derived from theBz dependence in the parameter. The source of

the remaining hour has yet to be identi�ed but may derive fromprocesses associated with



41

the reconnection of the draped solar wind �elds lines in the tail. The four hour delay time

indicated in the correlation is in agreement with the decay times associated with shield-

ing affects mentioned byDe Zeeuw et al.(2004);Peymirat et al.(2000);Goldstein et al.

(2002a).

The simple picture provided by equation 2.5 and including the known plasmaspheric

response to impulsive changes inBz goes as thus. There is a southward turning of the

interplanetary �eld after which the �eld remains constant.After approximately 30 min of

the interplanetary �eld turning southward the plasmasphere begins to erode in response to

changes in the overall convection �eld. As the interplanetary conditions steady, the delay

between the plasmasphere response to the external changes lengthens to about 3h. This can

be viewed as the continuation of the response to the initial turning proceeding at an overall

slower pace. Shielding, overshielding, and SAPS which may have been initially set up now

begin to decay modifying the convection �eld and driving theplasmapause further inward

to reach its minimum extent at about 4h from the initial onset. The process reverses when

Bz returns northward.

Conclusion

The ability to predict the plasmapause location based solely on upstream parameters is

a �rst step in a predictive model. Using an upstream monitor such as ACE we can predict

the position of the plasmapause at a time in the future determined by equation 2.5 plus the

propagation time of the solar wind.

Future work will provide the plasmapause location as a function of MLT. Correlations

will then show whether the plasmasphere responds as a whole to the changes in the inter-

planetary conditions or whether different regions responddifferently. These future studies,

in turn, can be used to provide estimates of the convection electric �eld which is the ulti-
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mate driver of the plasmapause location.
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CHAPTER 3

CROSS-TAIL ELECTRIC FIELD MAGNITUDE DERIVED FROM

PLASMASPHERIC ALFVÉN LAYER MOTIONS

Introduction

The plasmapause is a highly dynamic boundary, whose location and shape is controlled

by the local magnetic and electric �elds.Carpenter(1963) found the plasmasphere be-

came depleted in density with increasing magnetospheric convection, as represented by

the Kp index. Using ground-based whistler measurements,Carpenter(1966) statistically

mapped out the 2D geomagnetic equatorial plasmapause location showing the character-

istic duskside bulge. The in�uence of geomagnetic activityon plasmapause location was

demonstrated byChappell et al.(1970a) who found its location inL ordered by Kp. There

is considerable variation both in the thickness and appearance of the boundary between

inbound and outbound crossings within a single satellite orbit (Harris et al., 1970). This

suggests that the plasmapause is anything but a simple boundary, having signi�cant struc-

ture, both radially and azimuthally.

A complete explanation of the mechanism(s) responsible of the morphology of the plas-

masphere especially the morphology of small scale featureshas yet to be found. The macro

dynamics are easily explained by a convective plasmaspheremodel, which is based on the

superposition of the cross-tail convection electric �eld and the Earth's corotation electric

�eld. E � B drift of the local plasma is responsible for the general plasmasphere shape

including the dusk-side bulge (Grebowsky, 1970;Mayr et al., 1970;Maynard and Chen,

1975;Volland, 1978;Stern, 1981;Doe et al., 1992;Toffoletto et al., 2003). In a convec-
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tive plasmasphere model the steady state plasmapause is identi�ed as the location of the

last closed streamline, known as the plasmaspheric Alfvén layer. Near 1800 MLT there

is a single position where the corotation and convection �elds cancel each other exactly.

In general because of the difference in the response times ofthe plasmapause and Alfvén

layer to changes in the intensity of the cross-tail electric�eld the two only coincide during

extended quiet periods.

As the Alfvén layer moves inward due to increased convection, plasma once on closed

drift paths �nds itself on open drift paths allowing it to drain from the �ux tube (Carpenter,

1970;Carpenter et al., 1993). As the convection �eld weakens, the Alfvén layer moves

outward allowing open drift paths to close and then re�ll with plasma from the ionosphere.

Changes in �eld strength propagate at the local Alfvén speedwhile the bulk plasma takes

signi�cantly more time to react. The bulk plasma can only move atE� B drift speeds which

are orders of magnitude smaller. This reaction time difference enables the formation of

macro-features such as plasmaspheric drainage plumes and wrapping plumes, as postulated

by Grebowsky(1970);Maynard and Chen(1975) and as observed using IMAGE-EUV data

by Goldstein et al.(2003a). The difference in reaction times allows for observations of

the Alfvén layer position interior to the plasmapause, thusallowing the calculation of the

convection electric �eld.

The Alfvén layer as the boundary of open and closed drift paths observationally is

identi�ed by a local shear with plasma on the Earthward side dominated by the corota-

tional forces and the far side by the convection electric �eld. Using IMAGE-EUV images

the Alfvén layer is readily observed within the plasmasphere by tracing a feature. Trac-

ing a feature in a time series of EUV images noting theL-value and MLT where its motion

changes from corotation to either subcorotation or supercorotation allows for the derivation

of the convection electric �eld. There has been recent work by Burch et al.(2001);Gold-

stein et al.(2003);Sandel et al.(2003);Goldstein et al.(2004c);Gallagher and Adrian
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(2007) focusing on plasmaspheric erosion and the electric �elds involved in the erosion

in localized regions and their affects on the plasmasphere.These previous methods have

succeeded only in deriving the electric �elds for events where discernible plasmapause

motions are visible. This dissertation extends IMAGE-EUV electric �eld derivations to

time periods where motions are visible within the plasmasphere as well as focusing on the

global convection electric �eld, providing for the �rst time, observational veri�cation of

the Alfvén layer motion.

This chapter extends the Alfvén layer theory by incorporating observational data, which

allows for the derivation of the convection electric �eld. The derived Alfvén layer position

and global convection electric �eld will be presented. Presented is a method by which the

Alfvén layer boundary can be tracked in time within the plasmasphere during a plasma-

spheric erosion event. From Alfvén layer motion the cross-tail convection electric �eld

can be derived assuming a convective plasmasphere �eld pattern. In order to observe the

Alfvén layer, plasmaspheric features must be seen to changefrom closed to open drift paths

(i.e. from corotation to sunward convection). This change is most evident in the dusk sec-

tor where the convection and corotation �elds are anti-parallel, causing the plasma drift

direction to change drastically as the in�uence changes.

EUV Derived Convection Field for 8 April 2001

Data

The main data set used in this study are images from the Extreme Ultraviolet (EUV)

imager �own on the IMAGE satellite. The EUV data are described in detail in Chapter

1. The images are inverted using the method in Chapter 2. Using the inverted images a

set of UT-MLT stackplots are created which allow motions within the plasmasphere to be
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observed and tracked.

UT-MLT Stackplot Each UT-MLT stackplot displays the inverted density from within

a �xed Earth centered annulus as a function of UT which runs upthe ordinate and MLT

which runs along the abscissa. An annulus is selected in an image then “cut” at 0000 MLT

and laid on the plot. The same annulus from the next image is then laid above the �rst

making time progression of features more obvious than in individual images or movies of

images. Figure 3.1 shows an example stackplot and an inverted image. In a stackplot, a

single inversion is represented by a horizontal band of datacentered on the inversion time.

Each horizontal band represents a 10 minute accumulation time for the image. The color

bar used in the stackplots is alinear scale as opposed to the inverted images which are

typically shown with a log scale. Lines of corotation are overplotted on the stackplots to

assist in feature tracking. The radial distance across the annulus can be any size, this study

uses a distance of 0:5RE which was found to optimize the visibility of the Alfvén layer.

The plot format is optimized for detecting the azimuthal motion of features in the plas-

masphere as a function of both time and radial position. Rotations are represented in the

plot by the slopes of the various features, such as the density depletion centered at 1800

MLT. Features which have a slope less than the corotation lines are super-corotating and

those with a slope greater than the lines are sub-corotating. Features stationary in MLT

will appear vertical in the plot and features which slant in the opposite direction are mov-

ing opposite the corotation direction. It should be noted that tracking features does not

depend on absolute density but relative density. This removes any need to worry about

cross calibrating the inversion technique within-situHe+ measurements.

