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ABSTRACT

Terrestrial plasmaspheric dynamics have been observed sisigle satellite passes and
long term statistical studies for many years all witksitumeasurements. The EUV instru-
ment aboard the IMAGE spacecraft provided global plasmespldata by imaging He-lI
at 30.4nm. The global imaging revealed significant dynamiodifying current theory and
observing many new features. Global imaging removes argesjime ambiguity and pro-
vides a regular high-quality data set ideal for correlasitiedies and region comparisons.
This work presents several studies enabled by this globadjiing: an empirical model of
plasmapause position as a function of solar wind paramegedgrivation of the global
magnetospheric convection electric field based on plasheaipfeature tracking, and a
study of plasmaspheric rotation and its associated ioreygplon drift signature. Using
plasmapause position data extracted from inverted EUV @satpe plasmapause position
is found to be strongly correlated with the interplanetaagmetic field (IMF)z-component
and a magnetospheric merging proxy. Delay in the plasmapeasponse to the arrival
of solar wind conditions at Earth is found to be 180 minutestfe IMF z-component
while the delay from the arrival of the merging proxy is foutadbe 240 minutes. This
result allows an upstream solar wind monitor such as ACE #&blkena simple prediction
of the plasmapause location three hours in advance. Usuegted IMAGE-EUV data it
is demonstrated that Alfvén layer boundary positions afficgnt to derive the magneto-
spheric convection electric field strength. This resultves a global imaging method to
derive a parameter responsible for significant inner maxgpéteric dynamics. No iono-
spheric drift differences are found between corotating suol-corotating plasmaspheric
conditions; this is believed to be caused by an under-saqhi the drift measurement
locations, highlighting the need for further exploratidm@agnetosphere-ionosphere (M-1)
coupling.



CHAPTER 1

INTRODUCTION

This dissertation explores new quantitative studies ofither magnetosphere opened by
recent advances in global magnetosphere imaging. The mgadithe plasmasphere by
resonantly scattered Fie80.4 nm extreme ultraviolet light reveals significantly moneist
ture and more complex dynamics than previously suspectiethalGmaging offers signif-
icant improvements in the approaches available to a large&eu of studies. Correlative
studies using global and-situ measurements greatly increase conjunctions and therefore
both statistic and event availability. Global imaging atgeens up studies of the morphol-
ogy and motion of large scale features. Global imaging alleviates the problems of
space/time aliasing of data, there is no ambiguity in the ddtout temporal and spatial
changes.

The focus of this dissertation will be on the configuration aiynamics of the inner
magnetospheric system as a whole; in particular the roleeoptasmasphere. The Earth’s
magnetosphere has a standard and unchanging overall aatifigithat will be defined and
discussed, together with the changes that occur withinsygtem. This chapter is meant
to give the scientific reader an introduction to the regiospHce studied and its dynamics.
A detailed description of the the entire system is beyonatope of this work. For a more
exhaustive overview of the geospace system | suggest tloglirdtory textKivelson and
Russel(1995). For a more exhaustive look at the plasma physicdvadoParks(2004) is
excellent. For a reference about the electromagnetismiagtéscharged particle motion
involved, Northrup (1963) is the seminal work. For a reference about electromizgm,

Jackson(1998) is exhaustive.



Geospace Environment

Magnetosphere

The magnetosphere is the region of space dominated by thi@ssaagnetic field. The
magnetic field forms a cavity in the heliosphere separatimdjta a large extent shield-
ing the Earth from the interplanetary plasma. The intergiary plasma has its source
at the sun. Expansion of the solar corona gives rise to ther sahd which at Earth is
supersonic. The interaction of the solar wind and the Eartfdgnetosphere set up a colli-
sionless bow shock which diverts most of the solar wind adlcamd down the flanks of the
magnetosphere. Figure 1.1 is an early, yet correct, scliemeatv of the magnetosphere
from Dungey(1963). The solar wind carries the solar magnetic field witiThis field is
known as the Interplanetary Magnetic Field (IMF). The IMkeatation and strength have

a significant impact on the dynamics of the magnetosphere.

/f/// //////’ 7/ e
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Figure 1.1: Early schematic view of the magnetosphere.dddkie “X” point reconnection
points at the subsolar magnetopause (far left) and deephatgeomagnetic tail (far right).
Image from fromDungey(1963).




The magnetosphere is typically broken into two distinctoeg, the inner and outer
(or tail) magnetosphere. The inner magnetosphere is dieaized as the region where the
magnetic field can be considered dipolar, and the outer ntagpigere is characterized by
magnetic field lines that are significantly stretched thtoungeractions with the solar wind.
A simple operational definition used throughout this worthiat field lines that lie equator-
ward of the auroral zone are considered inner magnetospe@al zone field lines map
to both the near and far tail, and polar cap field lines conwétt the IMF and are swept

deep into the tail before reconnecting.

Mcllwain L Value

The McllwainL value, often referred to simply asor L-shell, is a way to enumerate
flux tubes in the magnetosphere. For a dipole fieldLtkalue is the number of Earth radii
where a flux tubes crosses the equatorial planeLAhell is the set of all field lines that
cross the equatorial plane at that distance for every laoal.tThis is a slight misuse of the
original parameter, but 30+ years have made this definitomuonplaceNIcllwain, 1961;
Heynderickx et a).1996). Appendix A contains the mathematical definition ezldtions

pertaining to the McllwairnL. value.

Plasmaspheric Physics

Plasmasphere Description

The plasmasphere is a region within the magnetosphereatearad by cold~ 1eV),
dense(~ 103cm~3) non-collisional co-rotating plasma. It extends from itsise, the
ionosphere, out to several Earth radfg). This region was discovered independently by

Gringauz(1963) using satellite data, and Barpenter(1966) using ground based whistler



observations. Carpenter observed a sharp density gradi8nt5 Rg which he coined the
“plasmapause.”

The plasmasphere is the innermost magnetospheric plasmdagion (Figure 1.2).
Typically the plasmasphere extends tog2d® less during active times and upward of &R
during geomagnetically quiet times. The plasmasphere isudward extension of the
ionosphere. There is no clear boundary between the tworrediowever plasmaspheric
altitudes tend to be measured ia ®Rhile ionospheric altitudes are measured in km making
the difference largely one of scale and position. Empty otigléy filled flux tubes are
slowly filled (t ~ day9 from the ionosphere by pressure driven diffusion alongldical
field lines. The process is both complex and ill understoatsientirety Song et al.1988;
Horwitz and Singh1992;Rasmussen et all993). In contrast to the slow refilling rate the
plasmasphere can be depleted in a matter of minutes, mdksa highly dynamic plasma
population Carpenter and Andersgri992;Goldstein et al.2002b). Particle populations
that overlap the plasmasphere are affected by its dynamicenmaking the plasmasphere
an important region to study, in order to understand the ayosof other more energetic
populations. Two of the more important overlapping popatet are the ring current and

the radiation belts, described below.

Ring Current The ring current is a population of particles betweer2D0keV. These
constitute a westward current around the Earth in the egahtange~ 2 to 7Re. Elec-
trons and protons convected earthward from the magnethdaihg magnetically active
periods drift in different directions around the Earth ispense to the magnetic gradient
curvature force. Much of the energization of the particleses from impulsive magnetic
reconnection in the deep magnetotail. Figure 1.3 showsraseptative image of the ring
current from the IMAGE-HENA instrumentitchell et al, 2000). The Energetic Neutral

Atoms (ENA) used to image the ring current are created thralgrge exchange between
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Figure 1.2: Magnetosphere cartoon showing the plasmasplegion of the magneto-
sphere. Image froRasinkangas et a(1998).

the trapped energetic ions and the neutral hydrogen genagielding an energetic proton
and an ENA. The ENA, being neutral, exit the ring current oltidiec trajectories and are
used to image ring current ion densities. This requires atnaial inversion of the raw

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

magnetospheric substorms making it an important processidty.

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

erer Dr. James Van Allervén Allen et al. 1959), are highly energized, trapped patrticles,
organized into two distinct regions separated by a slot. ilither belt has a typical equa-
torial extent of 01 — 1.5Rge with the most energetic component being a large population
of energetic protons~ 1— 100 MeV). It is often referred to as the proton belt. The outer
belt (2— 10Re) has energetic electrons.{0- 10MeV) as its primary energetic compo-
nent. The radiation belts are an important region to studyvo reasons: to understand

the basic particle acceleration processes involved andragjer source of problems in
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Figure 1.3: Energetic neutral atom (ENA) emissions from Eagth's ring current, as
seen with the High Energy Neutral Atom (HENA) on NASAs IMAGEpacecraft from
9Jun2000 21:18 during the recovery stage of a geomagnetio shat began on 8Jun2000
in the 16— 27keV energy range. The view is toward Earth’s north polenfem altitude of
5 Earth radii. The relative size and position of the Earthiadgécated by the white circle.
Pairs of representative field lines (extending to 4 and 8hgadii respectively) are shown
at (clockwise from top) local midnight, dusk, noon, and daimmage and caption courtesy
the IMAGE-HENA team.



spacefaring applications of all kinds. More that one spafebas been lost due to high

doses of radiation from radiation belt flythroughs.

PlasnasphereOvelap Study of the plasmasphere is easily split into two caiegp

one being the study of the plasmasphere itself and the othenfluence on both the
ring current and radiation belts that overlap it. The lafeems an important aspect in
magnetosphere-ionosphere (M-1) coupling. The phrasenafsed to describe plasmas-
pheric studies is “the coldest particles determine the ohyosiof the hottest particles.” Fig-
ure 1.4 shows the relationship between possible wave madktha plasmasphere which
varies along a patrticles drift trajectory. The differeragrtha waves and their effect on the
radiation belt and ring current particles is well beyondsbepe of this work, except to say
that each of the waves shown in Figure 1.4 scatter energaticles. They have important
implications for the creation of the slot region betweendleetron and proton belts as well
as overall acceleration and loss rates within these regifimsy also provide a mechanism
to transfer energy from the ring current to the topside iphese. It can be said that the

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

Early Plasmasphere Dynamics

Fromin-situand ground based observations during the late 1960’s araisli®ié plas-
masphere was thought to be roughly circular (in the equatptane) with a “duskside
bulge.” The plasmasphere was known to increase in size mithmiagnetospheric activity,
and decease in size with increased activity. Figure 1.5 stamnearly plot of plasmasphere
profiles for different levels of geomagnetic activity, demstrating its dependence on the
Kp index, which is a measure of global magnetospheric cdivecAs global convection
increases (increasing values of Kp) the plasmapause isrdosEarth than during quiet

(low Kp) times.



WHISTLER
DRIFT PATH OF MODE

RELATIVISTIC CHORUS
ELECTRONS

RING CURRENT DRIFTS
(Electrons and lons)

Figure 1.4: Cartoon showing the locations where variougrinmagnetospheric plasma
waves are possible. Figure and fr&ummers et a(1998).
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Figure 1.5: The plasmapaus€ ldoncentration, based on groups of observations from the
OGO-5 satellite in the range 0000-0400 LT at different lsxaflmagnetic activity. Figure
from Chappell et al(1970b).



The plasmasphere is located in the region of overlap betweeradially inward coro-
tation and the dawn-dusk convection electric fields. Thetetefields are described in
detail later in this chapter. The plasmaspheric plasmasédadhe localE x B force set
up by the superposition of the two fields. The overlap of tHedds creates two types of
drift paths; open and closed. On the closed drift paths thenp& is trapped, and in the
open drift path the plasma convects sunward and is lost andgnetopause. Figure 1.6
shows the simplest model of the inner magnetospierd3 streamlines, while Figure 1.7
shows a more complicated and realistic model obtained bingdd effects such as inner

magnetospheric shielding.
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Figure 1.6: Equipotential contours for the magnetosphalgctric field in the equatorial
plane. Upper left: First-order approximation for the carti@n electric field as uniform.
Upper right: The co-rotation electric field. Lower: Sum ofmgection and co-rotation
electric fields. Figure fronNishida(1966).
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Figure 1.7: Streamlines of the solar wind-induced conweectin the equatorial plane for
open and closed magnetospheric models. Figure faford and Hineg1961); Nishida
(1966).

Inner MagnetosphereStreantine Derivaion In order to illustrate the overall behavior

of the cold plasma inner magnetosphere, it is instructivdetove the streamlines in Figure
1.6. This derivation closely follows that ¢farks (2004) but is limited to the equatorial
plane (also seeyons and William$1984)). The electric field in the stationary frame of the

corotating plasma in the presence of the Earth’s dipole f&eld
Ec=—(wxr)xB (1.1)
wherew is the Earth’s angular velocity. The magnetic field of thetE@n the equatorial

plane is given in Appendix A Equation A.2 as

Bo  .Bo

B=2 =72
NGO

(1.2)

whereBy is the surface magnetic field ahd=r /ro. Aligning the dipole axis with the spin

axis setav = wz and noting that = rf allows for the calculation of
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WXTr=wr(Zxr) (1.3)

Ec=—-wr—(Zxf)x2z

= —for— (1.4)

which falls off as ¥r? and points radially inward. Assuming thBt is a potential field

(0 x B =0, Ec = —[yY) the scalar potential can be written as

_ WBoRE

Ye = L (1-5)

wherer = ReL. Particles of zero thermal energy follow equipotentia¢fras their stream-
lines and produce the upper right frame in Figure 1.6.

The other field in the derivation is the cross tail or conv@ttelectric field which is
driven by the solar wind motion past the magnetosphere. flimate this field we assume
that the solar wind drags flux tubes from noon to dusk acrosghé polar caps, which
produces & x B electric field. Assuming force balan¢§ F = 0), which then implies
frozen in flux and using a dipole magnetic field the convectlattric field can be stated

as

M
Econv= —NVsw X = (1.6)
E

wherevs, is the solar wind velocityM is the planetary dipole moment, andis a di-
mensionless coupling efficiency of the solar wind into thegmetosphereSelesnick and
Richardson 1986). The convection field in equation 1.6 assuming a raditward so-

lar wind and a southward pointing dipole moment gives risa ttawn-dusk convection



12

field which to first order is constant in the whole inner magephere at abouts,, =

2.5x 104V m~1. This constant field

Esw = - Eswy (1-7)

then can be written as a scalar potential as

Wsw = Eswy

= EswLRgsing (1.8)

The 0eV streamlines from equation 1.8 are shown in the ugfteirdme of figure 1.6.

