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Abstract

This dissertation deals with the testing, development and use of global models
of the magnetospheric magnetic field. I applied novel tests to existing magnetic
ficld models and identified shortcomings of those models. These results were my
motivation for developing a new technique for the representation of the magnetic
cffects of distributed magnetospheric currents.

I perform tests on the Tsyganenko 1987 and 1989 (T87 and T89) models. I
use an ionospheric electric potential model, in conjunction with the T87 and T89
models, te infer magnetospheric plasma convection patterns. I assess the validity
of maguetic field mappings obtained using the Tsyganenko models by comparing
these inferred convection patterns with in situ measurements of plasma bulk flow
velocity. I also examine the topology of magnetic field lines traced using the T89
magnetic field model. As well, I compare expected magnetospheric currents with
the Tsyganenko model currents. One important conclusion I reach is that the T87
and T89 magnetic field models do not adequately represent the effects of the large
scale field-aligned currents or the cross-tail current, including closure on of near
the magnctopause.

I model the magnetic effects of the field-aligned and transverse currents by sum-
ming the magnetic fields due to a large number of cylindrical current elements of
finite length and radius. Using the T87 model, modified to include the effects of
ficld-aligned currents, I show that the equatorial crossing points of central plasma
sheet field lines stretching 15 or niore Earth radii down the magnetotail can be
shifted more than 10 Earth radii away from the noon-midnight meridian and that
this result depends on how the field-aligned current circuit is closed in the mag-
netosphere. Using the magnetic fields due to model Chapman-Ferraro, ring, and
neutral sheet currents, I develop a new magnetic field model for the nightside mag-

netosphere. The model field is fit to average values of the lobe and neutral sheet

magnetic field strengths.
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1. Introduction

In an attempt to explain perturbations in the geomagnetic field Chapman ard
Ferraro [1930) suggested that charged particles moving outwards from the sun are
deflected by the Earth’s magnetic field. Their idea was that the differential motion
of the deflected electrons and positive ions would cause a current layer to form
on a boundary enclosing a region of space around the Earth that is a cavity in
the particle stream. The magnetic field due to these currents would both add to
the magnetic field within the cavity and shield the interplanetary medium from
the terrestrial magnetic field. Inhomogeneities in the particle stream would lead to
variations in the surface currents which in turn would lead to magnetic fluctuations
within the cavity. Chapman and Ferraro’s initial idea has been demonstrated to be
essentially correct although the nature of the interplanetary medium is somewhat
different than they envisaged.

Chapman and Ferraro [1930] suggested that the charged particles originated in
clouds ejected sporadically from the sun. Their hypothesis was that when one of
these ejected clouds passed across the Earth the current layer would be present
and at other times it would be absent. As well, in their initial work they assumed
that the interplanetary medium did not contain any appreciable magnetic field.
It is now known that there is magnetic field and an ever-present flow of charged
particles in the interplanetary medium. This flow of charged particles is called
the solar wind and is comprised of coronal plasma which has beeu heated, causing
it to expand rapidly outwards through the solar system [Parker, 1958]. Typical
solar wind particle number densities and flow speeds and interplanetary magnetic
field (IMF) magnitudes near the Earth’s orbit are 107/m3, 400 km/sec and 6 nT,

respectively [Parks, 1991]. In situ magnetic field measurements have confirmed



that the current layer first predicted by Chapman and Ferraro [1930] is a persistent
feature of the terrestrial environment [Ness et al., 1964]. This current layer is a
boundary between the solar wind and the region of space surrounding the Earth
known as the magnetosphere.

The term magnetosphere was first used by Gold [1959] to denote “the region
above the ionosphere in which the magnetic field of the Earth has a dominant
control over the motions of gas and fast charged particles”. The ionosphere is the
part of the Earth’s upper atmosphere where charged particles are present in “quan-
tities sufficient to affect the propagation of radio waves” [Rishbeth and Garriott,
1969]. Today, it is appropriate to define the magnetosphere as the region of space
surrounding the Earth, bounded at its base by the ionosphere and in outer space
by the solar wind. By convention, the boundary between the magnetosphere and
the solar wind is called the magnetopause. The interaction of the solar wind with
the magnetosphere compresses the magnetospheric magnetic field on the day-side
and stretches it out to great distances from the Earth on the night-side forming a
structure called the magnetotail.