Stackplots Viewing the time evolution of a feature with a set of stackplots allows the

location of the Alfvén layer to be determined from its motion. Figure 3.2 shows three
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Figure 3.1: (Top) Inverted EUV image from 8Apr2001 15:40:29highlighting the 2:5� 3RE
annulus used to create the stackplot, the sun is to the right.(Bottom) UT-MLT stackplot for
the annulus from 2:5� 3RE for each image in the orbit. Time of the image is plotted on the
abscissa and MLT along the ordinate with He+ density shown linear with color. The over
plotted diagonal lines are corotation while the horizontallines show the 10 minute duration
of one image in the plot. The color bar ranges in each plot havebeen set equal, washing
out the inverted image Earthward of the desired annulus.
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stackplots from a sequence of images from 06:59 UT to 17:12 UTon 8Apr2001 (day 98).

Each stackplot represents a different annulus of the plasmasphere. Shown are stackplots for

2� 2:5, 2:5� 3, and 3� 3:5RE. Each stackplot traces the evolution of the density depres-

sion along in the dusk sector. The plots show the stagnation of the feature begins earlier

for more inner L-shells, just as would be expected for an external in�uence penetrating into

the plasmasphere. Stagnation points occur where the plasmachanges from closed to open

drift path and back again. They are represented in the stackplots by a change of slope of

the feature being tracked. The thick white line displaced 2 hours in MLT to the left of the

feature has been manually added to each plot to assist in the tracking of the stagnation and

corotation transitions.

Alfvén layer motion through an annulus is seen as a change in slope of the depletion.

The positions and time of these slope changes yield the position of the Alfvén layer at

a given time. Following the stagnated depression until it begins to corotate once again

indicates that the Alfvén layer has moved out beyond the annulus, returning the plasma to

corotation. Using this method beginning with the 3� 3:5RE stackplot tracing the feature

centered on the corotation guide line that begins at 1500 MLTthere are three slope changes

found at 10:59 UT, 12:31 UT, and 13:46 UT. Based on the slope transition, the Alfvén layer

motion can be deduced to be inward or outward. Changes in slopes away from corotation

are inward motions and changes toward corotation are outward motions. This is evident

from considering the dominant �eld in each case.

The resolution of this technique is highly dependent on the shape and sharpness of the

feature being tracked. The 2:5� 3RE stackplot shows a very similar progression, showing

stagnations at 11:14 UT, 11:36 UT, 13:59 UT, and 14:34 UT. Moving further inward the

2� 2:5RE stackplot shows stagnations at 11:07 UT, 11:27 UT, 13:56 UT,and 14:25 UT. The

resolution of the technique is set by the 10 minute time resolution of the EUV images. The

actual resolution is probably a little larger. The transitions from corotation to stagnation,
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Figure 3.2: Stackplots from 8Apr2001 for the annuli from 2� 2:5, 2:5� 3, and 3� 3:5RE. Overlayed on each plot is the shape
of the depression feature that will be used to determine the Alfvén layer offset to the left of the feature. Plot format in each is the
same as in Figure 3.1.
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and stagnation to corotation are given in Table 3.1.

Table 3.1: Stackplot derived Alfvén layer position for 8Apr2001.
Stackplot Time MLT
2� 2:5 11:07 17.4
2� 2:5 11:27 17.4
2� 2:5 13:56 19.8
2� 2:5 14:25 19.8
2:5� 3 11:14 17.4
2:5� 3 11:36 17.4
2:5� 3 13:59 19.7
2:5� 3 14:34 19.5
3� 3:5 10:59 19.2
3� 3:5 12:31 19.5
3� 3:5 13:46 20.7

Using data in Table 3.1 the motion of the Alfvén layer during the event is shown graph-

ically in Figure 3.3. The blocks that touch the top and bottomof the plot can be considered

to extend to in�nity in each direction as there is no usable data for larger or smaller radii. It

is clear that there are two distinct movements of the Alfvén layer. The Alfvén layer begins

outside of 3:5RE, then at 10:59 UT begins a rapid inward motion and within 15 minutes

moves to within 2:5RE. Then the Alfvén layer makes a slow (� 1 hour) recovery to beyond

3:5RE. This is followed by another rapid inward motion beginning at 13:46 UT. Over the

next 30 minutes the Alfvén layer moves inward settling inward of 2:5RE and stays there

for another 30 minutes, then retracts to 3RE where the orbit's imaging sequence ends. In

the next orbit the depression feature is corotating. In the following sections these motions

will be put into a global context by examining the solar wind conditions and the convection

electric �eld as derived from cross polar cap potential.

InterplanetaryData The analysis byGoldstein et al.(2003) of an event on 10July2000

shows that the arrival of a small interplanetary shock and a southward turning of the IMF
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Figure 3.3: Alfvén layer position during the event, the red blocks show the position of the
Alfvén layer during the time period.

is enough to start a major plasmaspheric erosion, triggering, a motion of the Alfvén Layer.

However, study of this event does not show clear Alfvén layermotion due to lack of a

traceable interior feature. For the 8Apr2001 event the interplanetary data are shown in

Figure 3.4. The onset of a shock at 10:32 UT (left vertical line in Figure 3.4) set up the

�rst Alfvén Layer motion (erosion) when it arrived at Earth 31 minutes later at 10:59 UT.

The next Alfvén layer motion is not associated with a shock arrival but instead a sign

change of the IMF-y component and a maximum in the clock angle. The dependence on

the clock angle may derive from the long-standing relation between the IMF clock angle

and the shape of the polar cap convection pattern which is directly related to the strength of

the convection electric �eld (Reiff et al., 1981;Weimer and Gurnett, 1993;Weimer, 1995;

Burke et al., 1999). The correlation of the upstream signatures with theAlfvén layer motion

is a veri�cation of the technique used to follow the plasmaspheric Alfvén layer motion.

Chappell et al.(1970a) has shown that the plasmasphere is ordered by Kp. We show

both the Kp and Dst indices for the event in Figure 3.5. The indices show a relatively quiet

period leading up to the sudden commencement reported in theNOAA Solar Geophysical

Data records at 11:01 UT corresponding to the shock arrival (thin black line). The standard
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Figure 3.4: Interplanetary data from ACE for 8Apr2001. (top) IMF x;y;z components
(bottom) IMF clock angle, Proton velocity (Vp), and number density (Np). The �rst red
vertical dashed line at 10:32 UT marks the time of the interplanetary shock at ACE located
233:6RE upstream of the Earth. The second vertical line at 13:15 UT marks the seconds
Alfvén layer motion at 13:56 UT from Figure 3.3 propagated back to ACE. Note the ACE
data is not time-delayed to Earth, the delay is about 30 minutes at these solar wind speeds.
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Dst 1-hour time resolution is too coarse to show a signature of the Alfvén layer motions,

but, as marked by the vertical red lines, the two motions occur at the time of the sudden

commencement and at the peak intensity of the storm. The standard 3-hour Kp index shows

the expected increase but is too coarse to be useful predicting or understanding Alfvén layer

motions.

Figure 3.5: Dst and Kp indices for the time during and before 8Apr2001. The thin black
vertical line on the plot is the sudden commencement. The reddashed lines are the mini-
mum Alfvén layer positions from Figure 3.3.

Convection Field Strength

The coarse convection electric �eld strength can be derivedfrom the understanding of
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the behavior of the Alfvén layer motion expected on the basisof a convective plasmasphere

model. The radial extent of the plasmasphere is a function ofconvection and corotation

electric �elds. Assuming the convection �eld strength is uniform, and oriented dawn-dusk,

the convection �eld strength can be calculated from the Alfvén layer position. Although

these assumptions are simplistic, having only a single point of Alfvén layer position makes

using any more complex model an overstepping of the limitations of the available data. It is

possible to derive a explicit relation between the convection electric �eld and the location

of the Alfvén layer.

Following the derivation ofLyons and Williams(1984), beginning with the equations

for the convection (1.4) and corotation (1.7) electric �elds from Chapter 1, the boundary

between open and closed drift paths occurs when the two �eldsare equal and opposite in

the equatorial plane:

r̂w
REB0

L2 = Esw
�
sinf r̂ + cosf f̂

�
(3.1)

which occurs at at 1800MLT(f = p=2) in steady state. Solving forL yields

L =

r
wB0RE

Esw
(3.2)

Using the general formulation for the total potential in theinner magnetosphere (equation

1.9)

y =
� wB0R2

E
L

+ EswLREsinf (3.3)

and substituting in equation 3.2, and settingf = p=2 gives the potential of the dusk (1800

MLT) Alfvén layer

y AL = 2
q

wB0R3
EEsw (3.4)
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where the subscriptAL refers to Alfvén layer quantities. When the Alfvén layer potential

(equation 3.4) is substituted back into the total potential(equation 3.3) the Alfvén layer

radial distance for a given azimuthal angle and convection electric �eld is given by

LAL =
q

wB0RE
Esw

� p
1+ sinf � 1

sinf

�
(3.5)

For a given value of the convection electric �eld,Esw this yields the shape and size of the

plasmasphere. Using the standard values of 3:1514� 10� 5T, 6:37121� 106m, 7:27221�

10� 5 rad=s forB0, RE, andw respectively and solving 3.5 forEsw gives:

Esw =
1:44� 10� 2

L2
AL

� p
1+ sinf � 1

sinf

� 2

(3.6)

or in terms of MLT

Esw =
1:44� 10� 2

L2
AL

2

4

q
1+ sin (MLT� 12)p

12 � 1

sin (MLT� 12)p
12

3

5

2

(3.7)

where whereMLT = 12f
p + 12.