The final frame in figure 1.6 is derived by the superpositiotheke two potentials

U = Ye+ Psw
—WByRZ

= — & +EsiResing (1.9)

The equation of the contours of constgnare found by solving equation 1.9 foras

—p+ \/lsz + 4BoREEgusing
L = .
2ReEgwSing

(1.10)

whereEgy is a free parameter of the system. As the strength of the ctiomeelectric field

increases (equation 1.7) closed drift paths will changeptnalrift paths, losing plasma in
those flux tubes to the magnetopause (see Figure 1.6). Thmaleeacts at drift speeds
which are much slower than the Alfvén speed at which the gafths change, requir-
ing a distinction be made between the open/closed boundhatyhe plasmapause. The

open/closed boundary is a function only of the fields presérte the plasmapause is a



13

density feature, an important distinction that is oftergfiten. It should also be noted that
this simple derivation does not allow for the direction o ttonvection field to vary, or for
there to be localized regions of different field strengthg dinections. Both are known to
occur, and affect the plasmasphere, especially duringlsiyeuevents.

Magnetospheric currents play a crucial rule in the evotutbthe plasmasphere. Ex-
amples are the phenomena of shielding, overshielding, adérshielding of the inner
magnetosphere (se&chield et al. 1969;Vasyliunas 1970; Wolf, 1974; Peymirat et al,
2000; Goldstein et al. 2002a, 2003b). To illustrate these phenomena we will ¥oléo
standard activity cycle in the inner magnetosphere. Asdaiea steady northward inter-
planetary magnetic field (IMF) has a southward turning amoaies southward for a long
stretch of time. This increases convection in the magnégp(seen as an increase in the
convection field from equation 1.8) causing the plasmaspteeshrink. Adding magneto-
spheric currents to this simple model sets limits on therpésphere response. In response
to the increased convection the plasmasheet forms a pangaturrent which, closing in
the finite conductivity ionosphere, sets up electric fieltst @act to shield the inner mag-
netosphere from the convection field. This shielding is thtm take about an hour to
become completeKglley et al, 1979). Since the shielding takes time to become effective,
the period before the shielding is complete is describeddsnshielding. If the IMF turns
back northward the shielding is now too large causing plasnfeow anti-sunward until
the system can reorganize itself to the correct amount efdihy. The above scenario is

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

Plasmasphere: IMAGE Mission

In the late 1990s the detailed understanding of the plashesigpresponse to external

drivers and the plasmasphere interaction with the resteirther magnetosphere became
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a timely and interesting topic. It became apparent that tkemhbe next step in our un-
derstanding of the dynamics of the inner magnetospheredmagjuire global imaging
capability with sufficient time resolution to observe theanges and interactions taking
place. This was sufficient to warrant NASA's support of thegrar for Magnetopause-to-
Aurora Global Exploration (IMAGE) mission. IMAGE was to ferm 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 015 x 7.2Re with a 142h orbital period. The spacecraft has a 2 min
spin period that sets the temporal resolution of most measeaints. The highly elliptical
orbit provides long stretches of time with favorable obgsg\geometry, with lines of sight
nearly perpendicular to the geomagnetic equatorial pldine orbit precesses in time so
that apogee moves from over the North pole to the equatdangqo over the South pole in
about eight years. This dissertation utilizes data fromM&GE mission which provides

the first opportunity to use global data in the study of theemmagnetosphere.

The ExtremeUltraviolet Imager The Extreme Ultraviolet Imager (EUV) instrument

aboard IMAGE Gandel et a].2000) measures the brightness of the 136.4 nm resonantly
scattered emission from the plasmasphere. It has a spasialution of 06 deg (about
0.1Rg) at apogee and a time resolution-ofLO min (5 satellite revolutions). The measured
brightness is directly proportional to the column abun@eaofthe optically thin H& along

the lines of sight corresponding to each pixel. As thé li#eoptically thin (see page 17) the
photons that reach the detector come from the entire colurmptasma within the field of
view of each detector pixel. Heaccounts for approximately 15% of the electron density

the rest is made up by Hand trace amounts of O(Carpenter and Lemairel997). It is
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still debated about whether the Hean serve as a correct proxy for the éensity Jaggi
and Wolk 1973;Waite et al, 1984;Newberry et al.1989).

EUV is a scanning instrument with three sensor heads, eaithar80 deg field of
view that overlaps 3 deg with the neighboring head. Eachctiatés a spherically curved
microchannel plate (MCP) with stack and wedge and stripaeadcach MCP is scanned
to obtain three measurements that arex300 with a two pixel overlapSandel et al.
2000).

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

Table 1.1: EUV instrument design parameters. F&andel et al(2000).

| Property | Value |
Mass 15.5kg
Power 9.0wW
Size 49.7(h) x 23.3(w) x 49.5(d)cm
Field of view 84° x 36(P
Optical design Prime focus,f/0.8
Spherical mirror and focal surfage
Angular resolution 0.6°
Spatial resolution 630km
Time resolution 10 min
Sensitivity 1.9countstR1
Aperture area 21.8cm?
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 surfage 7.0cm

designed in such a way to allow high transmission of the B6.4nm line while having
low transmission of the other lines, such as He-U58n and O 53.9nm. The instrument
obtains a long wavelength cutoff using an Al filter and a neyjter coated mirror to reflect
30.4nm and not reflect 58 nm Sandel et a].2000). This design is optimized for plasma-

spheric imaging in that it has high peak transmission anditansmission for the specific
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lines known to exist in the region, there is no continuumatdn in this wavelength region
unless the instrument views the Sun. Figure 1.8 shows a eytsigw of the instrument

and a sensor head.

Three |dentical Aluminum Filter
Sensor Heads Transmission 0.3 at 30.4 nm
Blocks H Lymana

Detector V4
Triple MCP +
Wedge & Strip y Enb!n;e Aperture
Electronics \ Spherical focal A2 22 em? Annulus
Enclosure surface, R = 70 cm
Cover cut away
ta show interior
| — Spherical Mimor, R =13.5¢cm
Multilayer Coating for 30.4 nm
Detector
Electronics
IMAGE Extreme Ultraviolet imager EUV Sensor Head (cutaway view)

Figure 1.8: (Left) Left-front view of the EUV, with a portioof the main light baffle cut
away to show the location of the sensor heads. The highgelawer supply is mounted
on the far side, hidden in this view. (Right) Cutaway drawmaig sensor head. Detector
signal and bias cables are not shown here. Figure and cdptiorSandel et al(2000).

This instrument allowed the entire plasmasphere to be ichagence for the first time.
This revealed more features and dynamics than were imagimedn-situ data, including
plasmapause features such as undulations, shouldergosutiation, troughs, and bite-
outs Burch et al, 2001). Figure 1.9 shows a representative time series ajesitaken on
18Jun2001. Each image is a 3@ty 84° (phase by elevation) scan with only the portion
containing the plasmasphere being plotted. Each plot sp@msinutes. Plotted is the
line of sight brightness for each pixel oriag color scale. Features that show up in every
image are the airglow on the sunward side of each image (logiet) and the faint shadow
opposite the sun in each image (upper-left). The airglovoiméd by the contamination
from O™ and neutral He which is intense enough on the dayside to orvexthe instrument

rejection of these wavelengths. The series shows the faymata plasmaspheric plume in
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the upper-right of each image. As time progresses the plamews in magnetic local time
(MLT) and begins to wrap around the plasmasphere due to assteconvection. These
plumes were known before IMAGE but the exact progressioncamditions of formation

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

Plasmaspheric Optical Depth
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Description Optical depth of a mediunt, is a measure of the transparency of that
medium. It is defined as the fraction of radiation that is teratl between a point and
the observer, which can be expressed mathematicafty-adlo, whereN is the column
density andb is the scattering cross section. In a stellar system theogpbere is defined
as the surface where the optical demthis one, implying that the transmission,= e T,
is 36.8%. Imaging a system with a non-zero optical depth complicatedysis as features
can be hidden behind regions of high optical depth just ascaneot 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 IMAGRV images, we derive
the maximum optical depth for a plasmaspheric line of sighis derivation is not meant
to be exhaustive, but instead sets bounds on the optical ddpiwing it is essentially zero
for any plasmaspheric line of sight.

Beginning with a 2 R path length through the plasmasphere at & Hensity of 1000cm?,
which is a high estimate for He yields a column density dfl = 1.28 x 10*2cm 2. As-
suming that the scattering cross section offHe the Van der Walls radius for helium

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

T = No = (1.3x 10*?cm™2). (140pm? =8.0x 10~* (1.11)

andt < 1 implying that the plasmasphere is optically thin and @dtitepth considerations
can be safely neglected. For a more detailed calculationctira be easily expanded to

include optical depth seBarrido et al.(1992).

The IMAGE contribution

The ability to globally image the plasmasphere is a majoracupf the IMAGE mis-
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sion. This allows correlative studies to be made that areactjral using multiplen-situ
measurements and facilitates the verification of previaasgssical views of the plasma-
sphere. This has led to major break throughs in our undetfistgrof the plasmasphere
including: how the plasmasphere as a whole responds to eamghe IMF, cavities in the
plasmapause as a source of Auroral kilometric radiat{@iR), the role of the plasma-
sphere in M-I coupling and others. Before the IMAGE missiompwledge of the global
nature of the plasmasphere was statistical, constructed fultiple ground based and
in-situ measurements. This washes out both temporal features bassraly motion.

One result which illustrates the potential of global imapia shown in Figure 1.10,
where Goldstein et al.(2004c) have derived the large scale azimuthal electridgibly

using motions of the plasmapause as deduced from the IMAGE d&ta.
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Figure 1.10: Equatorial plots showing EUV electric fieldgantial to the plasmapause at
5:25 UT and 7:07 UT on 10 July 2000 shown in red and blue res@dgt (a) Tangen-
tial electric field vectors, scaled as g¢R 0.8mVm~1. (b) Scaled flow-directions at the
plasmapause. Figure and caption fr@uoldstein et al(2004c).

This dissertation makes use global images of the plasmesjiéhree studies. The
first study shows correlations between the plasmaspherthangstream solar wind. The
second study explores how open/closed drift path boundatiomcan be used to calculate

the global cross tail electric field magnitude. The thirdlexgd the ionospheric influence

LAKR is intense radio radiation emission mainly generatedifcyclotron 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 depe¢mahetine electric field convec-
tion pattern in the inner magnetosphere. We present ctioearelating the plasmapause
position directly to interplanetary parameters. The pkasause position is found to be
strongly correlated with the interplanetary magnetic fighdF) B, component, IMF clock
angle, andp, a merging proxy. Delay in the plasmapause response to tivalasf the
conditions measured by the ACE spacecraft of both Biand IMF clock angle at Earth

is found to be 180 min while the delay to the arrivalgfs found to be 240 min. A re-
lationship is derived between IMB,, @, and the plasmapause position. Avoiding the use
of geomagnetic indices removes any requirement for knaydexd the current state of the
magnetosphere. This chapter is an expanded reproductitregburnal articleLarsen

et al. (2007).

Introduction

The location of the plasmapause is known to vary with georatgactivity (Chap-
pell et al, 1970a;Carpenter 1970). Recent work bp’Brien and Moldwin(2003) and
Moldwin et al.(2002) has shown correlations betweessitu radial plasmapause position
determinations and several geomagnetic indices, inafuy AE, Dgt, AU, AL, ASY, and
ADg;. They suggest that both convective and substorm electtdsfagre involved in the
determination of plasmapause position due to a strongeelation between the plasma-

pause position andE than withAL or AU. The best model discovered 1&y/Brien and
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Moldwin (2003) (as defined by a strong correlation) is based on theémam Dg; in the
previous 24 hours suggesting thayg; is a better proxy for the maximum convection elec-
tric field strength than i&,. They also separate out the differences between parameters
responsible for fast relative motion of the plasmapaudas( ASY) and for the absolute
plasmapause position (mid;, Kp). The study shows a clear indication of the importance
of geomagnetic activity in determining the state of the plasphere and the difference in
the effectiveness of the various parameters.

Changes in the strength of the inner magnetospheric caoveglectric field alter the
local particle drift paths which in turn determine the siZé¢h®e plasmasphere and corre-
spondingly the location of the plasmapaukeyanagh et al.1968). Computations of the
convection electric field have advanced from the simplearnifconvection electric field
model ofKavanagh et al(1968) to the various electric field models based on the ¥dHa
Stern electric field modeBtern 1975;Volland, 1978). The latter allows inclusion of some
shielding effects. The further addition of sub-auroralgpation streams (SAPS), over-
shielding, and other localized phenomef@oldstein et al. 2002a, 2003a, 2004a) to the
field structure has allowed the introduction of localizedisture on the average plasma-
pause.