Models of the 1nagnetic field due to magnetospheric currents are used in virtu-
ally every area of magnetospheric study. This thesis is a description of my efforts
to understand the shortcomings of previously developed magnetic field models and
to develop a new one. The introduction is a review of magnetospheric terminology,
observations that shed light on both current systems and trends in the average
magnetic field and some of the basic theory that has been developed to understand
magnetospheric current systems. In chapter two, I deal with previously developed
magnetic field models and identify some of their shortcomings. The material in this

chapter formed the basis of my decision to develop a new magnetic ficld model.



Chapters three and four are an outline of the method that I used to construct a
global magnetospheric magnetic field model and my use of that model, respectively.
I conclude the thesis with a discussion (chapter 5) of why this work is important
and what future work needs to be done to improve the model I have developed.
Throughout this thesis, I use the term “distributed magnetospheric currents”.
I have borrowed this term from Olson [1974], who used it to describe volume filling

clectric currents distributed throughout the magnetosphere: I use it here with the

same meaning.

The Auroral Ionosphere

I begin with a brief discussion about the high-latitude ionospheric current sys-
tems (Rishbeth and Garriott [1969] provide an introductory review of ionospheric
physics.). My purpose here is to define terms that are used later in this thesis.
In the Earth’s ionosphere, electrons are magnetized while positive ions are colli-
sion dominated. Consequently, electrons and ions respond differently to an applied
electric field and an applied electric field will cause ionospheric currents to flow. It
is often useful to treat transverse (flowing perpendicular to the ambient magnetic
field) and parallel electric currents and fields separately. Furthermore, the great
mobility of charged particles along the magnetic field means that in the ionosphere
the parallel electric field is significantly smaller than the transverse electric field
and in discussions of ionospheric physics the term “electric field” is used rather
than “transverse electric field”. A transverse current parallel to the applied elec-
tric field is called a Pederson current, while one perpendicular to it is called a Hall
current. The part of the ionosphere in which most of the transverse currents flow

is restricted in altitude from ~100 km to ~150 km. In the auroral regions, electric



fields that exist as a consequence of magnetospheric dynamics drive large-scale lat-
itudinally localized current systems known as the auroral eletrojets. In the dawn
and dusk sectors of the auroral ionosphere the electrojet currents are predomi-
nantly westward and eastward, respectively. The auroral electrojets are coincident
with the auroral ovals, the roughly oval shaped regions encircling both geomagnetic
poles where visual aurora are present. The average auroral ovals extend over ~5°
in latitude with equatorward edges located ~23° from each magnetic pole. The

regions poleward of the auroral ovals are called the polar caps.

Magnetospheric Morphology and Phenomenology

Space scientists have identified different magnetospheric regions using the prop-
erties of the ambient plasma and local magnetic field topology and strength. Figure
1 is a schematic illustration of the Earth’s magnetosphere showing its division into
these regions. In the following paragraphs, I briefly define and describe the primary
magnetospheric regions.

The magnetopause is the current layer thaﬁ forms the boundary between the
magnetosphere and the solar wind. These currents serve to shield the interplanctary
medium from the magnetospheric magnetic field (and vice-versa) and deflect the
solar wind plasma around the magnetosphere. The thickness of the current layer
is on the order of 10° m [Russell and Elphic, 1978]. The solar wind is super-sonic
and super-Alfvénic [Siscoe, 1987] relative to the magnetosphere. Consequently, a
magnetohydrodynamic shock front, called the bow shock, forms in the solar wind
upstream of the magnetosphere. As the solar wind passes through the bow shock,
it is both heated and slowed to subsonic and sub—Alfvénié velocities [Spreiter and

Alksne, 1969]. The region between the bow shock and the magnetopause is termed



the magnetosheath and contains shocked solar wind plasma flowing nearly parallel
to the magnetopause (except around the sub-solar point). Immediately inside the
magnetopause is a boundary layer containing plasma that is magnetosheath-like
in both composition and velocity [Lundin, 1988]. The existence of this boundary
layer is evidence that some solar wind particles and momentum cross the magne-
topause and enter the magnetosphere. This boundary layer is divided into regions.
These are the high- and low-latitude boundary layers (HLBL and LLBL) which
are threaded by open and closed magnetic field lines, respectively [Eastman et al.,
1976]. The HLBL is also referred to as the plasma mantle [Rosenbauer et al., 1975;
Lundin 1988].