Using equation 3.7 and the data from Table 3.1 the derived convection �elds values are

given in table 3.2.

Comparison With in-situ Data The previous sections have shown the Alfvén layer

motion correlates with changes in parameters in the solar wind, and the local geomagnetic

indices. Here we attempt to verify this relationship for the8Apr2001 event, however, there

are no suitably instrumented spacecraft in the proper orbitto directly measure the con-

vection �eld. This makes validation of the derived convection electric �eld strength more

dif�cult but also makes the ability to derive the convectionelectric �eld more important as
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Table 3.2: Derived Convection electric �eld for 8Apr2001. The min and max are calculated
from the inside and outside of theL region.

Time range min(Esw) (mV=m) max(Esw) (mV=m)
<10:59 <0.20 <0.28

10:59-11:07 0.40 0.62
11:07-11:27 0.40 0.62
11:27-11:36 0.28 0.40
11:36-12:31 0.21 0.28
12:31-13:46 0.22 0.30
13:46-13:56 0.41 0.64
13:56-14:25 0.41 0.64
14:25-14:37 0.28 0.40

an axillary data set. Validation can still be done in two alternate ways: by mapping low

altitudein-situ polar cap potential values out to the convection �eld region, or by using a

previously validated model of the polar cap potential driven by interplanetary inputs and

then mapping that polar cap potential to the convection �eldregion.

in-situ Polar CapPotential The Special Sensor for Ions, Electrons, and Scintillation

(SSIES) instrument on the Defense Meteorological Satellite Program (DMSP) satellites

provides the �rst method for deriving the convection electric �eld strength (Cornelius and

Mazzella, 1994). DMSP satellites are a series of low altitude(840km) sun-synchronous

polar orbiting satellites each measuring speci�c local time sectors. While the DMSP satel-

lites carry no direct electric �eld instruments the �eld is derived using the measured cross

track ion drift under the frozen in �ux assumption. Using knowledge of the Earth's mag-

netic �eld, the electric �eld is derived from the particle motion usingE = � (v � B). By

integration over the �eld the potential at each point along the spacecraft track is obtained.

The total polar cap potential is the difference between the highest and lowest potential

measured by the spacecraft. These calculations are performed in the William B. Hanson

Center for Space Sciences at the University of Texas, Dallas(UTD) and delivered to the
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community via their website.

The different orbits of the various DMSP satellites favor the F13 spacecraft for this

measurement as its 05:45-17:45 MLT orbit has the highest probably of intersecting the true

maximum and minimum of the polar cap potential. Figure 3.6 shows a standard polar cap

potential two-cell pattern (Weimer, 2001), overlayed with the DMSP F13 and F15 orbital

tracks. F13 is the closer of the two to the location of the potential maximum and minimum

values. Since one can't be sure that a satellite actually passes through the maximum and

minimum potential regions the polar cap potential as derived by DMSP must be considered

as a lower limit of the true value.

Figure 3.6: Standard two-cell polar cap potential overlayed with schematic DMSP passes
for two satellites F13 (red) and F15 (blue). (Image courtesyCenter for Space Sciences,
University of Texas, Dallas)

The DMSP polar cap crossing beginning at 8Apr2001 07:52 UT, shown in Figure 3.7,

derives a maximum potential of 38:57kV and a minimum potential of� 36:84kV noting an

offset potential of� 2:87kV. Physically, the potential is zero on both sides of the two-cell

convection pattern, however integrating along the �ight path rarely yields zero. The offset
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potential is the difference between the end value and the correct value of zero1.

Figure 3.7: DMSP F13 polar cap plots showing the southern hemisphere polar cap pass
beginning 8Apr2001 7:52. Shown are the measured cross path ion drifts and the derived
potential from these measurements given in the GSM coordinate system. (Plot courtesy
Center for Space Sciences, University of Texas, Dallas)

Mapping the polar cap potential into the magnetotail provides the calculation of the

convection electric �eld across the magnetosphere. It is assumed that there is no poten-

tial drop along the �eld lines and the magnetotail is a cylinder of radius 40RE (Lyons and

Williams, 1984). The latter assumption is justi�ed as the greatest interest in this data is the

time evolution of the convection �eld, not necessarily the absolute value of the polar cap

potential. The true tail width is at worst only slightly different for each measurement. As-

1The UTD frequently asked questions accompanying the derived polar cap potential data, suggests that
there is high con�dence in the data if the offset value is lessthan 25% of the polar cap potential value.
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suming that the convection �eld is purely dawn-dusk, the convection �eld is Esw = � Ñf pc

which then reduces toEsw = f pc=(2�40RE). There are only six polar cap passes of DMSP

F13 during the 8Apr2001 time period that yield high con�dence polar cap potential values.

The polar cap potential and convection electric �eld derived for each of these passes are

shown in Figure 3.8. These data are too sparse to be used as a validation of the EUV derived

convection �eld strength, although there is clearly an increase in the convection associated

with this event. The rise begins between 10:00 UT and 12:00 UTand is maximum around

14:00 UT for the second inward Alfvén layer motion. This DMSPdiscussion is presented

as an order of magnitude validation and as a method that couldbe used for other events

containing more complete DMSP coverage.

Figure 3.8: Derived convection electric �eld from the six DMSP-F13 high con�dence
passes on 8Apr2001.
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Comparison To Polar Cap Potential Model An empirical method of estimating the

polar cap potential has been described byWeimer(2001). This is a solar wind based rela-

tionship given by:

f pc = 25:5+ 7:2B0:6V sin2(q=2) (3.8)

whereB is the magnitude of the IMF,V is the solar wind velocity, andq is the IMF clock

angle fromSonnerup(1974). At L1 the ACE data has to be time delayed to its arrival

at Earth before equation 3.8 is valid. Equation 3.8 is found to account for 98% of the

observed variation of the polar cap potential over a range off pc from 20� 100kV based on

measurements from the DE-2, IMP-8, and ISEE-3 satellites (Weimer, 2001). This method

of validation has the advantage of being based on the nearly continuous measurements of

the required solar wind parameters and IMF from the ACE spacecraft. The ACE data is

binned into 10 minute bins to match that of the EUV images, each bin is then time delayed

to arrival at Earth using the average earthward component ofthe solar wind velocity. Using

the binned and delayed data together with equation 3.8 the convection electric �eld shown

in Figure 3.9 is obtained. Figure 3.9 shows two peaks in the convection electric �eld at

about 11:00 and 14:00 corresponding well with the derived motion of the Alfvén layer.

Overplotted with a dashed line are the minimum and maximum values of the EUV derived

convection electric �eld strength from Table 3.2. The alignment of the peaks is very good

showing the validity of the technique of deriving the convection electric �eld from observed

motion of the Alfvén layer.

Results

Mapping polar cap potential values for the 8Apr2001 event from both DMSP and the

Weimer(2001) model to the magnetotail compare well with the convection electric �eld
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Figure 3.9: Derived convection electric �eld (right ordinate) and polar cap potential (left
ordinate) using theWeimer(2001) polar cap potential model for 8Apr2001 plotted in solid.
The dashed line is the EUV derived convection electric �eld.



62

strength derived from observation of the motion of the Alfvén layer. This result observa-

tionally veri�es the overarching theory of plasmasphere dynamics as being driven by the

overlap of the convection and cross-tail electric �elds. This provides a mechanism to derive

electric �elds not currently directly measured.