In this study we explore correlations of upstream pararsetéh the average plasma-
pause position. The parameters explored include the rawA€&sSurements together with
several derived parameters. The ACE spacecraft sits atshedigrange point, between the
Earth and the Sun locatedsat= 1.488499x 10°km,y = 151757 kmz = 102417 km in the
Geocentric Solar Magnetospheric (GSM) coordinate systegkjng near continuous mea-
surements of the solar wind as it passes the sateBiteng et al.1998). These include the

IMF magnitude(|B

), X,y,Zcomponent$Byy ;), root-mean square rate of chan@Bms),
and several angles measuring the orientatidnX, 8). Whered is the angle between the

By /Bt plane toward3,, whereB is measured in the Radial/Tangential/Normal (RTN) coor-
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dinate systemg is also known as the RTN latitude. The anglés the RTN longitude and
is measured betweds} towardB;. Finally, the angle® is the IMF clock angle in thg —z
plane (9 = arccoﬁ) . Particle measurements include the solar wind proton veloc
ity (Vsw), thex,y,zcomponents of the velociti¥y ), proton number densityN), proton
temperaturgTp), and the ratio ofi-particles to protonso( ratio). Included for this study
are several derived parameters, including the solar wimdwiyc pressuréPgyn 0 NpV2,),

a merging proxy defined bigan and Leg1979) (Ek| :VBTsinZ%), and a polar cap po-
tential parameter defined kasofu(1979);Reiff et al.(1981), (p=V Bsir? g) Of these
parameters the only ones to show a strong correlation attecydar time delay are the
interplanetary magnetic field (IMA, component, the IMF clock anglé, and the merg-
ing proxy, Ex. Studying the time delay between changes in interplanetamgitions and
any effect that can be seen in the plasmasphere providesiafion both on the response
or the inertia of the magnetosphere and also possible mesthaimvolved in propagating
the effects inward. Response times of the plasmasphereatwyel in various conditions
in the upstream solar wind have been touched on by sevetabguBrandt et al, 2002;
Goldstein et al.2002a, 2005) but never rigorously computed.

Using inversions of the EUV plasmaspheric image data we hie ta monitor the
entire plasmapause for extended periods providing exteltatistics. In this initial study
we have used an average plasmapause position determingdragiag in magnetic local
time (MLT) along the actual boundary. This effectively reras local plasmapause features
such as bite-outs, shoulders, notches, and undulatiorchvitaive no place in a statistical
study of this nature. A study which includes MLT dependesdegyond the scope of this
dissertation but is a possibility for future work. Corrétais and time delays between solar
wind parameters and plasmapause position (averaged in ioVide information both
on the overall effect of different upstream parameters enplasmasphere and how this

relates to the magnetosphere as a whole.
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Data

This study makes use of both the ACE interplanetary field aartigle data sets as
well the IMAGE EUV plasmaspheric images. The EUV instrumerasures the global
distribution of He™ by imaging the resonant scattered emission a4 8t (Sandel et al.
2000). Each image pixel provides the Heolumn density along a line of sight. The
images can be inverted to give a mapping of thé idensity in the SM equatorial plane.

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

EUV Data Inversion

An EUV image is a two dimensional representation of the tuiegensional plasma-
spheric He density profile. Under the assumption that the"Hiensity is constant along
L, the images can be inverted to produce two-dimensionalityemsps of the He ion
population in the geomagnetic equatorial plane. The cobstansity alond. is not a very
good assumption however empirically the difference betwemstant and a power law de-
pendence is negligible in the viewing of the inverted imagethe computationally simpler
constant will be used. This provides the advantage of beiggaditative measure of the
number density#cm3) as opposed to a line of sight integrated intengitgm2). The
EUV data inversion has been published®yrgiolo et al.(2005);Larsen et al(2007) and
is reproduced and expanded here for convenience.

In the inversion the magnetic field is assumed to be dipolauihout the inversion
region which in the inner magnetosphere is a very good appiation and significantly
simpler than a more realistic field map. Most often the plagphare lies within ah of 4
during geomagnetically active periods and withinlaaf 5 during geomagnetically quiet
periods neither region show a large departure from dipolgnatc field.

Proper treatment of background and noise reduction in tlesared image is paramount
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in the inversion. Background increases the error in thelatessdensity estimate and noise
is a major source of instability in the inversion. Removihg background and noise is a
two-step process. First, the instrument background is vechby computing the average
count rate in each column (instrument pixel) of the imageaffixed rotation angle above
and below the plasmasphere and subtracting this averagedagh pixel in the column.
The resultant image is then passed through a despeckliogtaig to remove isolated iso-
lated pixel clusters. The cluster size is nominally set to pixels. Figure 2.1 shows the
results of a typical background and noise removal. The tefige is the original EUV
image cropped to show just the plasmasphere region whilegheis the background and

noise reduced image. The inversion begins with the cleanade.

Z001 165 O448:55 327
FAW IMAGE EACKGROUNMD CORRECTED

RS T RS S MR RS N R heds
- o =

sz0 |

Mm@ T

S8Hp0 234 -78 78 234 980
ELEVATION

COUNTS

1.0e+00 1.0e+01 1.0e+02 1.0e=03

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

The inversion uses an iterative approach in which an irgtigss is modified repeatedly
until it converges to a stable solution. The first step of theation is the formation of the
zero solution and density matrices. Both matrices haveticlnorder and represent a

griding of the geomagnetic equatorial planeLhishell (L) x geomagnetic longitude\}
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space. Both are over-dimensioned to give them a higheradpasiolution than the EUV
measurements. This is necessary both for stability and gmess in the final solution.
The density profile matrix holds the current densityH®ofile. The profile is initial-

ized to a simple power law ib with no A\ dependence as

D=100"1% (2.1)

The zero solution matrix holds a status flag for each grid endénsity matrix. This flag is
either zero or one, depending on whether the density of idegknown to be zero or not.
The matrix is initialized to all ones. Each EUV line of sighuhd to have a zero intensity
is then mapped onto the zero solution matrix, and the grjpissses through are set to zero.
Additionally, since the instrument measures column dgnaity pixel contained in a line
of sight with a zero total intensity associated with it maself have zero density.

Also set up in the initialization are the variable grids ie ttensity matrix. These are the
grids that are modified in each step in the iteration proced$ram which the new density
matrix is builtin each iteration step. There is one variald representing each instrument
line of sight. This keeps the problem from being over comséah in the iteration phase of
the inversion. The variable grids form a unique set of unkmowand are set to the grids
containing the closest approach to the Earth of each linghbf.s

Each iteration step begins with the construction of a sytithmage from the current
density profile matrix. This is done in three steps. Firsg, zBro solution matrix is used
to mask off the zero intensity grids in the density matrixc@wel, the column abundance
along each of the instrument lines of sight is then computenh fthe modified density
matrix. Any line of sight that is found to have only a singlenmero density and having
zero neighbors is set to zero and the zero solution matripdsated. Lines of sight which

have only a single nonzero value are generally noise thahetesaught in the initial noise
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and background removal. Finally the column densities ardifiea by the instrument
characteristics and the synthetic image is produced.

The mean square deviation between the synthetic and meamage is then computed
and compared to mean square deviations computed in preneyaton steps to see if a
convergence has been reached. If so, the iterations arsntged and the current density
profile is returned.

When convergence has not been obtained, the measured imdiyeded by the syn-
thetic image to produce a correction value for each line ghitsi The density matrix is
rebuilt using only the variable grid values multiplied byeithcorresponding correction
value. All unassigned grids in the density profile matrix filted using a 2-D linear least
square fit algorithm. Last, the zero solution mask is apgbegive the new density profile
and a hot spot check is made. This is a search through thexniatipixels which have
intensities larger than their neighbors by some preseeva&uch pixels represent solutions
which are either currently, or in the process of becomingabis. Their density is ad-
justed to the average value of their nearest neighbors. t€retion step then restarts with
the computation of a new synthetic image. Figure 2.2 shovwesjaence of inverted images
for comparison against the EUV images in figure 1.9.

It should be noted that the inversion makes no special pmvisr either the dayglow
contamination in the near-Earth sunlit portion of the EU\ages, nor the dimmer plasma-
sphere seen within the Earth’s shadow. Both are treateeimersion as real phenomena.
This results in an anomalous density enhancement in thé sectors and a density de-

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

InversionMethod Base assumptions in the inversion:

A. Density is constant along aryshell at a specific Solar Magnetic (SM) longi-

tude.
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B. The magnetic field can be approximated using a dipole ftatioun.
Algorithm steps:
1. Form raw EUV image from the data as a function of spacepfaise angle

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

sight of the instrument.

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

the pixel level and isolated active pixels.
3. Compute the lines of sight in SM coordinates for each pixéhe raw image.

4. Map the raw EUV image into matrix which is dimensioreoly SM longitude.
The mapping is done by assigning @qy) to each line of sight which is its
closed approach to the SM origin and computing L and the SMitade at

that position.

a) Since this is a non-linear mapping there will be emptygindhe
SM matrix if the resolution was set near that of the raw matrix

These are filled using a 2D least squares algorithm.

b) The filled grids need to be marked since they do not contael™

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

5. Build a zero solution matrix using the same matrix forng{3. This is built
by
a) Set all matrix elements ta@

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

compute L and the SM longitude and set the corresponding grid

in the zero solution matrix to.0.

Form the unrestricted solution matrix. This has the idahbrder and uses the

same coordinates as (3)

Make initial guess at a solution. The guess that is thatdtiem ion density in
the plasmasphere follows the forma= 10-%713 This has no longitudinal

variation and no cutoff ir..

Do a grid by grid multiplication of the zero solution matwith the solution

matrix to obtain the restricted solution.

Do a numerical integration over each line of sight usiregrestricted solution
matrix to obtain the helium ion density at the different L, 8Mgitudes. From
this restricted solution matrix a synthetic raw image in tbemat of (1) is

produced.

Get the variation of the synthetic to measured image tatproduce a vari-
ance. If the change in the variance is within some toleramee & solution has

been reached.

Reform the unrestricted solution matrix adjusting egwth point which is as-
sociated with a line of sight by x cDm/cDswhereV is the current density
assigned to the grikDmis the measured column density atfdsis the syn-

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

matrix.
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12. Scan new solution matrix for "hot spots" and deal witmtheHot spots are
grids points whose column density exceeds their neighbprsome factor.

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

13. Go back to 8 and continue.

Plasmapause Determination

The plasmapause is determined from the equatorial densipsmerived in the inver-
sion using a semi-automated procedure developed for thity.stOther researchers such
as Carpenter and Anderso(1992); O’'Brien and Moldwin(2003) have taken an opera-
tional definition of the plasmapause as the innermost fadtdrdrop in density in less than
0.5 Earth radii(Rg), we adopt the same definition in this study. The definitionsdoet
handle times when the plasmapause is observed as a gradliaéde density sometimes
stretching to geosynchronous orbit. Generally in thesesé#se location of the plasma-
pause will be underestimated. Figure 2.3 shows an exampleeoflobal plasmapause
determination from the semi-automated plasmapause loc&ach plus sign (+) in the
figure marks the plasmapause and is obtained by computindethgity gradient along a
radial cut and setting the plasmapause at the outsidedooatiich meets the criteria stated
above for a ® Rg sliding window. This removes any subjectiveness from tlexgess of
the plasmapause determination which is often present waed &electing the locations.
Each mapping can be quickly scanned for accuracy to be satrevthare not, for example,
setting the plasmasphere at the outer edge of a drainages ffitoldstein et al. 2004b)
rather than at the edge of the bulk plasmasphere. Badlyrdeted points are manually
deleted from the plasmapause data sets prior to usage.

The base data set used in this study consists of 1365 globgEswith derived plasma-

pauses. Figure 2.3 is representative of a plasmapausenieaéion. All of the plasma-
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22-Jul=2001 11:07:52

Figure 2.3: Example inverted EUV image with the semi-autma@xtracted plasmapause
overplotted. The Sun is to the right and the “bulge” at ab@XAMLT is an anomaly in the
data (light contamination) and therefore does not havey@asuse points for that region.
pauses used in this study come from images taken in 2001 eWiat consist of full MLT
coverage, some have only partial coverage due to data dipnd light contamination in
one of the three IMAGE EUV heads. Averaging in radial distanger each plasmapause
position in a given image (over all MLT) provides a singlegsteapause location which is
used in the analysis denotkgp. This is a rough estimator but provides a general parameter
that is the overall plasmasphere size.

Data from the ACE spacecrafs{one et a].1998) are used to provide the interplanetary
indices used in the correlative study. The data are binnd@ tain averages to match the
IMAGE EUV accumulation time. This averaging also acts as adining filter on the inter-
planetary data. Each 10 min ACE average is time delayed y#asured solar wind speed
to the Earth before usage in the correlation analysis, sipsiformed as ACE_POS_W/yx

which is the GSMk-coordinate of the spacecraft divided by #aeelocity of the solar wind.
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Analysis

The analysis consisted of first identifying a large numbentdrplanetary parameters
and indices which could be either obtained directly or carcsed from the ACE data sets
and which might be candidates to show a correlation withayeiplasmapause location,
Lpp as defined above. Initial tests showed both the ACE and plaausa data to be free
of significant autocorrelated errors which removed the rieedorrect for theseNeter
et al, 1996). Each of the identified solar wind delayed ACE gemerparameters was then
correlated withLp, using a nonparametric, rank-order correlation analysighvinake it
unnecessary to have any information about the underlyisgiblution of the dataRress
et al, 1992). The Spearman rank-order correlation method waskthseughout. The first
correlation coefficient is generated using a delay time-20 minutes (20 minutes into
the future). Successive coefficients were generated bgnmenting the delay time by five
minutes at each step, stopping at a delay time of 600 minkesh delay represents a plas-
maspheric reaction time. A parameter which is correlatati thie average plasmapause
location exhibits either a peak or valley in its spectrumhatiost probable delay time. A
negative time delay (occurrence before the fact) and a aemdelay (instantaneous reac-
tion) are not considered physical solutions since we asshatehere is a least some time
delay associated with each response of the system to chiaridpesexternal parameters.

The initial set of correlations yielded only three paramewhich were found to exhibit
a significant correlation peak with,,. These were the IMF clock angl®)( IMF B,
component, and the merging proxy,defined in equation 2.3. IMB; is one of the directly

measured ACE products, the IMF clock angle is defined in terihg!F By andB; as

B
0 = arccos| ———— (2.2)

\/BZ+ B2
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andgis defined as

@=VBsir?(6/2) (2.3)

wherev is the solar wind speed is the magnitude of the IMF, an@éis the IMF clock
angle from equation 2.2.