Inside the boundary layers, within the magnetotail, there are two primary re-
gions, the lobes and the central plasma sheet (CPS), which are separated by the
plasma sheet boundary layer (PSBL). The CPS is threaded by closed magnetic
field lines and populated by a plasma of both solar wind and ionospheric origin
[Peterson et al., 1981]. Typically, plasma number densities within the CPS are ~
0.1 to 1 cm™3, ion temperatures range from ~1 to ~7 keV and the ion tempera-
tures are greater than those of the electrons by a factor of ~3 [Frank, 1985]. On
the other hand, the lobes are threaded by open magnetic field lines and are pop-
ulaied by a very tenuous plasma (<0.01 cm™3), in comparison to that in the CPS
[Frank, 1985). Particles in the lobe are of both solar wind and ionospheric origin
[Peterson et al., 1984]. Lobe particles of solar wind origin likely enter through the
cusps, which are regions on the magnetospheric boundary where the magnetic field
just inside the magnetosphere is weak. The PSBL is threaded by closed magnetic
field lines and is identified as a separate region from the CPS by the presence of

field-aligned beams of fast ions [Lui et al., 1977; DeCoster and Frank, 1979]. In the



heart of the CPS is the neutral sheet, which separates the northern and southern
magnetospheric hemispheres. The CPS encircles the Earth, its inner edge merges
smoothly with the ring current which is a nearly azimuthally symmetric current

carried by geomagnetically trapped energetic particles.

Coordinate Systems

A number of coordinate systems are used in the space science community. The
need for more than one arises mainly because the dominant source of the magnetic
field is different in different magnetospheric regions. Consequently, data obtained
from observations in one region are often better ordered in a coordinate system
chosen particularly for that region. As well, theoretical studies are often better
formulated in one coordinate system or another, depending on what particular
physical process and magnetospheric region is being investigated.

I use three coordinate systems: (1) geographic; (2) geocentric solar magneto-
spheric (herein referred to as gsm); (3) solar magnetic (herein referred to as sm). In
the following paragraphs, I describe these three systems and briefly outline the pro-
cedure to convert from one coordinate system to another. I indirectly use a fourth
system, the geocentric solar ecliptic (gse) system, when discussing the direction of
the IMF; however, I limit my use of this coordinate system to stating whether the
IMF Zg,. component is positive or negative. Generally, the inner product of the
IMF and the magnetospheric magnetic fleld immediately inside the magnetopause
at the subsolar point will be positive (negative) if the IMF Z,, compcnent is posi-
tive (negative). If the IMF Z,. component is positive or negative then the IMF is
said to be pointing northward or southward, respectively. Two technical reviews on

the topic of geophysical coordinate systems and how to transform from any given



system to any other system have been given by Russell [1971] and Hapgood [1992].
The information presented here is derived primarily from Russell’s review paper.

The geographic coordinate system is Earth-fixed (i.e., it rotates with the Earth).
Typically, a location in the geographic system is specified in terms of spherical
coordinates. These are longitude (measured positive eastward from the Green-
wich meridian, which corresponds to longitude=¢=0), latitude (measured positive
northward from the rotational equator, which corresponds to latitude=A=0) and
radial distance from the Earth’s centre. A cartesian geographic coordinate system
is typically defined so that the Z-axis is the Earth’s rotational axis (with north
being positive) and the positive X-axis passes through the Greenwich meridian.
The geographic coordinate system is useful for the interpretation of near-Earth
observations. In this region, the Earth’s magnetic field is the dominant magnetic
ficld, and obtaining estimates of the Earth’s magnetic field at a given location
from standard models (see chapter 2) requires knowledge of where that location
is in geographic coordinates. As well, meaningful comparisons of simultaneous
ionospheric and ground-based observations from several different instruments are
only possible if the locations of the observed phenomena are known, relative to
one another. This is most easily accomplished by expressing results in terms of
geographic coordinates.