The convection electric �eld values derived through observations of motion of the

Alfvén layer are larger than theWeimer(2001) derived values, this is not entirely unex-

pected. This event is reaching the limit of the validity of theWeimer(2001) model. Events

where the Alfvén layer can be tracked are rare making this event something special. Other

events cannot be tracked because of a lack of features to track or a convection �eld strength

too small to make for obvious stagnations. One possibility as to why this event can be

tracked is that inner magnetosphere shielding was setup prior to the event in a way that

allowed the penetration of the convection �elds to be very ef�cient, giving the illusion of

a stronger convection �eld (Jaggi and Wolk, 1973). Another possibility is the addition of

other effects such as sub-auroral polarization streams (SAPS) (Foster and Burke, 2002)

which serve to enhance the convection �eld in a narrow regionof MLT in the dusk re-

gion. This SAPS electric �eld is the result of a separation between the electron and proton

plasmasheet, causing a current closing in the night side ionosphere which sets up a large

electric �eld due to low conductivity. These SAPS �elds havealready been shown to affect

the plasmasphere byGoldstein et al.(2003a) who �nd that the addition of a simple SAPS

�eld tightens features in the dusk plasmasphere into a long channel between the plasma-

sphere proper and a highly wrapped tail, that type of effect could also help describe the

density depletion that was tracked in this study.

EUV Derived Convection Field for 17 April 2001

Another identi�ed event where the convection electric �eldcan be derived from the
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EUV images occurs 17-18Apr2001. It starts with a medium sized plasmasphere formed

during a slightly elevated polar cap potential that has beenlargely steady for about 48

hours (see Figure 3.10). This is followed by a large (Dst< � 100nT) storm that results in a

severe plasmaspheric erosion. Using EUV data it is possibleto derive the convection �eld

strength for the beginning of the storm which is a time periodwhere there are no satellites

directly measuring the convection �eld.

Figure 3.10: Running plots of theWeimer (2001) derived polar cap potential from
15Apr2001 through 19Apr2001. The vertical lines in the plots separate days, the large
numbers indicate the day of year for each day. The right hand ordinate is the convection
electric �eld derived by mapping the polar cap potential outto a magnetotail of diameter
40RE.

Data

The steady polar cap potential conditions are, not surprisingly, mirrored in the Dst and

Kp indices for this period. A sudden commencement is then reported in the NOAA Solar

Geophysical Data records at 18Apr2001 00:45 UT (day 108) where a large storm begins,

and the characteristic the rise and fall in the Dst index and the rise in Kp (Figure 3.11).

These magnetospheric indices are shown to add the global context to the event.
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Figure 3.11: Dst and Kp indices for the 17Apr2001 period. Thevertical line at 18Apr2001
00:45 UT corresponds to the occurrence of a sudden commencement.
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The interplanetary data in Figure 3.12 shows a shock arrivalat ACE occurring at 00:00

UT highlighted by the vertical line. Jumps in both the numberdensity (Np) and velocity

(Vp) correspond to the sudden commencement at 00:45 UT afterits arrival at Earth. There

is also a signi�cant southward IMF turning, followed by a consistently southward IMF,

thus increasing the geoeffectiveness of the event.

The two-day-long steady magnetospheric conditions leading up to this event allow the

plasmasphere to re�ll to beyond 4RE. However, there are unexplained, signi�cant small

scale variations creating a very irregular plasmapause. This irregular boundary provides

features to track in the stackplots thus allowing for EUV derived electric �elds to be com-

puted (Figure 3.13).

There are two common occurrences in the EUV data illustratedin Figure 3.13. The �rst

is the sensor head cutout in the 2001 107 23:48:49 image (middle top of second panel) this

occurs whenever the head �eld of view contains the sun. In this case the shutdown includes

the dusk sector of the plasmasphere. The �nal image at 2001 108 01:00:22 demonstrates

the EUV response to energetic particle penetration. The instrument becomes saturated,

which raises the noise threshold as observed in the left and center thirds of the image, and

total saturation occurs in the right third. In this instancethe noise is probably the arrival of

solar protons associated with the sudden commencement. Theimages remain noisy and of

poor quality for the rest of this event as is evident in the stackplots (Figure 3.14). This rise

in the noise level and saturation is a feature that cannot be overcome in the study of EUV

images during times of high energetic particle �uxes. The increased noise creates hot-spots

in the inverted images, as explained in Chapter 2, resultingin poor inversion integrity and

quality. The sensor head cutout causes few problems for the inversion process as a two

head image is a valid, albeit odd, plasmasphere image.

Creating UT-MLT stackplots from all available images during this period reveals an

obvious feature to track in the dusk sector. Figure 3.14 shows stackplots from the 2� 2:5,



66

Figure 3.12: Interplanetary data from ACE for 17Apr2001-18Apr2001. (top) IMFx;y;z
components (bottom) IMF clock angle, Proton velocity (Vp),and number density (Np).
The vertical line at 18Apr2001 00:00 UT corresponds to the interplanetary shock passing
the ACE spacecraft. Note the ACE data is not time delayed to Earth, the delay is about 40
minutes at these solar wind speeds.
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Figure 3.13: Time series of EUV images during the Alfvén layer motion centered at
17Apr2001 22:47:29 UT. The sun is almost straight down and each image is 10minutes
apart.
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2:5 � 3, and 3� 3:5RE annuli. The identi�ed transitions from open to closed driftpaths

(stagnations) with each stackplot are marked by the red crosses. In tracking a stagnation,

it is important to look forsmall scalechanges in slope. The feature over the course of the

stackplot remains close to the corotation reference line, the stagnation points are identi�ed

as slope changes in the feature. Beginning with the 3� 3:5RE annulus, the stagnations are

most obvious. Moving inward, the stagnations are present but less obvious. An automated

selection process to eliminate subjectivity in the selection of points is certainly desirable,

but due the scarcity of stagnation events identi�able by eye, the ability to develop an al-

gorithm seems an extremely dif�cult and probably fruitlessendeavor, with the current data

set.

Results

Using the stagnation points from Figure 3.14 and Equation 3.7 the electric �eld is de-

rived and shown in Figure 3.15 plotted over theWeimer(2001) derived polar cap potential.

The convection �eld strength is derived by mapping the polarcap potential to a cylindrical

magnetotail of radius 40RE. The �t between the EUV derived convection �eld and the

Weimer(2001) derived �eld is excellent for the �rst peak centered at 22:45UT and the fol-

lowing valley, the EUV data quality, however, degrades rapidly after that not allowing for

the extraction of any further stagnation points for this event.

Event Comparison

Comparison of the 8Apr2001 and 17Apr2001 events shows a fundamental difference

in the �t between the EUV andWeimer(2001) derived convection electric �eld. While

the 8Apr2001 values are consistently higher than the the 17Apr2001 values are within

error bars of being correct. There is a fundamental difference in the events driving the
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Figure 3.14: (Left) UT-MLT stackplots from 17Apr2001 showing the 2� 2:5, 2:5� 3, 3�
3:5RE annuli from top to bottom. (Right) Identical stackplot withthe extracted stagnation
transition points marked with red crosses. Note in all plotsthe colorbar islinear.
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Figure 3.15:Weimer(2001) derived polar cap potential (PCP) for 17Apr2001 withthe
EUV derived electric �eld (Esw) calculated from the stagnation points in Figure 3.14. The
error bar shows the maximum and minimum values from the 0:5RE radial range of each
annulus.
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discrepancy. The 8Apr2001 event is a small geomagnetic storm (Dst > � 60nT) versus

a large storm (Dst> � 100nT) which implies mainly a ring current difference between

the events. The consistently southward IMF in the 17Apr2001event certainly increases

the geoeffectiveness of the event, making the storm large while leaving theWeimer(2001)

derived polar cap potential about the same. Given the similarities in theWeimer(2001)

derived polar cap potential and the differences in the EUV derived convection �eld strength

for these events the event has either reached the limits of the Weimer(2001) model as it

incorporates no saturation of the polar cap potential (Shepherd, 2007) or we have neglected

the presence of other electric �elds such as SAPS in the 8Apr2001 event. While there

are still too few events studied to draw any strong conclusions, this work does strongly

suggest that signi�cant information is available from the convection electric �eld derived

from observations of the motion of the Alfvén layer.

Discussion

The ability to derive the convection electric �eld strengthprovides a key piece of data

when it comes to understanding the magnetospheric storm time dynamics. This technique

is useful for deriving the overall strength of the convection electric �eld from a series of

inverted EUV images of the plasmasphere providing a backdrop for understanding of other

in-situ data. While beyond the scope of this work, side-by-side comparisons to global

convection models (Toffoletto et al., 2003;De Zeeuw et al., 2004) would provide interesting

insights into the coupling between the open �eld line magnetotail and the largely dipolar

plasmaspheric region of the inner magnetosphere that have been largely observationally

unexplored.