The correlations for each of the three parameters aboveoisrsin Figure 2.4. Also
shown is the correlation derived for the solar wind preséByg,). The latter is included to

show an example of a parameter showing no correlation pethk wi. With the exception
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Figure 2.4: Rank order correlation coefficients as a fumctibsolar wind delay (reaction
time). The error bars denote tonfidence found using bootstrap resampling with replace-
ment. The dashed vertical line denotes the strongest atimeland the dashed lines show
a Gaussian fit to the curve used to find the peak.

of the Pyyn correlation in the lower right-hand plot, each plot showsgaificant peak or
valley in its correlation which occurs at the most probatakag time between the measured

parameter arriving at Earth and its impact on the locatiothefplasmapause. The arrival
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at Earth is used to avoid ambiguities in the location of thgnetopause. The absence of
a peak in thePyy, correlation delay plot indicates that the value of the dyitgmessure
has no systematic affect on the plasmapause location. Fhistito say that the arrival of
interplanetary shocks, high speed streams, and other tiastdltions of pressure have no
effect. They do, but there is no effect for slow changes arat steady state values of the
dynamic pressure.

The peaks in the correlated parameters have different svatid positions. The maxi-
mum correlation peak iB, occurs at a delay of 180 min, tl®ecorrelation peak occurs at a
delay of 175 min while th@delay is 240 min. The curves relatingBgand6 are identical
within the error bars. (In fact they are essentially ideatimit mirrored about the abscissa.)
This indicates that at the level of precision shown H&y@nd6 have the same effect, or
more simply only one of them needs to be considered in the palysis. This is not a
surprise a$3, = Bcosd andB does not exhibit a correlation peak.

Once the delay times are calculated the next step is to dexjpeessions which relate
the position of the plasmapause as a function of each pagamging the indicated time
delay. Using the delay times indicated aboBg 0 : 180 min,@: 240 min) the linear regres-
sion equations are shown in Table 2.1. The single regressjoations yield the following
maximum and minimum plasmapause locations for the indidade of each parameter:

2.99<Lg, <4.83,355< Lg <4.59, and 205< Ly < 4.53 R for B, 6, and@respectively.

Creating one multiple regression equation for the plasmsg@&om all the parameters

(with the appropriate delays for each) yields

Lpp = 0.050B; 180+ 0.10891 75— 1.110x 10 *@p40+ 4.23 (2.4)
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Table 2.1: Equations relating plasmasphere position tatiree solar wind parameters
studied in the paper. Parameters studied are BA4HMF clock angle,0, and polar cap
potential drop,p, as defined in equation 2.3. The uncertainties arednfidence found
using bootstrap resampling with replacement. Note that Ni€a Newton per Coulomb.

| Parameter Slope | Intercept | Range |
B,(nT) 0.062+0.0027nTR1 4114+0.018R: | —1801— 1148
0 (rad) ~0.33+0.021radR* 459+0.040R: | 0.016— 3.14
O(NC1) | -197x10%+82x10°NC TR ! | 453+0.022R: | 0.800— 80178

The 1o bootstrap uncertainties computed for tBg 6, ¢ slopes, and the intercept are
0.0068, 0035, 159 x 10~°, and 0060 respectively. The subscripts on each variable is the
delay associated with each parameter. Equation 2.4 stete8;tcan act to both increase
and decrease the average radial position of the plasma(Busan be positive or negative),
0 acts to increase the radial location and then only by a smmaiList, andpacts to decrease
the average radial position. The total change in the plaaosgradial location available
from each parameter is47, 034, and 089 R= for B,, 6, and@ respectively showing that
the important parameters aBg and@. A statisticalt-test verifies that th@ coefficient is
not statistically different from zero.

Omitting the clock angle in the multiple regression anayselds the equation for the

plasmapause location below which as might be expected isstlatentical to equation 2.4.
Lpp = 0.0374B,155— 1.05x 10 “@p75-+4.38 (2.5)

Figure 2.5 is a graphical representation of the data usedrteedequation 2.5 witlB, and
@ varying along the abscissa and ordinate respectively amduarage radial plasmapause
position shown a color. It is easy to see that a large plashesisppccurs whemp is at its
lower range with a higher probability whé; 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 reaabidifferent observed combina-
tions of IMF B, and the merging proxyy.

Other Tested Parameters

The list of parameters that were tested for a correlatiork reglude every measure-
ment from the ACE spacecraft as well as several derived digsfrom those parameters.
Table 2.2 shows the parameters tested for a definite caorelpéak and the results of the
analysis. Notice that few of the parameters exhibit a defipgak, however ,there were
several that had weak peaks that were not statisticallyifgignt (peak shorter than the

error bars).
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Table 2.2: Tested correlation parameters

| Parameter | Peak] Comment
|B] yes | See figures 2.6, 2.4. Very weak (not statistically signifitan
By yes very weak (not statistically significant)
By yes very weak (not statistically significant)
B, yes
min(Bz, 10 min) | yes
Vsw (Vp) yes See figure 2.6. Very weak (not statistically significant
Vy no
Vy no
V, no
Eq =VBrsis | yes very weak (not statistically significant)
@=VBsir*5 | yes See figure 2.4.
6 =arccos? | yes
dBrms no
A no
Np no
Tp no
a ratio no
o yes very weak (not statistically significant)

There are physical arguments for believing that the soladwelocity and the magni-
tude of the IMF might play an important role as they are botidtmental in the formation
and dynamics of the magnetosphere. Taking a closer lookeatetharameters however,
shows that the correlation del&g|, shown in Figure 2.6, is a weak peak and arguably not
statistically significant, as it is not larger than its efbars. The peak is probably a result of
the B, inclusion in the parameter. We believe that INMBf does not play a role in plasma-
pause location, as the magnetosphere sets up shieldinggfanner magnetosphere and
plasmasphere, so IMF magnitude is not important onlg-temponent and for impulsive
events not studied here its rate of change.

Also shown in Figure 2.6 is the correlation delay curve fdasaind proton velocity
Vsw. There is no significant correlation peak for this paramelis parameter is ignored

as the error bars allow one to draw a straight line througlplbie It is interesting that the



39

correlation forVg,, doesn’'t show a peak, as this implies that the dynamics ciiintgdhe

plasmapause position are influences more magnetic foraagptiessure forces.
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Figure 2.6: Plots of the correlation as a function of delaylfid magnitude|B| and solar
wind proton velocityVsy.

Discussion

Correlation provides a simple means to test for the depeaydeinone variable on an-
other. In this case, because the correlations are madesagiair, they also can be used as a
predictive tool that allows knowledge of the upstream cbads to be translated with some
degree of confidence to conditions at the plasmapause. Tderasponse time in the cor-
relations coupled with the propagation time of the obsématat ACE to the Earth allows
for Lpp to be estimated 3 to 4 h in the future from the real time soladwneasurements.

It is important to remember that the delay times given in aedation analysis are valid
for the 10 min smoothed interplanetary parameters, impailsvents including shocks and
IMF turnings are not covered in this analysis. We studied-#¢exation times of the mag-
netosphere to a changing input. The system will respond pulses in any parameter on

time scales faster than that produced in the correlationthbuime required for the system
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to reach its final state will be on the time scales similar tisthderived in the correlations.
As an exampleGoldstein et al(2003a) have reported response times of 32 min from the
southward turning oB; to the start of the erosion of the plasmasphere which is densi
ably more rapid than the 180 min response time predictederctinrelation foB,. These
quick changes in plasmapause position are seen in theistdtsgudy as only starting and
ending points of the erosion.

Both B, and@ represent proxies for either conditions or mechanismsenrther mag-
netosphere that establish the average radial locatioregfltsmapause. There is no known
direct relationship between the interplanetary condgiandL pp. As such they do not, in
themselves, detail how the changes inlthg occur and must be associated with processes
which set up the convection electric field. The key is thend&ntify the conditions or
mechanisms which each proxy represents.

The average plasmapause location is controlled by the c@tibn of the co-rotational
and convection electric fields with the convection eledialzl forming the variable part of
the system. It is reasonable to expect then that Bpind@ are proxies for some aspectin
the setting up or regulation of the convection field.

It is not surprising thaB; is strongly correlated with pp,. WhenB; turns southward,
subsolar reconnection becomes possible, increasing tivection electric field. The cor-
relation puts the delay between the arrivaBgfand the new plasmapause position at about
2.5h.

The correlation ofpwith Lpp is not as obvious as that 8. While it contains a depen-
dence orB; and appears as it should be a reasonable proxy for the iategiry electric
field, it has a significantly longer delay time than assodatéh B, which suggests cou-
pling to an additional process. It is reasonable to assuate3th of the 4h response time
seen in the correlation is derived from tBgdependence in the parameter. The source of

the remaining hour has yet to be identified but may derive fppotesses associated with
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the reconnection of the draped solar wind fields lines in #dlile The four hour delay time
indicated in the correlation is in agreement with the dedane$ associated with shield-
ing affects mentioned bpe Zeeuw et al(2004); Peymirat et al.(2000); Goldstein et al.
(2002a).

The simple picture provided by equation 2.5 and includirgykhown plasmaspheric
response to impulsive changesBg goes as thus. There is a southward turning of the
interplanetary field after which the field remains constatdter approximately 30 min of
the interplanetary field turning southward the plasmaspbegins to erode in response to
changes in the overall convection field. As the interplaryetanditions steady, the delay
between the plasmasphere response to the external changdsens to about 3h. This can
be viewed as the continuation of the response to the initraitig proceeding at an overall
slower pace. Shielding, overshielding, and SAPS which naa lbeen initially set up now
begin to decay modifying the convection field and driving pressmapause further inward
to reach its minimum extent at about 4 h from the initial on3éte process reverses when

B, returns northward.

Conclusion

The ability to predict the plasmapause location basedysolelpstream parameters is
a first step in a predictive model. Using an upstream monitohs@s ACE we can predict
the position of the plasmapause at a time in the future détexdrby equation 2.5 plus the
propagation time of the solar wind.

Future work will provide the plasmapause location as a fonabtf MLT. Correlations
will then show whether the plasmasphere responds as a whie thanges in the inter-
planetary conditions or whether different regions respdiffdrently. These future studies,

in turn, can be used to provide estimates of the convectiectrgd field which is the ulti-
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mate driver of the plasmapause location.



43

CHAPTER 3

CROSS-TAIL ELECTRIC FIELD MAGNITUDE DERIVED FROM
PLASMASPHERIC ALFVEN LAYER MOTIONS

Introduction

The plasmapause is a highly dynamic boundary, whose latatid shape is controlled
by the local magnetic and electric field€arpenter(1963) found the plasmasphere be-
came depleted in density with increasing magnetosphenuemion, as represented by
the Kp index. Using ground-based whistler measuremé&agpenter(1966) statistically
mapped out the 2D geomagnetic equatorial plasmapauseolocitowing the character-
istic duskside bulge. The influence of geomagnetic actimtyplasmapause location was
demonstrated b¢Zhappell et al(1970a) who found its location ib ordered by Kp. There
is considerable variation both in the thickness and appearaf the boundary between
inbound and outbound crossings within a single satellitgt§Harris et al., 1970). This
suggests that the plasmapause is anything but a simple aoyihdving significant struc-
ture, both radially and azimuthally.

A complete explanation of the mechanism(s) responsibleenifrtorphology of the plas-
masphere especially the morphology of small scale feahasget to be found. The macro
dynamics are easily explained by a convective plasmasphede!, which is based on the
superposition of the cross-tail convection electric fiehd sghe Earth’s corotation electric
field. E x B drift of the local plasma is responsible for the general plasphere shape
including the dusk-side bulgé&¢ebowsky 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 plasmapausenisiétkas the location of the

last closed streamline, known as the plasmaspheric Alfagarl Near 1800 MLT there

is a single position where the corotation and convectionldielancel each other exactly.
In general because of the difference in the response timdggegilasmapause and Alfvén
layer to changes in the intensity of the cross-tail eledieic the two only coincide during

extended quiet periods.

As the Alfvén layer moves inward due to increased convecptasma once on closed
drift paths finds itself on open drift paths allowing it to orérom the flux tube Carpenter
1970; Carpenter et al.1993). As the convection field weakens, the Alfvén layer esov
outward allowing open drift paths to close and then refilhyitasma from the ionosphere.
Changes in field strength propagate at the local Alfvén spéel@ the bulk plasma takes
significantly more time to react. The bulk plasma can only eat& x B drift speeds which
are orders of magnitude smaller. This reaction time diffeeecenables the formation of
macro-features such as plasmaspheric drainage plumesapging plumes, as postulated
by Grebowsky1970);Maynard and Che1975) and as observed using IMAGE-EUV data
by Goldstein et al(2003a). The difference in reaction times allows for obagons of
the Alfvén layer position interior to the plasmapause, thll®wving the calculation of the
convection electric field.

The Alfvén layer as the boundary of open and closed drift pathservationally is
identified by a local shear with plasma on the Earthward smheidated by the corota-
tional forces and the far side by the convection electriclfiglsing IMAGE-EUV images
the Alfvén layer is readily observed within the plasmasphgy tracing a feature. Trac-
ing a feature in a time series of EUV images notinglthealue and MLT where its motion
changes from corotation to either subcorotation or supetaton allows for the derivation
of the convection electric field. There has been recent wgrBurch 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 elecélidsfiinvolved in the erosion
in localized regions and their affects on the plasmasphEhnese previous methods have
succeeded only in deriving the electric fields for events r@tdiscernible plasmapause
motions are visible. This dissertation extends IMAGE-EU¥ctric field derivations to
time periods where motions are visible within the plasmasplas well as focusing on the
global convection electric field, providing for the first #gnobservational verification of
the Alfvén layer motion.