The gsm coordinate system is defined as follows: the Xg, axis is the sun-Earth
line (positive towards the sun) and the Zn-axis is chosen so that the Earth’s dipole
axis is in the Ygn, = 0 plane. The positive Zgsm direction is chosen so that the
angle between the geographic positive Z-axis and the positive Zg, direction is less
than 90°. For this purpose, the Earth’s dipole axis is chosen so that it is parallel

to the terrestrial dipole moment as derived from the IGRF magnetic field model
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(see chapter 2). Th~ asm coordinate system is used primarily in the magnetotail
region. As I pointed out above, the magnetotail aligns itself with the solar-wind
flow relative to the Earth. On average, the solar wind flow direction is aberrated
~ 4° from the sun-Earth line due to the orbital motion of the Earth. Thus, on
average the magnetotail is nearly aligned with (~ 4° off parallel to) the Xgy,-axis.

The sm coordinate system is defined so that the Z,,, axis is parallel to the
Earth’s dipole axis and the sun-Earth line is in the Y., = 0 plane. As in the gsm
coordinate system, the positive Z,,, direction is chosen so that the angle between
the geographic positive Z direction and the positive Zg, direction is less than
90°. The sm equatorial plane (i.e., the Z,, = 0 plance) is perpendicular to the
Earth’s dipole axis. In the inner magnetosphere, the dominant contribution to the
magnetic field is that of the terrestrial dipole. That field, in turn, governs the
motion of charged particles in the region. Hence, it is in the inner magnetosphere
that the sm coordinate system is most often used. In the following sections, I will
use the terni magnetic local time (MLT). In this thesis, I use the term to refer to
the longitude in the SM coordinate system expressed in hours, with 1200 hours
MLT corresponding to local noon (i.e., the sun dircctly overhead). As well, the
MLT increases eastward.

Transformation matrices must be defined in order to convert a vector expressed
in one system into one expressed in another. To convert between the three co-
ordinate systems above, one need only know the sun-Earth and Earth’s dipole
directions in geographic coordinates. The Earth’s diyole direction in geographic
coordinates is readily obtained from the IGRF terrestrial magnetic field model de-
scribed in chapter 2. A prescription for determining the position of the sun in

geographic coordinates is given by both Russell [1971] and Hapgood [1992].



When the terrestrial dipole is oriented perpendicular to the sun-Earth line, then
the sm and gsm coordinate systems as defined above are the same. In general, the
dipole tilt angle is defined to be the angle the sun-Earth line makes with the sm
equatorial plane. It is also the angle between the Zg., and Z,, axes. Thus, when
the dipole is perpendicular to the sun-Earth line, the dipole tilt angle is zero. The
dipole direction is roughly 11° from the geographic Z-axis which is, in turn, 67.5°
from the plane of the Earth’s orbit around the sun. Consequently, the dipole tilt

angle can range from 33.5° towards the sun to 33.5° away from the sun.

Geomagnetic Activity and Magnetospheric Substorms

The energy that drives magnetospheric currents and plasma motions, as well as
the auroral electrojets, is derived from the solar wind. Variations within the solar
wind, the magnetosphere and the ionosphere lead to variations in the rate at which
solar wind energy enters the magnetosphere and in how that energy is both stored
and dissipated. The variability of this solar wind-magnetosphere interaction lead
researchers to develop methods of quantifying magnetospheric activity. Attempts
to understand how solar wind energy enters the magnetosphere and, more impor-
tantly, the details of how that energy is dissipated, lead directly to the concept of
the magnetospheric substorm.