Global imaging has certainly demonstrated its usefulness and its role in advancing our

understanding of the dynamics of large scale systems as havesinglein-situmeasurements,
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and multi-spacecraft missions such as CLUSTER. Each has a unique role to play and each

supports the other to provide a richer picture of the underlying physics. The December

2005 failure of the IMAGE spacecraft has however left a hole in the overall data coverage.

The promise of obtaining global electric �eld values is one of the major accomplishments

of this work, future studies and instruments should help this technique mature to the point

where imagers can provide the kinds of data that until now hasbeen the sole realm of the

in-situ measurements. The ability to obtain a global map of electric�elds from a series

of images from a single spacecraft is more cost effective andadds value to any mission in

addition to any detailed studies performed using the images. The next chapter will explore

the state of global magnetospheric imaging, the issues associated with the current data, and

provide suggestions for future improvements to the currentEUV imaging.
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CHAPTER 4

PLASMASPHERE DERIVED ELECTRIC FIELDS:

CURRENT LIMITATIONS AND FUTURE POSSIBILITIES

The previous chapter demonstrates a method to use plasmaspheric images to derive the con-

vection electric �eld strength. This chapter will highlight areas where improvements can

be made with current data, areas where improvements can be made with instrumentation,

and areas that are not possible or practical to improve.

Introduction

From the convective plasmasphere model of plasmapause formation, tracking of the

boundary between closed and open drift paths should be possible whenever electric �eld

changes occur more rapidly than the plasma can react. Why then is this technique hard to

use in practice, and what improvements are necessary to makethis a more reliable tech-

nique? Presented here will be a description of the experiential requirements for this tech-

nique to yield valid results, why this technique does not work for all events, and a brief

mission concept based around the EUV convection electric �eld measurement.

In order for the technique to be useful as a long term diagnostic tool for the electric �eld

structure in the inner magnetosphere it must be possible to determine the convection �eld

strength for most geomagnetic events and preferably to be able to derive separate localized

structures of the electric �eld, such as differentiating between the Sub-Auroral Polarization

Stream (SAPS) �eld (Foster and Burke, 2002;Goldstein et al., 2003a) as described in the

previous chapter, from the overall crosstail convection �eld.
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EUV Derived Convection Field Limitations and Possibilities

Based on observations described in Chapter 3, it would seem easy to identify other

examples where global plasmaspheric images can be used to derive the convection �eld

strength. However, since the technique relies on the identi�cation of stagnation points

in the temporal evolution of plasmaspheric density features there are several associated

caveats. It is trivial to identify time periods using theWeimer(2001) derived polar cap

potential where it should be possible to derive the convection electric �eld from the EUV

data, as all that is required is a large change in the convection electric �eld as parametrized

by the polar cap potential. However there are other necessary conditions. Figure 4.1 shows

25 days of running polar cap potential beginning 11Apr2001 (day 101). Each day's polar

cap potential are separated by vertical lines and the large number below the curve in each

block is the day of year. The ability to use theWeimer(2001) model is dependent upon

the availability of ACE solar wind data. While deriving the convection electric �eld from

plasmaspheric EUV images does not require any external data.

EUV Derived Convection Field
Requirements

Based on experience, events where the convection �eld can bederived from EUV data

have the following requirements: 1) unless the value of the polar cap potential reaches about

60kV, no signature has been observed; 2) physical argumentsrequire that the plasmasphere

be large enough for the Alfvén layer motion to be within the plasmasphere; 3) there must

be high quality EUV data; 4) there must be a feature to track within the plasmasphere.

60 kV Polar CapPotential The requirement for the 60kV polar cap potential can be

understood in terms of the potential required to observe theAlfvén layer crossing a cer-

tain L-shell. Figure 4.2 shows plots of Equation 3.7 at varying values of MLT. These plots
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Figure 4.1: Running plot of theWeimer(2001) derived polar cap potential from 11 April 2001 through 5 May 2001. The vertical
lines separate days, the large numbers indicate the day of year for each day. The right hand ordinate is the convection electric
�eld derived by mapping the polar cap potential out to a magnetotail of diameter 40RE. The mapping method fromLyons and
Williams(1984).
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demonstrate the relationship between theL-shell where the Alfvén layer crossing is ob-

served and the minimum polar cap potential required to move the Alfvén layer into that

L-shell. The shape of the curves in Figure 4.2 are such that a small change in polar cap

potential can easily been seen over a wide range of largeL values. This is especially true

in the evening sector.

Figure 4.2: Relationship betweenL-value of observed Alfvén layer crossings and the re-
quired polar cap potential for different values of MLT. In this model the Alfvén layer is
symmetric yielding the dual MLT valued curves in the plot.

In order to observe the smaller convection electric �eld values the inverted data would

need to have a signi�cantly higher resolution so that stackplots could be made with annuli

bins signi�cantly smaller than the current 0:5RE. Smaller bins would enable a change

from 40 to 60kV to be resolved as the Alfvén layer crosses from4:4 to 3:6RE as a change

of more than one bin. The range of polar cap potential values for a 4� 4:5RE bin and a

3:5� 4RE bin are 10kV and 15kV respectively as found from equation 3.7. The derived

values are indistinguishable from one another due to the large range. In order to raise the
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resolution of the inverted data, the EUV images could eitherhave higher resolution or the

inversion could be improved to yield smaller bins. Improvements to the inversion cannot go

beyond the fundamental spatial resolution of the original images, 0:1RE, as averaging data

together in the creation of stackplots is crucial to making them stable and understandable.

The best solution would be to image with higher resolution.

LargePlasmasphere Typical values of the cross polar cap potential range between 20

and 60kV (Weimer, 1995). These typical values require the observation of theAlfvén layer

between 4:4 and 6:5RE in the dusk sector. Since the Alfvén layer must be interior tothe

plasmapause to make the measurement, this sets the plasmasphere size threshold. Using

the statistical plasmapause data fromLarsen et al.(2007) the EUV extracted plasmapause

is found to be larger than 4:5RE only 30% of the time. Slow re�lling rates require that

the inner magnetosphere must be quiet for extended periods to re�ll to distances beyond

4:5RE (Rasmussen et al., 1993). Observing features when the polar cap potential is 100kV

corresponds to an Alfvén layer crossing of 3:5RE which can be observed 76% of the time.

Both percentages are derived from the plasmapauseL-value histogram shown in Figure 4.3.

There is no way to remove the large plasmapause condition fora given event, the plas-

masphere is where it is. One improvement would be temporal coverage of the plasmas-

phere removing the probability of observing a storm onset and subsequent erosion due to

“no data.” The easier way to accomplish this is with a multi-spacecraft mission which has

the additional advantage of allowing tomographic inversions of the images.

High Quality EUV Data In addition to having satellites in positions to give near con-

tinual coverage, the experiment itself must be capable of continuous or near continuous

operation. Figure 4.4 displays �ve days of polar cap potential overplotted in grey with the
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Figure 4.3: Plasmapause location histogram of the plasmapause points used in the statistical
study ofLarsen et al.(2007).
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availability of EUV images, which is typical for most periods of similar orbital geometry.

There are large time periods with data, but there are also large gaps in coverage.

Some of the gaps are due to satellite position, some are due tothe sun being in the �eld

of view, and others when the experiment is within high radiation environments. Even in the

coverage periods, there will be sensor heads dropped because of sunlight contamination.

Improvements in shielding from both radiation and sunlightwill go a long way toward

meeting a goal of continuous instrument operation. Operating from a despun platform

rather that a spinning satellite will greatly improve time resolution and registration, both of

which improve plasmaspheric studies.

Figure 4.4: IMAGE-EUV data coverage for 15Apr2001 to 20Apr2001. The grey regions
denote regions of high EUV data quality.
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FeatureTo Track It is still unclear what creates the features that are tracked to derive

the convection electric �eld. On some occasions the features are related to the wrapping

of a plume around the plasmasphere as in the 8Apr2001 event. In others the features are

related to plasmaspheric notches present in the image as with the 17Apr2001 event. The

puzzling part of the features is how rarely there is a clear feature to track even when one

would be expected from EUV images. Figure 4.5 presents two stackplots that illustrate the

dif�culty in tracking a feature. The left plot contains no distinct feature while the right

plot contains a sharp boundary with a few broad slope changesbut no ability to pinpoint

the change in slope, making tracking dif�cult. These are both common occurrences in

stackplots. The lack of features and lack of understanding of when there should be a fea-

ture highlights a shortcoming in the detailed understanding of small scale plasmaspheric

features. These small scale features, especially deep within the plasmasphere, need more

study and explanation. Are they the result of localized penetrating electric �elds? Field

aligned currents dumping plasmaspheric plasma into the ionosphere? Or something else

entirely?