This chapter extends the Alfvén layer theory by incorpaatibservational data, which
allows for the derivation of the convection electric fielchelderived Alfvén layer position
and global convection electric field will be presented. Pnésd is a method by which the
Alfvén layer boundary can be tracked in time within the plasphere during a plasma-
spheric erosion event. From Alfvén layer motion the cr@siseonvection electric field
can be derived assuming a convective plasmasphere fielfpath order to observe the
Alfvén layer, plasmaspheric features must be seen to cHamgeclosed to open drift paths
(i.e. from corotation to sunward convection). This charggmost evident in the dusk sec-
tor where the convection and corotation fields are antiffgy@ausing the plasma drift

direction to change drastically as the influence changes.

EUV Derived Convection Field for 8 April 2001

Data

The main data set used in this study are images from the Egttéitnaviolet (EUV)
imager flown on the IMAGE satellite. The EUV data are desctilvedetail in Chapter
1. The images are inverted using the method in Chapter 2.gUbm inverted images a

set of UT-MLT stackplots are created which allow motionshwitthe plasmasphere to be



46

observed and tracked.

UT-MLT Staclplot Each UT-MLT stackplot displays the inverted densitynfrwithin

a fixed Earth centered annulus as a function of UT which runtheprdinate and MLT
which runs along the abscissa. An annulus is selected in agérthen “cut” at 0000 MLT
and laid on the plot. The same annulus from the next imageeis lid above the first
making time progression of features more obvious than iividdal images or movies of
images. Figure 3.1 shows an example stackplot and an iaveni@gge. In a stackplot, a
single inversion is represented by a horizontal band of cetéered on the inversion time.
Each horizontal band represents a 10 minute accumulatien ftor the image. The color
bar used in the stackplots isliaear scale as opposed to the inverted images which are
typically shown with a log scale. Lines of corotation are mpletted on the stackplots to
assist in feature tracking. The radial distance acrossrthelas can be any size, this study
uses a distance of ®Re which was found to optimize the visibility of the Alfvén laye

The plot format is optimized for detecting the azimuthal imobf features in the plas-
masphere as a function of both time and radial position. tRwts are represented in the
plot by the slopes of the various features, such as the gemsjtletion centered at 1800
MLT. Features which have a slope less than the corotati@s lare super-corotating and
those with a slope greater than the lines are sub-corotatiegtures stationary in MLT
will appear vertical in the plot and features which slantia bpposite direction are mov-
ing opposite the corotation direction. It should be noteat thacking features does not
depend on absolute density but relative density. This res@ny need to worry about

cross calibrating the inversion technique wiithsitu He™ measurements.

Staclplots Viewing the time evolution of a feature with a set ofc&galots allows the

location of the Alfvén layer to be determined from its motioRigure 3.2 shows three
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Figure 3.1: (Top) Inverted EUV image from 8Apr2001 15:40n&$hlighting the 25— 3 Re
annulus used to create the stackplot, the sun is to the (Bbttom) UT-MLT stackplot for
the annulus from B — 3 Re for each image in the orbit. Time of the image is plotted on the
abscissa and MLT along the ordinate with"Heensity shown linear with color. The over
plotted diagonal lines are corotation while the horizohies show the 10 minute duration
of one image in the plot. The color bar ranges in each plot haen 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 17:128Apr2001 (day 98).
Each stackplot represents a different annulus of the plgghese. Shown are stackplots for
2—25,25-3, and 3- 3.5Re. Each stackplot traces the evolution of the density depres-
sion along in the dusk sector. The plots show the stagnafitimecfeature begins earlier
for more inner L-shells, just as would be expected for anreglénfluence penetrating into
the plasmasphere. Stagnation points occur where the plelsamges from closed to open
drift path and back again. They are represented in the diatskipy a change of slope of
the feature being tracked. The thick white line displace@@rf in MLT to the left of the
feature has been manually added to each plot to assist ireitlarg of the stagnation and
corotation transitions.

Alfvén layer motion through an annulus is seen as a changejpe ®f the depletion.
The positions and time of these slope changes yield theipogf the Alfvén layer at
a given time. Following the stagnated depression until gite to corotate once again
indicates that the Alfvén layer has moved out beyond the lasnteturning the plasma to
corotation. Using this method beginning with the-3.5Re stackplot tracing the feature
centered on the corotation guide line that begins at 1500 MEfe are three slope changes
found at 10:59 UT, 12:31 UT, and 13:46 UT. Based on the slapwsition, the Alfvén layer
motion can be deduced to be inward or outward. Changes ieslawpay from corotation
are inward motions and changes toward corotation are odtwations. This is evident
from considering the dominant field in each case.

The resolution of this technique is highly dependent on tiape and sharpness of the
feature being tracked. The3— 3 Re stackplot shows a very similar progression, showing
stagnations at 11:14 UT, 11:36 UT, 13:59 UT, and 14:34 UT. iMgVurther inward the
2—2.5Rg stackplot shows stagnations at 11:07 UT, 11:27 UT, 13:56dd,14:25 UT. The
resolution of the technique is set by the 10 minute time rgswi of the EUV images. The

actual resolution is probably a little larger. The tramsis from corotation to stagnation,
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Figure 3.2: Stackplots from 8Apr2001 for the annuli from 2.5, 25— 3, and 3- 3.5Re. Overlayed on each plot is the shape
of the depression feature that will be used to determine theéAlayer offset to the left of the feature. Plot format ecé 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 88001.
| Stackplot| Time | MLT |
2—25 |11.07| 17.4
2—25 | 11:27| 174
2—25 | 13:56| 19.8
2—25 | 14:25| 19.8
25-3 | 11:14| 174
25—-3 | 11:36| 17.4
25—-3 | 13:59| 19.7
25—-3 | 14:34| 195
3—-35 | 10:59| 19.2
3—-35 |12:31] 195
3—-35 | 13:46| 20.7

Using data in Table 3.1 the motion of the Alfvén layer durihg event is shown graph-
ically in Figure 3.3. The blocks that touch the top and bottdrtihe plot can be considered
to extend to infinity in each direction as there is no usabta tta larger or smaller radii. It
is clear that there are two distinct movements of the Alfayret. The Alfvén layer begins
outside of 35Rg, then at 10:59 UT begins a rapid inward motion and within 16utes
moves to within 25 Re. Then the Alfvén layer makes a slow (L hour) recovery to beyond
3.5Re. This is followed by another rapid inward motion beginnind.8:46 UT. Over the
next 30 minutes the Alfvén layer moves inward settling imdvaf 2.5Rg and stays there
for another 30 minutes, then retracts toE3\Where the orbit's imaging sequence ends. In
the next orbit the depression feature is corotating. In ¢lewing sections these motions
will be put into a global context by examining the solar wirthditions and the convection

electric field as derived from cross polar cap potential.

Intemplaretary Data The analysis b§oldstein et al(2003) of an event on 10July2000

shows that the arrival of a small interplanetary shock andudhsvard turning of the IMF
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Figure 3.3: Alfvén layer position during the event, the réotcks show the position of the

Alfvén layer during the time period.

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

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

traceable interior feature. For the 8Apr2001 event therphd@etary data are shown in

Figure 3.4. The onset of a shock at 10:32 UT (left verticat lin Figure 3.4) set up the

first Alfvén Layer motion (erosion) when it arrived at Earth @inutes later at 10:59 UT.

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

change of the IMRt component and a maximum in the clock angle. The dependence on

the clock angle may derive from the long-standing relatietween the IMF clock angle

and the shape of the polar cap convection pattern whichesttiyrrelated to the strength of

the convection electric fielReiff et al, 1981;Weimer and GurnettLl993;Weimer 1995;

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

is a verification of the technique used to follow the plasrhasig Alfvén layer motion.

Chappell et al(1970a) has shown that the plasmasphere is ordered by Kphove s

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

period leading up to the sudden commencement reported INE@#A Solar Geophysical

Data records at 11:01 UT corresponding to the shock arttlrad black line). The standard
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Figure 3.4: Interplanetary data from ACE for 8Apr2001. {tdllF X,y,z components
(bottom) IMF clock angle, Proton velocity (Vp), and numbendity (Np). The first red
vertical dashed line at 10:32 UT marks the time of the intarptary shock at ACE located
2336 Re upstream of the Earth. The second vertical line at 13:15 Ufksnthe seconds
Alfvén layer motion at 13:56 UT from Figure 3.3 propagatedikt ACE. Note the ACE
data is not time-delayed to Earth, the delay is about 30 regat these solar wind speeds.
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Dst 1-hour time resolution is too coarse to show a signatfiteeoAlfvén layer motions,

but, as marked by the vertical red lines, the two motions patihe time of the sudden
commencement and at the peak intensity of the storm. ThdataB3-hour Kp index shows
the expected increase but is too coarse to be useful preglimtiunderstanding Alfvén layer

motions.
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Figure 3.5: Dst and Kp indices for the time during and befok@r2001. The thin black
vertical line on the plot is the sudden commencement. Thelastied lines are the mini-
mum Alfvén layer positions from Figure 3.3.

Convection Field Strength

The coarse convection electric field strength can be defreed the understanding of
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the behavior of the Alfvén layer motion expected on the bafsésconvective plasmasphere
model. The radial extent of the plasmasphere is a functiocpofection and corotation
electric fields. Assuming the convection field strength isarm, and oriented dawn-dusk,
the convection field strength can be calculated from the &lflayer position. Although
these assumptions are simplistic, having only a singletdiAlfvén layer position makes
using any more complex model an overstepping of the linaitegtiof the available data. Itis
possible to derive a explicit relation between the coneecélectric field and the location
of the Alfvén layer.

Following the derivation of.yons and Williamg1984), beginning with the equations
for the convection (1.4) and corotation (1.7) electric fiefctbm Chapter 1, the boundary
between open and closed drift paths occurs when the two Be&lsqual and opposite in
the equatorial plane:

ReB A ~
fw% = Esw/(Singf + cospp) (3.1)

which occurs at at 1800ML{p = 11/2) in steady state. Solving fdryields

BoR
L= )00 (3.2)
ESW

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

1.9)

—WBRZ .
W= 7w|_0 E | EquLResing (3.3)

and substituting in equation 3.2, and setting 11/2 gives the potential of the dusk (1800
MLT) Alfvén layer

WaL = 2y/ WBoREEsy (3.4)
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where the subscripiL refers to Alfvén layer quantities. When the Alfvén layer gratial
(equation 3.4) is substituted back into the total poter{eguation 3.3) the Alfvén layer

radial distance for a given azimuthal angle and convectiectic field is given by

_ /oBoRe Vv1+sing—1
Law =1/ —&o, { Sing (3.5)

For a given value of the convection electric fiel,, this yields the shape and size of the
plasmasphere. Using the standard valuestB4x 10 °T, 6.37121x 10°m, 7.27221x

1W5rad/s for Bo, Rg, andw respectively and solving 3.5 fdds, gives:

1.44x 1072 [ /I +sing—1]?
LaL sing

or in terms of MLT

. (MLT-12)mt 2
_ 144x10°? \/1+ sin“—p——1

sw MLT—12)t

(3.7)
L3, sin’ -

where wherdLT = 22 1 12,

Using equation 3.7 and the data from Table 3.1 the derivedemion fields values are

given in table 3.2.

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

motion correlates with changes in parameters in the solad vénd the local geomagnetic
indices. Here we attempt to verify this relationship for 8#r2001 event, however, there
are no suitably instrumented spacecraft in the proper ¢obdirectly measure the con-
vection field. This makes validation of the derived convatttlectric field strength more

difficult but also makes the ability to derive the convectebectric field more important as
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Table 3.2: Derived Convection electric field for 8Apr200helmin and max are calculated
from the inside and outside of theregion.
| Time range| min(Esy) (MV/m) | maxEsw) (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 migge ways: by mapping low
altitudein-situ polar cap potential values out to the convection field regarby using a
previously validated model of the polar cap potential dmivy interplanetary inputs and

then mapping that polar cap potential to the convection fiedgon.

in-situ Pdar CapPaertial The Special Sensor for lons, Electrons, and Scinidlfat

(SSIES) instrument on the Defense Meteorological Sagefitogram (DMSP) satellites
provides the first method for deriving the convection eledteld strength Cornelius and
Mazzellg 1994). DMSP satellites are a series of low altity@840km) sun-synchronous
polar orbiting satellites each measuring specific locaétgactors. While the DMSP satel-
lites carry no direct electric field instruments the field &ided using the measured cross
track ion drift under the frozen in flux assumption. Using wiedge of the Earth’s mag-
netic field, the electric field is derived from the particle ina using = —(v x B). By
integration over the field the potential at each point aldregdpacecraft track is obtained.
The total polar cap potential is the difference between tigbdst and lowest potential
measured by the spacecraft. These calculations are pedoimthe William B. Hanson

Center for Space Sciences at the University of Texas, DAUA®) and delivered to the
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community via their website.

The different orbits of the various DMSP satellites favoe #13 spacecraft for this
measurement as its 05:45-17:45 MLT orbit has the highe$igiiy of intersecting the true
maximum and minimum of the polar cap potential. Figure 3@gha standard polar cap
potential two-cell patternfeimer 2001), overlayed with the DMSP F13 and F15 orbital
tracks. F13 is the closer of the two to the location of the pé¢maximum and minimum
values. Since one can't be sure that a satellite actuallygsathrough the maximum and
minimum potential regions the polar cap potential as deriyeDMSP must be considered

as a lower limit of the true value.

-33 0 MLT 39

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

The DMSP polar cap crossing beginning at 8Apr2001 07:52 Wdws in Figure 3.7,
derives a maximum potential of 3 kV and a minimum potential 6£36.84 kV noting an
offset potential of~2.87kV. Physically, the potential is zero on both sides of the-tell

convection pattern, however integrating along the flighhparely yields zero. The offset
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potential is the difference between the end value and thecvalue of zerb

DMSP—F13 Potential Southern Hemisphere Year = 2001 Day = 98
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Figure 3.7: DMSP F13 polar cap plots showing the southerniggmare polar cap pass
beginning 8Apr2001 7:52. Shown are the measured cross gattirifts and the derived
potential from these measurements given in the GSM coaelisystem. (Plot courtesy
Center for Space Sciences, University of Texas, Dallas)

Mapping the polar cap potential into the magnetotail presithe calculation of the
convection electric field across the magnetosphere. Itsarased that there is no poten-
tial drop along the field lines and the magnetotail is a cydimof radius 40 R (Lyons and
Williams, 1984). The latter assumption is justified as the greatéstast in this data is the
time evolution of the convection field, not necessarily thedute value of the polar cap

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

The UTD frequently asked questions accompanying the dipedar cap potential data, suggests that
there is high confidence in the data if the offset value istleas 25% of the polar cap potential value.
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suming that the convection field is purely dawn-dusk, theveotion field isEsy = —@pc
which then reduces tBsw = @pc/(2-40Re). There are only six polar cap passes of DMSP
F13 during the 8Apr2001 time period that yield high confidepolar cap potential values.
The polar cap potential and convection electric field detifge each of these passes are
shown in Figure 3.8. These data are too sparse to be usedladadion of the EUV derived
convection field strength, although there is clearly angase in the convection associated
with this event. The rise begins between 10:00 UT and 12:0@kdis maximum around
14:00 UT for the second inward Alfvén layer motion. This DM&Bcussion is presented
as an order of magnitude validation and as a method that dmulgsed for other events

containing more complete DMSP coverage.
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Figure 3.8: Derived convection electric field from the six BRFF13 high confidence
passes on 8Apr2001.
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Conparison To Pdar Cap Paertial Model An empirical method of estimating the

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

tionship given by:
@pc = 2554 7.2B%%V sir?(8/2) (3.8)

whereB is the magnitude of the IMK/ is the solar wind velocity, anfl 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 foum@dcount for 98% of the
observed variation of the polar cap potential over a ranggofrom 20— 100kV based on
measurements from the DE-2, IMP-8, and ISEE-3 satellitésirfher 2001). This method
of validation has the advantage of being based on the neamlyncious measurements of
the required solar wind parameters and IMF from the ACE spafie The ACE data is
binned into 10 minute bins to match that of the EUV imageshdxe is then time delayed
to arrival at Earth using the average earthward componehedfolar wind velocity. Using
the binned and delayed data together with equation 3.8 ttnection electric field shown
in Figure 3.9 is obtained. Figure 3.9 shows two peaks in thwection electric field at
about 11:00 and 14:00 corresponding well with the derivedionoof the Alfvén layer.
Overplotted with a dashed line are the minimum and maximulnegeof the EUV derived
convection electric field strength from Table 3.2. The atigmt of the peaks is very good
showing the validity of the technique of deriving the corti@e electric field from observed

motion of the Alfvén layer.

Results
Mapping polar cap potential values for the 8Apr2001 eveminfboth DMSP and the

Weimer(2001) model to the magnetotail compare well with the cotisacelectric field
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Figure 3.9: Derived convection electric field (right ordielgand polar cap potential (left
ordinate) using th&/eimer(2001) polar cap potential model for 8Apr2001 plotted iricol
The dashed line is the EUV derived convection electric field.
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strength derived from observation of the motion of the Affi@yer. This result observa-
tionally verifies the overarching theory of plasmaspheneatyics as being driven by the
overlap of the convection and cross-tail electric fieldsisTinovides a mechanism to derive
electric fields not currently directly measured.

The convection electric field values derived through obetgons of motion of the
Alfvén layer are larger than thé/eimer(2001) derived values, this is not entirely unex-
pected. This event is reaching the limit of the validity of iWeimer(2001) model. Events
where the Alfvén layer can be tracked are rare making thistes@mething special. Other
events cannot be tracked because of a lack of features kodracconvection field strength
too small to make for obvious stagnations. One possibiktycawhy this event can be
tracked is that inner magnetosphere shielding was setop farithe event in a way that
allowed the penetration of the convection fields to be vefigieht, giving the illusion of
a stronger convection fieldldggi and Wolk1973). Another possibility is the addition of
other effects such as sub-auroral polarization stream® §Aoster and Burke2002)
which serve to enhance the convection field in a narrow regfoMLT in the dusk re-
gion. This SAPS electric field is the result of a separatiamben the electron and proton
plasmasheet, causing a current closing in the night sidesymere which sets up a large
electric field due to low conductivity. These SAPS fields halveady been shown to affect
the plasmasphere liyoldstein et al(2003a) who find that the addition of a simple SAPS
field tightens features in the dusk plasmasphere into a lbagrel between the plasma-
sphere proper and a highly wrapped tail, that type of effecidt also help describe the

density depletion that was tracked in this study.

EUV Derived Convection Field for 17 April 2001

Another identified event where the convection electric fiedeh be derived from the
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EUV images occurs 17-18Apr2001. It starts with a mediumdsizsmasphere formed
during a slightly elevated polar cap potential that has Heeyely steady for about 48
hours (see Figure 3.10). This is followed by a large (Bst100nT) storm that results in a
severe plasmaspheric erosion. Using EUV data it is postilderive the convection field
strength for the beginning of the storm which is a time pevidetre there are no satellites

directly measuring the convection field.
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Figure 3.10: Running plots of th&eimer (2001) derived polar cap potential from
15Apr2001 through 19Apr2001. The vertical lines in the pleeparate days, the large
numbers indicate the day of year for each day. The right hadishate is the convection
electric field derived by mapping the polar cap potentialtoud magnetotail of diameter

40Re.

Data

The steady polar cap potential conditions are, not surgigi mirrored in the Dst and
Kp indices for this period. A sudden commencement is thearted in the NOAA Solar
Geophysical Data records at 18Apr2001 00:45 UT (day 108yevhdarge storm begins,
and the characteristic the rise and fall in the Dst index dedrise in Kp (Figure 3.11).

These magnetospheric indices are shown to add the glob@xtao the event.
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Figure 3.11: Dst and Kp indices for the 17Apr2001 period. Véetical line at 18Apr2001
00:45 UT corresponds to the occurrence of a sudden commemtem
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The interplanetary data in Figure 3.12 shows a shock amivACE occurring at 00:00
UT highlighted by the vertical line. Jumps in both the numbensity (Np) and velocity
(Vp) correspond to the sudden commencement at 00:45 UTitdt@mival at Earth. There
is also a significant southward IMF turning, followed by a sistently southward IMF,
thus increasing the geoeffectiveness of the event.

The two-day-long steady magnetospheric conditions leadmto this event allow the
plasmasphere to refill to beyond 4 RHowever, there are unexplained, significant small
scale variations creating a very irregular plasmapauseés ifiiegular boundary provides
features to track in the stackplots thus allowing for EUViekt electric fields to be com-
puted (Figure 3.13).

There are two common occurrences in the EUV data illustiatedyure 3.13. The first
is the sensor head cutout in the 2001 107 23:48:49 image [etiojl of second panel) this
occurs whenever the head field of view contains the sun. $rcése the shutdown includes
the dusk sector of the plasmasphere. The final image at 20®01:00:22 demonstrates
the EUV response to energetic particle penetration. Thieument becomes saturated,
which raises the noise threshold as observed in the left antgcthirds of the image, and
total saturation occurs in the right third. In this instatioe noise is probably the arrival of
solar protons associated with the sudden commencementmBges remain noisy and of
poor quality for the rest of this event as is evident in thelgbéots (Figure 3.14). This rise
in the noise level and saturation is a feature that cannot/become in the study of EUV
images during times of high energetic particle fluxes. Tlcesased noise creates hot-spots
in the inverted images, as explained in Chapter 2, resuitigor inversion integrity and
quality. The sensor head cutout causes few problems fomtlezsion process as a two
head image is a valid, albeit odd, plasmasphere image.

Creating UT-MLT stackplots from all available images dgritinis period reveals an

obvious feature to track in the dusk sector. Figure 3.14 shstackplots from the 2 2.5,
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components (bottom) IMF clock angle, Proton velocity (Vahd number density (Np).
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2.5—3, and 3- 3.5Re annuli. The identified transitions from open to closed dvdths
(stagnations) with each stackplot are marked by the redsesodn 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 Imestagnation points are identified
as slope changes in the feature. Beginning with the8% Rg annulus, the stagnations are
most obvious. Moving inward, the stagnations are presereba obvious. An automated
selection process to eliminate subjectivity in the setectf points is certainly desirable,
but due the scarcity of stagnation events identifiable by thee ability to develop an al-
gorithm seems an extremely difficult and probably fruitlesedeavor, with the current data

set.

Results

Using the stagnation points from Figure 3.14 and Equati@rti8 electric field is de-
rived and shown in Figure 3.15 plotted over iveimer(2001) derived polar cap potential.
The convection field strength is derived by mapping the pcdgrpotential to a cylindrical
magnetotail of radius 40R The fit between the EUV derived convection field and the
Weimer(2001) derived field is excellent for the first peak centere2a45UT and the fol-
lowing valley, the EUV data quality, however, degradesabpafter that not allowing for

the extraction of any further stagnation points for thisrgve

Event Comparison

Comparison of the 8Apr2001 and 17Apr2001 events shows aafuedtal difference
in the fit between the EUV an@/eimer(2001) derived convection electric field. While
the 8Apr2001 values are consistently higher than the thepiZ@01 values are within

error bars of being correct. There is a fundamental diffeeein the events driving the
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discrepancy. The 8Apr2001 event is a small geomagneticnsfbist > —60nT) versus
a large storm (Dst> —100nT) which implies mainly a ring current difference betmne
the events. The consistently southward IMF in the 17Apr2@@dnt certainly increases
the geoeffectiveness of the event, making the storm largke \aving theWeimer(2001)
derived polar cap potential about the same. Given the giitigla in the Weimer(2001)
derived polar cap potential and the differences in the EUNvdd convection field strength
for these events the event has either reached the limitsedMdimer(2001) model as it
incorporates no saturation of the polar cap poten8akpherd2007) or we have neglected
the presence of other electric fields such as SAPS in the &9dr2vent. While there
are still too few events studied to draw any strong conchssiohis work does strongly
suggest that significant information is available from tbewection electric field derived

from observations of the motion of the Alfvén layer.

Discussion

The ability to derive the convection electric field strengtbvides a key piece of data
when it comes to understanding the magnetospheric storendymamics. This technique
is useful for deriving the overall strength of the convectaectric field from a series of
inverted EUV images of the plasmasphere providing a bagkfinounderstanding of other
in-situ data. While beyond the scope of this work, side-by-side @mspns to global
convection modelsTpffoletto et al.2003;De Zeeuw et al2004) would provide interesting
insights into the coupling between the open field line magpadtand the largely dipolar
plasmaspheric region of the inner magnetosphere that heme largely observationally
unexplored.

Global imaging has certainly demonstrated its usefulnedsta role in advancing our

understanding of the dynamics of large scale systems assiraylein-situ measurements,
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and multi-spacecraft missions such as CLUSTER. Each hamjaeurole to play and each
supports the other to provide a richer picture of the undsglyphysics. The December
2005 failure of the IMAGE spacecraft has however left a holthe overall data coverage.
The promise of obtaining global electric field values is ohthe major accomplishments
of this work, future studies and instruments should help tbchnique mature to the point
where imagers can provide the kinds of data that until nowbieas the sole realm of the
in-situ measurements. The ability to obtain a global map of eleélds from a series

of images from a single spacecraft is more cost effectiveaaluts value to any mission in
addition to any detailed studies performed using the imagles next chapter will explore

the state of global magnetospheric imaging, the issuesia$sd with the current data, and

provide suggestions for future improvements to the cufgs¥ imaging.
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CHAPTER 4

PLASMASPHERE DERIVED ELECTRIC FIELDS:
CURRENT LIMITATIONS AND FUTURE POSSIBILITIES

The previous chapter demonstrates a method to use plasenaspiages to derive the con-
vection electric field strength. This chapter will highligireas where improvements can
be made with current data, areas where improvements can te with instrumentation,

and areas that are not possible or practical to improve.

Introduction

From the convective plasmasphere model of plasmapauseatiomnm tracking of the
boundary between closed and open drift paths should beljpesghenever electric field
changes occur more rapidly than the plasma can react. Whyighhis technique hard to
use in practice, and what improvements are necessary to thiska more reliable tech-
nique? Presented here will be a description of the expégieeguirements for this tech-
nique to yield valid results, why this technique does notknor all events, and a brief
mission concept based around the EUV convection electtitriieasurement.

In order for the technique to be useful as a long term diagmtusil for the electric field
structure in the inner magnetosphere it must be possibletermine the convection field
strength for most geomagnetic events and preferably to leed@berive separate localized
structures of the electric field, such as differentiatintieen the Sub-Auroral Polarization
Stream (SAPS) fieldFoster and Burke2002;Goldstein et al.2003a) as described in the

previous chapter, from the overall crosstail convectiold fie
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EUV Derived Convection Field Limitations and Possibilitie

Based on observations described in Chapter 3, it would semy te identify other
examples where global plasmaspheric images can be usedite ttee convection field
strength. However, since the technique relies on the ifieation of stagnation points
in the temporal evolution of plasmaspheric density feauhere are several associated
caveats. It is trivial to identify time periods using thiéeimer(2001) derived polar cap
potential where it should be possible to derive the conwaatiectric field from the EUV
data, as all that is required is a large change in the comreetectric field as parametrized
by the polar cap potential. However there are other necgssaditions. Figure 4.1 shows
25 days of running polar cap potential beginning 11Apr2Qfdy(101). Each day’s polar
cap potential are separated by vertical lines and the langgrr below the curve in each
block is the day of year. The ability to use thi¢eimer(2001) model is dependent upon
the availability of ACE solar wind data. While deriving therwection electric field from

plasmaspheric EUV images does not require any external data

EUV Derived Convection Field
Requirements

Based on experience, events where the convection field cdarbed from EUV data
have the following requirements: 1) unless the value of tilanrap potential reaches about
60kV, no signature has been observed; 2) physical argumemige that the plasmasphere
be large enough for the Alfvén layer motion to be within thagphasphere; 3) there must

be high quality EUV data; 4) there must be a feature to tra¢kiwthe plasmasphere.