Figure 4.5: (left) UT-MLT stackplot for 10Jul2000 (day 192)02:05-10:00UT for the annu-
lus 2� 2:5RE. (right) UT-MLT stackplot for 19Jun2001 (day 170) 01:14-12:00UT for the
annulus 2:5� 3RE.
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Discussion

The results from the IMAGE mission have provided an intriguing �rst look into the util-

ity of global magnetospheric imaging. The real challenge isto move beyond the qualitative

imaging studies to the quantitative aspects of magnetospheric physics that can be derived

from the global images. The ability to derive the convectionelectric �eld strength is one

such ability. Being able to provide a context with which to understand other measurements

is a very successful aspect of the IMAGE mission and could be signi�cantly improved in

future missions (Borg et al., 2005;Darrouzet et al., 2006).

Future Imaging Concept Mission

Brie�y, this chapter provides a mission concept that is the next step in global mag-

netospheric imaging. The basic mission and EUV instrument requirements are found in

Table 4.1. The basic premise is that multiple spacecraft imaging the plasmasphere at a

< 10 minute time resolution in both 30:4nm He+ and 53:9nm O+ . These measurements

allow tomographic reconstruction of the three-dimensional plasmasphere in both He+ and

O+ . The O+ component of the plasmasphere has not been studied in depth,providing the

ability to compare densities and dynamics of the different ion species.

Table 4.1: Requirements of a future plasmaspheric EUV imaging mission.
Property Value

Time resolution < 10min
Near continual viewing ability to image from any apogee latitude

Multiple spacecraft � 2 spacecraft
Field of view � 6RE � 6RE from apogee

Spatial resolution � 0:01RE from apogee
Sensitivity image less than 30He+ cm� 3

Spacecraft attitude despun platform
Sun shielding � 3�

Particle shielding ability to operate intoL � 4
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CHAPTER 5

PLASMASPHERIC COROTATION - IONOSPHERIC SIGNATURE

Introduction

Previous chapters have dealt with the reaction of the plasmapause to external in�u-

ences, such as the convection electric �eld. This chapter will examine the in�uence of

the underlying ionosphere on the plasmasphere. In a convective plasmasphere model as

used in previous chapters all plasmaspheric dynamics are driven from external �elds. In

a more complete treatment of the full system there are also possible effects from beneath

the plasmasphere. These ionospheric effects are currentlynot well understood but contain

interesting implications for the dynamics of the system as awhole.

The question asked here is how corotation in the plasmasphere is affected by the iono-

sphere. The ionosphere is the uppermost region of the atmosphere. The ionosphere and

magnetosphere are typically studied independently of one another. This is based on the

fundamental differences in measurement techniques, the plasma environment, and driving

factors. The ionosphere is created by photoionization and impact ionization of the neutral

upper atmosphere. It extends from� 50 to� 400km although there is no distinct boundary

between the upper ionosphere and the lower plasmasphere. Typical electron densities in the

ionosphere range from 104 to 107cm� 3 making it a collisional plasma (Goel et al., 1976).

Two major differences between the dynamics of the plasmasphere and ionosphere are the

collisional nature of the ionosphere and the neutral wind motions affect on the ionosphere.

One study of the connection of ionospheric phenomenon to theplasmasphere is the

study byBurch et al.(2004). They take the approach that plasmaspheric sub-corotation is
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caused by the ionospheric disturbance dynamo (explained innext section). They argue that

when the disturbance dynamo is active it causes a subcorotation of the ionosphere. If the

plasmasphere is rigidly connected to the ionosphere, then the plasmasphere must also show

this subcorotation during these periods. This chapter looks at those results with the added

information of inverted EUV images and UT-MLT stackplots.

Ionospheric Disturbance Dynamo

The ionospheric disturbance dynamo is a corotation lag caused by ionospheric Joule

heating in the auroral zone caused by an increase in ionospheric currents. During times

of increased Joule heating the ionosphere expands, and shifts southward driven by neutral

winds. The Coriolis force (or equivalently conservation ofangular momentum) cause a

westward drift of the moving ionospheric plasma which results in a subcorotation (see

Blanc and Richmond(1980);Buonsanto(1999) and references therein).

Sub-corotating Plasmaspheric Event (8Apr2001)

The time period studied byBurch et al.(2004) is the 8Apr2001 period presented in

Chapter 3 of this dissertation. To put the event in context, Figure 5.1 is a time series of

images beginning 8Apr2001 10:03:13UT showing the presenceof a large plasmaspheric

shoulder on the right side of each image. These shoulders have been studied previously by

Goldstein et al.(2002a) who �nd them to be the result of overshielding. To brie�y restate

the description in Chapter 1, overshielding is a process wherein the inner-magnetosphere

shielding from the convection �eld is too large due to a sudden decrease in the convection

�eld strength. Overshielding then results in a net dawnwardelectric �eld (opposite the

convection �eld) causing plasma to convect anti-sunward, thus forming a shoulder in the

plasmasphere when the overshielding subsides.
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Figure 5.1: IMAGE-EUV time series from 8Apr2001 10:03UT to 8Apr2001 11:29UT
showing the rotation of a large plasmaspheric shoulder. (right side of each image) Each
EUV image is 10 minutes apart.

The geomagnetic indices for this period are shown in Figure 5.2. There is a rise in the

Kp index and therefore in the convection �eld strength. Dst shows that this is a steady

but slightly disturbed period with a sudden commencement at11:01 UT followed by a

moderate storm. The period of interest for this event is the steady interval through the

period just after the sudden commencement where the corotation lag is seen to persist.

Burch et al.(2004) derive corotation by tracking a long lived plasmaspheric notch and

computing its departure from corotation. Figure 5.3 is reproduced fromBurch et al.(2004)

displaying the notch and its time evolution. The radial red line initially bisecting the notch

then moves at the corotation velocity between each image denoting the position where the

notch would be if it were corotating. The actual center of thenotch is marked with the

yellow arrow. From Figure 5.3 and the rest of the images available for the event,Burch

et al. (2004) �nd that the notch is lagging corotation by 10% over the two days they are

able to track it. Figure 5.4 shows this graphically where thered line is the corotation
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Figure 5.2: Dst and Kp indices for 7Apr2001 12:00UT (day 97) to 8Apr2001 24:00UT
(day 98). The vertical lines at 8Apr2001 06:59UT and 8Apr2001 17:40UT denote the time
covered in Figure 5.5.

Figure 5.3: Selection of IMAGE-EUV images from 6-8Apr2001.The overplotted red
beginning in the �rst image displays the position of the notch if it were corotating. In each
subsequent image the yellow arrow marks the center of the notch. Figure fromBurch et al.
(2004).



86

predicted position, the black line is the EUV observed notchposition. We will return to

the green diamonds later in this chapter. The study was done using the raw EUV images

which do not allow features within the plasmasphere to be distinguished due to look angle

effects and the fact that the instrument is measuring line-of-sight quantities. The latter

makes it impossible to determine whichL-shell is providing the observed density which is

not the case with the inverted images. Using the stackplots shown in Figure 5.5 we �nd

that the corotation lag is present intoL = 3 which is about 1RE inside the plasmapause.

The corotation lag is seen in Figure 5.5 as features that are seen to have a slope greater

than that of the overplotted corotation lines. The region from the plasmapause toL = 3

corresponds to magnetic latitudes between 30� to 50� . Each stackplot has the same format

as in Chapter 3 except the data is repeated one image into the future on the right side of each

plot, allowing features to be tracked across 00 MLT without having to wrap around the plot

boundary. Studying the stackplots shows that the lag is present over a wide range of MLT

values consistent with the ionospheric disturbance dynamolag as opposed to any expected

super-corotation in the dawn MLT sector and subcorotation in the dusk MLT sector based

on the �eld geometry. In Figure 5.5 the corotation lag is observed as a slope steeper than the

corotation guide lines. In both the evening and dawn MLT sectors the lag can be observed.