60 kV Pdar CapPaential The requirement for the 60kV polar cap potential can be

understood in terms of the potential required to observeAtheen layer crossing a cer-

tainL-shell. Figure 4.2 shows plots of Equation 3.7 at varyingigalof MLT. These plots
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demonstrate the relationship between thghell where the Alfvén layer crossing is ob-
served and the minimum polar cap potential required to mbeeAtfvén layer into that
L-shell. The shape of the curves in Figure 4.2 are such thatadl shrange in polar cap
potential can easily been seen over a wide range of langgdues. This is especially true

in the evening sector.
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Figure 4.2: Relationship betweénvalue of observed Alfvén layer crossings and the re-
quired polar cap potential for different values of MLT. Inghmodel the Alfvén layer is
symmetric yielding the dual MLT valued curves in the plot.

In order to observe the smaller convection electric fieldigalthe inverted data would
need to have a significantly higher resolution so that stat&gould be made with annuli
bins significantly smaller than the curren6®:. Smaller bins would enable a change
from 40 to 60KV to be resolved as the Alfvén layer crosses fofrto 36 Rz as a change
of more than one bin. The range of polar cap potential valaesa #4— 4.5Rg bin and a
3.5—4Re bin are 10kV and 15kV respectively as found from equation 3f7e derived

values are indistinguishable from one another due to tlye leange. In order to raise the
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resolution of the inverted data, the EUV images could eitteae higher resolution or the
inversion could be improved to yield smaller bins. Improesns to the inversion cannot go
beyond the fundamental spatial resolution of the origimages, 0L Rg, as averaging data
together in the creation of stackplots is crucial to makimgn stable and understandable.

The best solution would be to image with higher resolution.

LargePlasnasphere Typical values of the cross polar cap potential raegeden 20

and 60kV (Weimer 1995). These typical values require the observation oiAthen layer
between 4 and 65Rg in the dusk sector. Since the Alfvén layer must be interiaht
plasmapause to make the measurement, this sets the plédmrasjze threshold. Using
the statistical plasmapause data frbarsen et al(2007) the EUV extracted plasmapause
is found to be larger than.BRg only 30% of the time. Slow refilling rates require that
the inner magnetosphere must be quiet for extended pegoetdili to distances beyond
4.5Re (Rasmussen et all993). Observing features when the polar cap potentid@lk¥
corresponds to an Alfvén layer crossing o Be which can be observed 76% of the time.

Both percentages are derived from the plasmaplausdue histogram shown in Figure 4.3.

There is no way to remove the large plasmapause conditicamdoren event, the plas-
masphere is where it is. One improvement would be temporarege of the plasmas-
phere removing the probability of observing a storm onsetsubsequent erosion due to
“no data.” The easier way to accomplish this is with a mybi@secraft mission which has

the additional advantage of allowing tomographic invarsiof the images.

High Qualty EUV Data In addition to having satellites in positions to givamneon-

tinual coverage, the experiment itself must be capable ofimoous or near continuous

operation. Figure 4.4 displays five days of polar cap paaéntierplotted in grey with the
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Figure 4.3: Plasmapause location histogram of the plasnsagaoints used in the statistical
study ofLarsen et al(2007).
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availability of EUV images, which is typical for most per®df similar orbital geometry.
There are large time periods with data, but there are alge lgaps in coverage.

Some of the gaps are due to satellite position, some are dhe sun being in the field
of view, and others when the experiment is within high radraénvironments. Even in the
coverage periods, there will be sensor heads dropped kechssinlight contamination.
Improvements in shielding from both radiation and sunligiit go a long way toward
meeting a goal of continuous instrument operation. Opegaftiom a despun platform
rather that a spinning satellite will greatly improve tinesolution and registration, both of

which improve plasmaspheric studies.
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Figure 4.4: IMAGE-EUV data coverage for 15Apr2001 to 20A02. The grey regions
denote regions of high EUV data quality.
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Feaure To Track It is still unclear what creates the features that i@eked to derive

the convection electric field. On some occasions the featame related to the wrapping
of a plume around the plasmasphere as in the 8Apr2001 evewnthérs the features are
related to plasmaspheric notches present in the image hgheitl7Apr2001 event. The
puzzling part of the features is how rarely there is a cleatufie to track even when one
would be expected from EUV images. Figure 4.5 presents taakptots that illustrate the
difficulty in tracking a feature. The left plot contains nastilnct feature while the right
plot contains a sharp boundary with a few broad slope chabgeso ability to pinpoint
the change in slope, making tracking difficult. These aréh lmmimmon occurrences in
stackplots. The lack of features and lack of understandinghen there should be a fea-
ture highlights a shortcoming in the detailed understagmaihsmall scale plasmaspheric
features. These small scale features, especially deemiith plasmasphere, need more
study and explanation. Are they the result of localized patieg electric fields? Field
aligned currents dumping plasmaspheric plasma into thesmere? Or something else

entirely?

Time storting: 2000,/192,/52:05
Time storting: 2001,/170,/51:14

Figure 4.5: (left) UT-MLT stackplot for 10Jul2000 (day 192):05-10:00UT for the annu-
lus 2— 2.5Re. (right) UT-MLT stackplot for 19Jun2001 (day 170) 01:14:Q@QUT for the
annulus 25— 3Re.
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Discussion

The results from the IMAGE mission have provided an intnigyirst look into the util-
ity of global magnetospheric imaging. The real challenge imove beyond the qualitative
imaging studies to the quantitative aspects of magnetospbieysics that can be derived
from the global images. The ability to derive the conveckderctric field strength is one
such ability. Being able to provide a context with which taarstand other measurements
is a very successful aspect of the IMAGE mission and coulddpafecantly improved in

future missionsBorg et al, 2005;Darrouzet et al. 2006).

Future Imaging Concept Mission

Briefly, this chapter provides a mission concept that is teet step in global mag-
netospheric imaging. The basic mission and EUV instrumegairements are found in
Table 4.1. The basic premise is that multiple spacecrafgingathe plasmasphere at a
< 10 minute time resolution in both 30nm He" and 539nm O. These measurements
allow tomographic reconstruction of the three-dimensipfesmasphere in both Heand
O™. The O" component of the plasmasphere has not been studied in geptiiding the

ability to compare densities and dynamics of the differentgpecies.

Table 4.1: Requirements of a future plasmaspheric EUV ingagiission.

| Property | Value |
Time resolution < 10min
Near continual viewing ability to image from any apogee latitude
Multiple spacecraft > 2 spacecraft
Field of view > 6 Re x 6 Rg from apogee
Spatial resolution < 0.01 Rz from apogee
Sensitivity image less than 30 Hem—3
Spacecratft attitude despun platform
Sun shielding +3°
Particle shielding ability to operate intd. ~ 4
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CHAPTER 5

PLASMASPHERIC COROTATION - IONOSPHERIC SIGNATURE

Introduction

Previous chapters have dealt with the reaction of the plpaose to external influ-
ences, such as the convection electric field. This chaptiéexamine the influence of
the underlying ionosphere on the plasmasphere. In a camequsmasphere model as
used in previous chapters all plasmaspheric dynamics arendirom external fields. In
a more complete treatment of the full system there are alssilple effects from beneath
the plasmasphere. These ionospheric effects are currestthyell understood but contain
interesting implications for the dynamics of the system asale.

The question asked here is how corotation in the plasmasphaffected by the iono-
sphere. The ionosphere is the uppermost region of the atmosp The ionosphere and
magnetosphere are typically studied independently of ora¢har. This is based on the
fundamental differences in measurement techniques, &senal environment, and driving
factors. The ionosphere is created by photoionization anghct ionization of the neutral
upper atmosphere. It extends frenb0 to~ 400 km although there is no distinct boundary
between the upper ionosphere and the lower plasmasphggieallglectron densities in the
ionosphere range from 1@ 10’ cm~2 making it a collisional plasma3oel et al, 1976).
Two major differences between the dynamics of the plasmeaspnd ionosphere are the
collisional nature of the ionosphere and the neutral windiong affect on the ionosphere.

One study of the connection of ionospheric phenomenon tekkaamasphere is the

study byBurch et al.(2004). They take the approach that plasmaspheric sultatmnois
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caused by the ionospheric disturbance dynamo (explaineekinsection). They argue that
when the disturbance dynamo is active it causes a subcorotatthe ionosphere. If the
plasmasphere is rigidly connected to the ionosphere, tileeplasmasphere must also show
this subcorotation during these periods. This chapterd@ikhose results with the added

information of inverted EUV images and UT-MLT stackplots.

lonospheric Disturbance Dynamo

The ionospheric disturbance dynamo is a corotation lagethby ionospheric Joule
heating in the auroral zone caused by an increase in iondsphgrents. During times
of increased Joule heating the ionosphere expands, and shifthward driven by neutral
winds. The Coriolis force (or equivalently conservationaofgular momentum) cause a
westward drift of the moving ionospheric plasma which resih a subcorotation (see

Blanc and Richmon@1980);Buonsantq1999) and references therein).

Sub-corotating Plasmaspheric Event (8Apr2001)

The time period studied bBurch et al.(2004) is the 8Apr2001 period presented in
Chapter 3 of this dissertation. To put the event in contexjuile 5.1 is a time series of
images beginning 8Apr2001 10:03:13UT showing the preseheelarge plasmaspheric
shoulder on the right side of each image. These shouldeeshe®en studied previously by
Goldstein et al(2002a) who find them to be the result of overshielding. Teftyirestate
the description in Chapter 1, overshielding is a procesgewehe inner-magnetosphere
shielding from the convection field is too large due to a sadikcrease in the convection
field strength. Overshielding then results in a net dawnvededtric field (opposite the
convection field) causing plasma to convect anti-sunwdmas 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 t&@2001 11:29UT
showing the rotation of a large plasmaspheric shouldegh{side of each image) Each
EUV image is 10 minutes apart.

The geomagnetic indices for this period are shown in Figu2e bhere is a rise in the
Kp index and therefore in the convection field strength. D&twss that this is a steady
but slightly disturbed period with a sudden commencemeritla®dl UT followed by a
moderate storm. The period of interest for this event is teady interval through the
period just after the sudden commencement where the cianotag is seen to persist.

Burch et al.(2004) derive corotation by tracking a long lived plasmashnotch and
computing its departure from corotation. Figure 5.3 isoépiced fromBurch et al.(2004)
displaying the notch and its time evolution. The radial ried initially bisecting the notch
then moves at the corotation velocity between each imagetithgrthe position where the
notch would be if it were corotating. The actual center of tieéch is marked with the
yellow arrow. From Figure 5.3 and the rest of the images al#l for the eventBurch
et al. (2004) find that the notch is lagging corotation by 10% over tiio days they are

able to track it. Figure 5.4 shows this graphically where ribe line is the corotation
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Figure 5.2: Dst and Kp indices for 7Apr2001 12:00UT (day 9¥BApr2001 24:00UT
(day 98). The vertical lines at 8Apr2001 06:59UT and 8Apr2Q@:40UT denote the time
covered in Figure 5.5.

07 Apr 2001 21:38

Figure 5.3: Selection of IMAGE-EUV images from 6-8Apr200The overplotted red
beginning in the first image displays the position of the hatat were corotating. In each
subsequent image the yellow arrow marks the center of trehnBigure fronmBurch et al.
(2004).
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predicted position, the black line is the EUV observed ngtokition. We will return to
the green diamonds later in this chapter. The study was dsing the raw EUV images
which do not allow features within the plasmasphere to bengjsished due to look angle
effects and the fact that the instrument is measuring lirgght quantities. The latter
makes it impossible to determine whitkshell is providing the observed density which is
not the case with the inverted images. Using the stackplai#/s in Figure 5.5 we find
that the corotation lag is present into= 3 which is about 1R inside the plasmapause.
The corotation lag is seen in Figure 5.5 as features thatese ® have a slope greater
than that of the overplotted corotation lines. The regi@mfrthe plasmapause to= 3
corresponds to magnetic latitudes betweeht8®0. Each stackplot has the same format
as in Chapter 3 except the data is repeated one image intatthre bn the right side of each
plot, allowing features to be tracked across 00 MLT withaaxtihg to wrap around the plot
boundary. Studying the stackplots shows that the lag iseptas/er a wide range of MLT
values consistent with the ionospheric disturbance dynamas opposed to any expected
super-corotation in the dawn MLT sector and subcorotatiathé dusk MLT sector based
on the field geometry. In Figure 5.5 the corotation lag is olesstas a slope steeper than the

corotation guide lines. In both the evening and dawn MLT @acthe lag can be observed.

lonospheric DMSP signature

In order to determine the ionospheric component of the atimt lag data from the
DMSP F13 and F15 satellites is used. The ionospheric conmpaidhe corotation lag
is the cross track ion drift measurement from the DMSP spafted he sun-synchronous
orbits of the DMSP satellites allow the same regions of tm@sphere to be observed on

every orbit. F13 has a 05:45-17:45 LT orbit and F15 has a 021288 LT orbit. In these
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Figure 5.4: Position of the plasmaspheric notch in MLT asrecfion of UT during its
observation 6Apr2001 03:05UT to 8Apr2001 12:03UT shownhgytilack line. The green
diamonds represent the notch location as predicted by thE®Measured eastward drift.
The solid red line shows the position as predicted by pedembtation. Figure adapted
from Burch et al.(2004).
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data the ionospheric drift is measured for nearly all magriatitudes at the four local
times traversed by the satellites. Shown in Figure 5.6 iSDRESP measured Eastward
ion drift as it differs from corotation, as a function of magic latitude. The ion drift
data are broken up into MLT quadrants centered at Noon (12)MUidnight (00 MLT),
Dawn (06 MLT), and Dusk (18 MLT) to match the local times of DBISP satellites. In
the auroral zone (magnetic latitude poleward~060°) the drift is highly variable due to
penetrating auroral fields and currents. Near the equaifts firllow a pattern of westward
(subcorotation) in the dawn and noon MLT sectors and eadt(gaper-corotation) in the
dusk and midnight sectors. This patternis a result of iohedp heating and intensification
due to photoionization. The dusk sector follows more cpsegembles the midnight sector
because the ionosphere reaches a steady state temperatudersity after enough time
in the sun. This pattern shows that over the range of intefesh 30° to 50° magnetic
latitude, there are great differences between each of fterse In the Noon sector, nearly
all drifts are westward while at midnight there is a tramsitin drift direction as one moves
poleward. The dawn drifts are also westward over the regfanterest while the dusk
drifts are nearer zero and westward over the region.

Using the data from Figure 5.6 it is straightforward to cédtei the mean westward
drift of the ionosphere in different magnetic latitude s as a function of time over the
8Apr2001 event time period. The results of the calculati@shown in Figure 5.7 as well
as in the green diamonds in Figure 5.4. Shown in Figure 5eisrtean eastward drift as
a function of UT for different magnetic latitude regions,”3035°, 35° — 40°, 40° — 45°,
and 45 —50°. The points are the mean westward drift plotted withekror bars, while
the solid line is a moving average of the drift. There existdemr westward drift at all
magnetic latitude regions over the whole 8Apr2001 periolisTs a surprising result as
there are major changes in the geomagnetic activity beggrati11:00 UT on 8Apr2001 as

a sudden commencement occurs followed by a moderate stoich wbuld serve to input
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additional energy into the ionosphere. Yet there is no $igeaof these occurrences in the

ionosphere.
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Figure 5.7: DMSP measured average Eastward drift for 8AQit2 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 sendhe data.

Event Conclusions

Assuming that the ionosphere and plasmasphere rigidlyerddgether, the signature
of the ionospheric drift is clear that there is an ionosphsetibcorotation occurring. The
disturbance dynamo theory usediyrch et al.(2004) is supported by the uniformity of the
drift across all MLT regions. There is however one troublsmgnature missing, that of the

geomagnetic storm, while the ionospheric response to ggoetia storm is debate@®aron
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and Wand 1983;Yeh et al,. 1994;Foster and Rich1997, and many others), a signature is
expected. One expected signature is changes in the driftitiels as auroral fields and

currents move equatorward causing the drift velocitiestafything but uniform.

Corotating Plasmaspheric Event (18Jun2001)

Here we focus on another event, 18Jun2001, which has a Viéeyetit plasmaspheric
response. We might expect the DMSP response to also beeditfeFigure 5.8 shows a
series of EUV images starting at 18Jun2001 13:49:54UT. imdhent the plasmasphere
began to erode in response to a sudden commencement andsmaénethe convection
electric field forming a large plasmaspheric drainage pl@pger right of each image). A
subsequent decrease in the convection field strength theaatibe Alfvén layer outside
the plume. The plume plasma once again on closed drift patis$ corotating, which has

the effect of wrapping the plume around the plasmasphegur&is.9 shows the Kp and
FEUV data leook
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Figure 5.8: Selection of IMAGE-EUV images from 18Jun200indestrating the wrap-
ping of a large plasmaspheric plume.
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Figure 5.9: Dst and Kp indices for 17Jun2001 12:00UT (day) 1649Jun2001 06:00UT
(day 170). The vertical lines at 18Jun2001 11:57UT and 1200h 02:40UT denote the
time covered in Figure 5.10.

The stackplots shown in Figure 5.10 demonstrate that theateg a corotation event.
The corotation can be observed in the plasmaspheric imagegeh since the eroded
plasmapause is steep allowing for easy tracking from imageage. Looking inside the
plasmasphere there are many features that show the expectedtion signature. There is
rigid corotation in the noon MLT sector, a lag pre-midnighg, expected from penetration
of outer magnetospheric electric fields, and super-caootat the dawn MLT sector, cased
by the superposition of the convection and corotation gtefields. The features demon-
strate this behavior throughout most of the plasmasphktteealvay out to the plasmapause
especially after 19Jun2001 00:00UT indicating that thev@dflayer is outside the plasma-
pause. This signature implies that the ionospheric distuzb dynamo is not acting, thus

providing an opportunity to study the DMSP signature for a@eng¢ without an active dis-
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turbance dynamo.

lonospheric DMSP signature

Again using data from the DMSP F13 (0545-1745 LT) and F15 802228 LT) satel-
lites the ionospheric drift can be found. Figure 5.11 digpldne eastward drift as a func-
tion of magnetic latitude broken into the MLT bins centeréd2, 00, 06, and 18 MLT.
The DMSP data quality is not as good for this event as for thpr8801 event but the
data should be sufficient. Surprisingly the drift signasuaee extremely similar between
Figures 5.6 and 5.11 implying that there may be a problem thighinterpretation of the
8Apr2001 event.

Shown in Figure 5.12 is the average eastward drift as a fomdti time for 18Jun2001.
The magnetic latitude bins are the same as in Figure 577+ 353°, 35" — 40°, 40° — 45°,
and 45 —50°. While the lower quality DMSP data has increased the size®g&tror bars
the trend is still clear that there is an westward drift fditiahes in each magnetic latitude

bin.

Event Conclusions

The DMSP signature for 18Jun2001 shows the ionospherengggirotation for an
event where the plasmasphere is clearly corotating. Orglgesnterpretation is that there
is a slip between the ionosphere and the plasmasphere,imgydisconnect between the
low altitude ionospheric plasma motions and the high astplasmaspheric plasma. An-
other possible interpretation is that there is unforturtateerage of the ionosphere with
the four DMSP sampled local time sectors, implying thatelere significant variations in
the ion drift motion between the DSMP sampled local timesndsed is often the case

(Heelis private communication). This result demonstrates thigcdifies with associating
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local in-situ data with global images. The highly localized measuremgatiser very de-
tailed data along the track of the spacecraft but extrajpoléb the global response is often

quite difficult.

Discussion

As the ionospheric drift signature is remarkable similartfee corotating and lagging
plasmasphere events. We believe that the issue is prinzafilgction of the equal weight-
ing of the DMSP drift measurements and the implied interjppaiabetween them. Using
the DMSP drift measurements from 0545, 0928, 1745, and 21PB places a measure-
ment in each of the dawn, dusk, noon, and midnight MLT bins tthe measurements are
certainly not in the center of these bins and are not everdgespparound the the Earth. The
grouping of measurements serves to bias the measuremehé&sdawn-post-dawn (0545-
0928 MLT) region and the dusk-post-dusk (1745-2128 MLT)arg This neglect of the
large regions between 2128-0545 MLT and 0928-1745 MLT mdj/iveéd the the missing
dynamics.

There are certainly connections between ionospheric digsaamd plasmaspheric dy-
namics, however those relations will have to go undiscal¢éneough the current work.
While beyond the scope of this dissertation, other studias ¢ould possibly lead to re-
lation between ionospheric drift and plasmaspheric ctimtacould take the form of a
statistical study of long term plasmaspheric corotatiosf@ncorotation lag and long term
ionospheric drift signatures. Another possible study wdog detailed studies tracking fea-
tures in the plasmasphere and the associated underlyingpberic drift over a much finer
time resolution. The problem with this study is the fundatakdifferences in resolution
between the ionospheric measurements and the EUV imagesiigaallow feature track-

ing at the plasmapause or the inverted EUV images allowitggral feature tracking at the



cost of more resolution.
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CHAPTER 6

SUMMARY OF RESULTS

This dissertation presents three studies that represeiffeeedt data product that global

imaging enables. The first two studies produce quantitééistable results demonstrating
that analysis from global imaging can provide quantitatastable results. Global imaging
allows the scientist to make extrapolations and compasifitat are not possible with local

data alone. This enables comparison to other data sets omtiawmus basis in methods
not previous explored.

The observation of the previously unobserved theoretioahdary between the open
and closed particle drift paths enables the extrapolatiom fthe inner magnetosphere to
the outer magnetosphere. In addition through the trackipipgmaspheric features noting
their rotation speed enables the comparison to the undgrighosphere without the need

to average data or use a statistical description of the digsam

Plasmapause Statistics

Chapter 2 presents a correlative statistical study of therpapause radial extent versus
multiple solar wind and interplanetary magnetic field (IMf@rameters. The results of the
study showed the plasmapause position depends on th&}Mémponent and a merging
proxy, @. The merging proxy is defined as= vBsir?(8/2), wherev is the solar wind
proton velocityB is the IMF magnitude, an@is the IMF clock angle. The derived relation

between the plasmapause positibps, and these parameter is given by

Lpp = 0.0374B,155— 1.05x 10 *@y75+4.38 (6.1)
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whereB, 155 is the IMF B, component delayed 155 minutes from its arrival at Earth and
@75is the merging proxy delayed 275 minutes from its arrivalatk The study finds that
there are two distinctly different time scales involvedhe evolution of the plasmasphere,
one related to the coupling of the solar wind to the magnétexsgpand the other with
reconnection at the magnetopause.

This is an example of a study made easier through global mgaginin-situ study
of the same magnitude would be a massive undertaking. Giataging allowed for
the calculation of the plasmapause at a large range of MLilegasimultaneously. This
allows 1365 global images to provide tiesitu equivalent of 210762 satellite passes
through the plasmapause determined by counting the tosdrebd plasmapause posi-
tions. The plasmapause correlation studie©@rien and Moldwin(2003) provide the

largest plasmapause catalog previously available of cbly@asmapause crossings.

Convection Electric Field Derived From Global Imaging

Chapter 3 presents methods and examples of deriving the @ibsonvection electric
field from the measured motion of the Alfvén Layer within tHagmasphere. Tracking
features within the plasmasphere from inverted EUV imagles/a global magnetospheric

parameters to be derived from inner magnetospheric measuts.

Observational Verification of the Plasmas-
pheric Alfvén Layer

Chapter 3 presents the first observational verification@bttundary between open and
closed drift paths in the inner magnetosphere, known as ldsm@aspheric Alfvén layer.
The study serves as an important observational verificatidime convective plasmasphere

model as postulated bYishida(1966).
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EUV Derived Convection Electric Field
Magnitude

Using the convective plasmasphere model, the positioneoftfvén layer can be used
to derive the magnitude of the magnetospheric convectiectrit field. This result al-
lows for imaging the inner magnetosphere to provide infaromeabout the outer magne-
tosphere. It is difficult to measure the convection eledteld and it can not be measured
globally making the EUV-derived values useful as an ovenalgnetospheric configuration
parameter. The EUV feature tracking derivation of the cotige electric field is validated

through comparisons to current empirical models.

Plasmaspheric Signature in the lonosphere

Not limited to external cause and effect studies of the p&sphere, this dissertation
looks inward at the underlying ionosphere. Chapter 5 pitsstie relationship between
plasmaspheric corotation and subcorotation and the ynadgilbnospheric drift signature.
By measuring the local ion drift velocity in the ionospheine DMSP satellites provide
a framework with which to identify periods where the plasptese may be corotating,
super-corotating, or sub-corotating. It is our belief tthet currently available ionospheric
ion drift data is under sampling the global drift in such a wagive the consistent illusion
that the plasmasphere should be sub-corotating, whileesixgm the plasmasphere show

clear corotation.
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This useful appendix showsopertiesof the dipole coordinate system, all these pa-
rameters are derivable, shown here in the symbolisRasimussen et g1993).

The symbols used are:

r,e, radius, colatitude, azimuthal angle
®,0,S dipole coordinates (right-handed)
he, hg, hs coordinate scale factors
B magnetic field
X angle of magnetic field from horizontal
\% flux tube volume per unit magnetic flux
Re Earth radius= 637121 km
L Mcllwain parameterNicllwain, 1961)

Bo,ro  equatorial value of the magnetic field at a reference akitud

A\ Invariant latitude
The magnetic field for a dipole is:

B— (ri(;)sx/ﬂsco@e (A.2)

The volume of a flux tube in a dipole field is:

4
v o St A <1+ %L_l-l— S.-24 iL—?’) (A.3)

35Bg 8 16

The orthogonal coordinates arg,

q= (%) sir?(0) (A.4)
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and

s= <%) 2cos(e)

(A.5)

wheresis aligned with the magnetic field amgs perpendicular to the magnetic field.

The unit vectors are:

&p = —sin(Q)& +cogP)&y
& = —CcogX)& +sin(x)é
& = —sin(x)& —cogx)&s

where

& = sin(B) [cog )&+ sin(¢)&y| + cog0)&,

& = cogB) [cog )&+ sin(@)g] —sin(0)&,

The scale factors are:

he = rsin(0)

Re r\°
h — L = -
a = rl-cosx) sin(G)\/1+3co§9(RE)
n_ReBo_  Re (L)f‘
° B V113co€6 \Re

An small element of arc length along a flux tube is

dsy = hgds= Si;—éodr — —ReLsin(8)v/1+3co$6de

(A.6)
(A7)

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)
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where

Re\2v1+3cog0
ds= - —| —————d6
r cogX)
Re\2v1+3cog0
=—|—=) ————dr
r Re sin(X)
do — B0y,
2r
Some useful transformations
B r
~ Resito
cosx) = sin®
v1+3co%0
sin(x) = 2co
V1+3co%0
tan(x) = 2cot0)
\/1+3co§9_s\/l+ S|n29 2,/1——
—sin( )cos(x )dL
dt N L dt
dr  reog(x)dL
dt L dt
dL _ veq
dt Re

N\ = arccosgl/ L)%

whereveq is the magnetospheric convection velocity in the equaltptéme.

Partial derivatives are given by

5= o (o000 5~ =X

DRI LI

Bl o

)
)

-

(A.15)

(A.16)

(A.17)
(A.18)

(A.19)
(A.20)

(A.21)
(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)