Ionospheric DMSP signature

In order to determine the ionospheric component of the corotation lag data from the

DMSP F13 and F15 satellites is used. The ionospheric component of the corotation lag

is the cross track ion drift measurement from the DMSP spacecraft. The sun-synchronous

orbits of the DMSP satellites allow the same regions of the ionosphere to be observed on

every orbit. F13 has a 05:45-17:45 LT orbit and F15 has a 09:28-21:28 LT orbit. In these
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Figure 5.4: Position of the plasmaspheric notch in MLT as a function of UT during its
observation 6Apr2001 03:05UT to 8Apr2001 12:03UT shown by the black line. The green
diamonds represent the notch location as predicted by the DMSP measured eastward drift.
The solid red line shows the position as predicted by perfectcorotation. Figure adapted
from Burch et al.(2004).
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Figure 5.5: UT-MLT stackplots for 8Apr2001, shown are the 2� 2:5, 2:5� 3, 3� 3:5, and 3:5� 4RE annuli. MLT is seen to run
from 00 to 48 as the stackplot is reproduced one image ahead toavoid having to wrap around the plot while following features.
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data the ionospheric drift is measured for nearly all magnetic latitudes at the four local

times traversed by the satellites. Shown in Figure 5.6 is theDMSP measured Eastward

ion drift as it differs from corotation, as a function of magnetic latitude. The ion drift

data are broken up into MLT quadrants centered at Noon (12 MLT), Midnight (00 MLT),

Dawn (06 MLT), and Dusk (18 MLT) to match the local times of theDMSP satellites. In

the auroral zone (magnetic latitude poleward of� 60� ) the drift is highly variable due to

penetrating auroral �elds and currents. Near the equator drifts follow a pattern of westward

(subcorotation) in the dawn and noon MLT sectors and eastward (super-corotation) in the

dusk and midnight sectors. This pattern is a result of ionospheric heating and intensi�cation

due to photoionization. The dusk sector follows more closely resembles the midnight sector

because the ionosphere reaches a steady state temperature and density after enough time

in the sun. This pattern shows that over the range of interest, from 30� to 50� magnetic

latitude, there are great differences between each of the sectors. In the Noon sector, nearly

all drifts are westward while at midnight there is a transition in drift direction as one moves

poleward. The dawn drifts are also westward over the region of interest while the dusk

drifts are nearer zero and westward over the region.

Using the data from Figure 5.6 it is straightforward to calculate the mean westward

drift of the ionosphere in different magnetic latitude regions as a function of time over the

8Apr2001 event time period. The results of the calculation are shown in Figure 5.7 as well

as in the green diamonds in Figure 5.4. Shown in Figure 5.7 is the mean eastward drift as

a function of UT for different magnetic latitude regions, 30� � 35� , 35� � 40� , 40� � 45� ,

and 45� � 50� . The points are the mean westward drift plotted with 1s error bars, while

the solid line is a moving average of the drift. There exists aclear westward drift at all

magnetic latitude regions over the whole 8Apr2001 period. This is a surprising result as

there are major changes in the geomagnetic activity beginning at 11:00 UT on 8Apr2001 as

a sudden commencement occurs followed by a moderate storm which would serve to input
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Figure 5.6: DMSP measured eastward drift as a function of magnetic latitude for 8Apr2001
in four MLT sectors centered at 12, 00, 06, 18 MLT.
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additional energy into the ionosphere. Yet there is no signature of these occurrences in the

ionosphere.

Figure 5.7: DMSP measured average Eastward drift for 8Apr2001 as a function of UT for
different magnetic latitude ranges, 30� � 35� , 35� � 40� , 40� � 45� , 45� � 50� . The dark
line overplotted is a moving average meant to bring out trends in the data.

Event Conclusions

Assuming that the ionosphere and plasmasphere rigidly rotate together, the signature

of the ionospheric drift is clear that there is an ionospheric subcorotation occurring. The

disturbance dynamo theory used byBurch et al.(2004) is supported by the uniformity of the

drift across all MLT regions. There is however one troublingsignature missing, that of the

geomagnetic storm, while the ionospheric response to geomagnetic storm is debated (Baron
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and Wand, 1983;Yeh et al., 1994;Foster and Rich, 1997, and many others), a signature is

expected. One expected signature is changes in the drift velocities as auroral �elds and

currents move equatorward causing the drift velocities to be anything but uniform.

Corotating Plasmaspheric Event (18Jun2001)

Here we focus on another event, 18Jun2001, which has a very different plasmaspheric

response. We might expect the DMSP response to also be different. Figure 5.8 shows a

series of EUV images starting at 18Jun2001 13:49:54UT. In this event the plasmasphere

began to erode in response to a sudden commencement and increase in the convection

electric �eld forming a large plasmaspheric drainage plume(upper right of each image). A

subsequent decrease in the convection �eld strength then moves the Alfvén layer outside

the plume. The plume plasma once again on closed drift paths begins corotating, which has

the effect of wrapping the plume around the plasmasphere. Figure 5.9 shows the Kp and

Figure 5.8: Selection of IMAGE-EUV images from 18Jun2001 demonstrating the wrap-
ping of a large plasmaspheric plume.
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Dst indices for the time period.

Figure 5.9: Dst and Kp indices for 17Jun2001 12:00UT (day 168) to 19Jun2001 06:00UT
(day 170). The vertical lines at 18Jun2001 11:57UT and 19Jun2001 02:40UT denote the
time covered in Figure 5.10.

The stackplots shown in Figure 5.10 demonstrate that this event is a corotation event.

The corotation can be observed in the plasmaspheric images as well since the eroded

plasmapause is steep allowing for easy tracking from image to image. Looking inside the

plasmasphere there are many features that show the expectedcorotation signature. There is

rigid corotation in the noon MLT sector, a lag pre-midnight,as expected from penetration

of outer magnetospheric electric �elds, and super-corotation in the dawn MLT sector, cased

by the superposition of the convection and corotation electric �elds. The features demon-

strate this behavior throughout most of the plasmasphere all the way out to the plasmapause

especially after 19Jun2001 00:00UT indicating that the Alfvén layer is outside the plasma-

pause. This signature implies that the ionospheric disturbance dynamo is not acting, thus

providing an opportunity to study the DMSP signature for an event without an active dis-
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turbance dynamo.

Ionospheric DMSP signature

Again using data from the DMSP F13 (0545-1745 LT) and F15 (0928-2128 LT) satel-

lites the ionospheric drift can be found. Figure 5.11 displays the eastward drift as a func-

tion of magnetic latitude broken into the MLT bins centered at 12, 00, 06, and 18 MLT.

The DMSP data quality is not as good for this event as for the 8Apr2001 event but the

data should be suf�cient. Surprisingly the drift signatures are extremely similar between

Figures 5.6 and 5.11 implying that there may be a problem withthe interpretation of the

8Apr2001 event.

Shown in Figure 5.12 is the average eastward drift as a function of time for 18Jun2001.

The magnetic latitude bins are the same as in Figure 5.7, 30� � 35� , 35� � 40� , 40� � 45� ,

and 45� � 50� . While the lower quality DMSP data has increased the size of the error bars

the trend is still clear that there is an westward drift for all times in each magnetic latitude

bin.

Event Conclusions

The DMSP signature for 18Jun2001 shows the ionosphere lagging corotation for an

event where the plasmasphere is clearly corotating. One possible interpretation is that there

is a slip between the ionosphere and the plasmasphere, implying a disconnect between the

low altitude ionospheric plasma motions and the high altitude plasmaspheric plasma. An-

other possible interpretation is that there is unfortunatecoverage of the ionosphere with

the four DMSP sampled local time sectors, implying that there are signi�cant variations in

the ion drift motion between the DSMP sampled local times, asindeed is often the case

(Heelis, private communication). This result demonstrates the dif�culties with associating
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Figure 5.10: UT-MLT stackplots for 18Jun2001, shown are the2� 2:5, 2:5� 3, 3� 3:5, and 3:5� 4RE annuli.
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Figure 5.11: DMSP measured eastward drift as a function of magnetic latitude for
18Jun2001 in four MLT sectors centered at 12, 00, 06, 18 MLT.

Figure 5.12: DMSP measured average Eastward drift for 18Jun2001 as a function of UT
for different magnetic latitude ranges, 30� � 35� , 35� � 40� , 40� � 45� , 45� � 50� .
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local in-situ data with global images. The highly localized measurementsgather very de-

tailed data along the track of the spacecraft but extrapolation to the global response is often

quite dif�cult.

Discussion

As the ionospheric drift signature is remarkable similar for the corotating and lagging

plasmasphere events. We believe that the issue is primarilya function of the equal weight-

ing of the DMSP drift measurements and the implied interpolation between them. Using

the DMSP drift measurements from 0545, 0928, 1745, and 2128 MLT places a measure-

ment in each of the dawn, dusk, noon, and midnight MLT bins, but the measurements are

certainly not in the center of these bins and are not evenly spaced around the the Earth. The

grouping of measurements serves to bias the measurements tothe dawn-post-dawn (0545-

0928 MLT) region and the dusk-post-dusk (1745-2128 MLT) region. This neglect of the

large regions between 2128-0545 MLT and 0928-1745 MLT may well hold the the missing

dynamics.

There are certainly connections between ionospheric dynamics and plasmaspheric dy-

namics, however those relations will have to go undiscovered through the current work.

While beyond the scope of this dissertation, other studies that could possibly lead to re-

lation between ionospheric drift and plasmaspheric corotation could take the form of a

statistical study of long term plasmaspheric corotation and/or corotation lag and long term

ionospheric drift signatures. Another possible study would be detailed studies tracking fea-

tures in the plasmasphere and the associated underlying ionospheric drift over a much �ner

time resolution. The problem with this study is the fundamental differences in resolution

between the ionospheric measurements and the EUV images that only allow feature track-

ing at the plasmapause or the inverted EUV images allowing internal feature tracking at the
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cost of more resolution.
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CHAPTER 6

SUMMARY OF RESULTS

This dissertation presents three studies that represent a different data product that global

imaging enables. The �rst two studies produce quantitativetestable results demonstrating

that analysis from global imaging can provide quantitativetestable results. Global imaging

allows the scientist to make extrapolations and comparisons that are not possible with local

data alone. This enables comparison to other data sets on a continuous basis in methods

not previous explored.

The observation of the previously unobserved theoretical boundary between the open

and closed particle drift paths enables the extrapolation from the inner magnetosphere to

the outer magnetosphere. In addition through the tracking of plasmaspheric features noting

their rotation speed enables the comparison to the underlying ionosphere without the need

to average data or use a statistical description of the dynamics.

Plasmapause Statistics

Chapter 2 presents a correlative statistical study of the plasmapause radial extent versus

multiple solar wind and interplanetary magnetic �eld (IMF)parameters. The results of the

study showed the plasmapause position depends on the IMFBz component and a merging

proxy, f . The merging proxy is de�ned asf = vBsin2(q=2), wherev is the solar wind

proton velocity,B is the IMF magnitude, andq is the IMF clock angle. The derived relation

between the plasmapause position,Lpp, and these parameter is given by

Lpp = 0:0374Bz;155� 1:05� 10� 4f 275+ 4:38 (6.1)
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whereBz;155 is the IMF Bz component delayed 155 minutes from its arrival at Earth and

f 275 is the merging proxy delayed 275 minutes from its arrival at Earth. The study �nds that

there are two distinctly different time scales involved in the evolution of the plasmasphere,

one related to the coupling of the solar wind to the magnetosphere and the other with

reconnection at the magnetopause.

This is an example of a study made easier through global imaging, anin-situ study

of the same magnitude would be a massive undertaking. Globalimaging allowed for

the calculation of the plasmapause at a large range of MLT values simultaneously. This

allows 1365 global images to provide thein-situ equivalent of 210762 satellite passes

through the plasmapause determined by counting the total observed plasmapause posi-

tions. The plasmapause correlation studies ofO'Brien and Moldwin(2003) provide the

largest plasmapause catalog previously available of only 900 plasmapause crossings.

Convection Electric Field Derived From Global Imaging

Chapter 3 presents methods and examples of deriving the cross tail convection electric

�eld from the measured motion of the Alfvén Layer within the plasmasphere. Tracking

features within the plasmasphere from inverted EUV images allows global magnetospheric

parameters to be derived from inner magnetospheric measurements.

Observational Veri�cation of the Plasmas-
pheric Alfvén Layer

Chapter 3 presents the �rst observational veri�cation of the boundary between open and

closed drift paths in the inner magnetosphere, known as the plasmaspheric Alfvén layer.

The study serves as an important observational veri�cationof the convective plasmasphere

model as postulated byNishida(1966).
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EUV Derived Convection Electric Field
Magnitude

Using the convective plasmasphere model, the position of the Alfvén layer can be used

to derive the magnitude of the magnetospheric convection electric �eld. This result al-

lows for imaging the inner magnetosphere to provide information about the outer magne-

tosphere. It is dif�cult to measure the convection electric�eld and it can not be measured

globally making the EUV-derived values useful as an overallmagnetospheric con�guration

parameter. The EUV feature tracking derivation of the convection electric �eld is validated

through comparisons to current empirical models.

Plasmaspheric Signature in the Ionosphere

Not limited to external cause and effect studies of the plasmasphere, this dissertation

looks inward at the underlying ionosphere. Chapter 5 presents the relationship between

plasmaspheric corotation and subcorotation and the underlying ionospheric drift signature.

By measuring the local ion drift velocity in the ionosphere the DMSP satellites provide

a framework with which to identify periods where the plasmasphere may be corotating,

super-corotating, or sub-corotating. It is our belief thatthe currently available ionospheric

ion drift data is under sampling the global drift in such a wayto give the consistent illusion

that the plasmasphere should be sub-corotating, while images from the plasmasphere show

clear corotation.
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This useful appendix showspropertiesof the dipole coordinate system, all these pa-

rameters are derivable, shown here in the symbolism ofRasmussen et al.(1993).

The symbols used are:

r;q; f radius, colatitude, azimuthal angle

f ;q;s dipole coordinates (right-handed)

hf ;hq;hs coordinate scale factors

B magnetic �eld

c angle of magnetic �eld from horizontal

V �ux tube volume per unit magnetic �ux

RE Earth radius= 6371:21km

L McIlwain parameter (McIlwain, 1961)

B0; r0 equatorial value of the magnetic �eld at a reference altitude

L Invariant latitude
The magnetic �eld for a dipole is:

B =
B0

(r=r0)3

p
1+ 3cos2q (A.2)

The volume of a �ux tube in a dipole �eld is:

V =
32r0L4

35B0

p
1� L� 1

�
1+

1
2

L� 1 +
3
8

L� 2 +
5
16

L� 3
�

(A.3)

The orthogonal coordinates are,f ,

q =
�

RE

r

�
sin2(q) (A.4)
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and

s =
�

RE

r

� 2

cos(q) (A.5)

wheres is aligned with the magnetic �eld andq is perpendicular to the magnetic �eld.

The unit vectors are:

êf = � sin(f )êq + cos(f )êf (A.6)

êq = � cos(c)êr + sin(c)êq (A.7)

ês = � sin(c)êr � cos(c)êq (A.8)

where

êr = sin(q) [cos(f )êx + sin(f )êy] + cos(q)êz (A.9)

êq = cos(q) [cos(f )êx + sin(f )êy] � sin(q)êz (A.10)

The scale factors are:

hf = r sin(q) (A.11)

hq = rL cos(c) =
RE

sin(q)
p

1+ 3cos2q

�
r

RE

� 3

(A.12)

hs =
REB0

B
=

REp
1+ 3cos2q

�
r

RE

� 3

(A.13)

An small element of arc length along a �ux tube is

dsa = hsds=
� 1

sin(c)
dr = � RELsin(q)

p
1+ 3cos2qdq (A.14)
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where

ds = �
�

RE

r

� 2 p
1+ 3cos2q
cos(c)

dq

= �
�

RE

r

� 2 p
1+ 3cos2q
RE sin(c)

dr (A.15)

dq =
tan(q)

2r
dr (A.16)

Some useful transformations

L =
r

RE sin2q
(A.17)

cos(c) =
sinq

p
1+ 3cos2q

(A.18)

sin(c) =
2cosq

p
1+ 3cos2q

(A.19)

tan(c) = 2cot(q) (A.20)
p

1+ 3cos2q = s

r

1+
3
4

sin2q = 2

r

1�
3r

4REL
(A.21)

dq
dt

=
� sin(c) cos(c)

L
dL
dt

(A.22)

dr
dt

=
r cos2(c)

L
dL
dt

(A.23)

dL
dt

=
veq

RE
(A.24)

L = arccos(1=L)
1
2 (A.25)

whereveq is the magnetospheric convection velocity in the equatorial plane.

Partial derivatives are given by

¶
¶q

= � hq

�
cos(c)

¶
¶r

�
sin(c)

r
¶
¶q

�
(A.26)

¶
¶s

= � hs

�
sin(c)

¶
¶r

+
cos(c)

r
¶
¶q

�
(A.27)