Geomagnetic indices have been developed and used to quantify magnetospheric
activity. The three indices that I refer to in this thesis are Kp, AE and Dst, each
of which is determined from magnetic perturbations measured on the surface of the
Earth. They are only indicators of magnetospheric activity insofar as the currents
that lead to the magnetic perturbations are themselves good indicators of magne-

tospheric activity. Roughly speaking, the K'p index is calculated by averaging the
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maximum magnetic perturbations from thirteen magnetometers located at mid-
latitudes (i.e., subauroral). Kp is calculated for each of eight three-hour intervals
every day. AFE is an estimate, based on auroral zone magnetic field measurements,
of the sum of the maximum perturbed magnetic fields due to auroral clectrojets at
the dawn and dusk sides. The Dst index is an estimate of the magnetic perturba-
tion due to the ring current (defined below). Rostoker [1972] reviewed how these
indices are obtained from magnetometer data and some of the potential dangers of
using them as “instantaneous” indicators of magnetospheric activity.

Although the division is somewhat arbitrary, it is useful to think of solar wind
energy entering the magnetosphere as being comprised of two components, one
contributing to what is called the directly driven system and the other consisting
of energy that is stored in the magnetospheric magnetic field [Rostoker et al, 1987].
Energy contributing to the directly driven system is (after time delay of up to a
few minutes) dissipated in the auroral ionosphere (via Joule heating) or causes an
increase in the geomagnetically trapped particle densities and/or energies in the
inner magnetosphere. The large-scale electric field that drives the jonospheric cur-
rents that cause the Joule heating also drives the auroral electrojets. Consequently,
the AE index is often used as a measure of directly driven system activity [e.g.,
Rostoker et al., 1988]. Energy that is stored shows up predominantly in the form
of an increase in the lobe magnetic field strength. Changes in solar wind properties
can lead to changes in the driven system and the beginning of or an increase of the
rate of energy storage or a sudden release of that stored energy. The storage and
release of that energy is referred to as the loading-unloading process.

The driven system and the loading-unloading processes are part of the magne-

tospheric substorm process, although it is the latter that researchers are usually



11

referring to when the term magnetospheric substorm is used. More specifically, the
loading-unloading process consists of three phases. The first is the growth phase
during which energy is being stored [McPherron, 1970]. The second and third are
the expansive and recovery phases which were originally defined in terms of a se-
quence of changes in the visible aurora [Akasofu, 1964; McPherron, 1991] and are,
essentially, periods of episodic release of the stored energy [Kisabeth and Rostoker,
1974].

The substorm is one of the most actively studied magnetospheric phenomena.
One reason for this great interest is the belief, on the part of most researchers, that
the key to understanding magnetospheric dynamics in general lies in understanding
the way that the magnetospheric system responds to changes in both the rate and
way that energy enters that system. In spite of this great interest, or perhaps
because of it, a number of remark}a,bly different theories have been developed that
purport to explain part, or all, of the substorm process [Lui, 1991]. One way that
one substorm theory differs from another lies in what physical processes are invoked
in those theories to explain why, at some particular time, the stored energy is
suddenly released. During the expansive phase, for example, a current wedge forms
[Clauer and McPherron, 1974]. A wedge consists of field-aligned current flowing
from the magnetosphere into the ionosphere that diverts (through the ionosphere)
into field-aligned current flowing out to the magnetosphere. Where the field-aligned
current originates in the magnetosphere and what physical processes lead to its
generation are hotly debated questions [e.g., Birn and Hones, 1981; Rostoker and
Eastman 1987; Goertz and Smith 1989; Lui et al., 1990]. One way to answer, at least
in part, questions such as where, in the magnetosphere, the currents that form the

substorm current wedge are generated, is through “magnetic field mapping”. The
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reasoning is that, if we knew where the magnetic field lines go in the magnetosphere,
then this could help us determine which theories are possibly correct and which

are definitely not correct [Samson et al., 1992].

The Concept of a Magnetic Field Line

In this thesis, a magnetic field line is defined to be a parameterized curve in

space (R(s)) that is the solution of the following equation:

d

At all points along this curve the magnetic field is tangent to the curve. As well,
the parameter s is a measure of distance along the field line from some (arbitrarily)
specified zero point on the field line. A field line is ideatified by a point in space
through 'vhich it passes. If this point is stationary and the magnetic field is time
independent then the field line does not move: On the other hand, the point
defining the field line can be moving. For instance, this point could be the location
of a specified parcel of plasma. Hence, although the definition of a field line that I
have adopted here is a purely mathematical one, field lines defined in this way can
move.

Within the context of magnetospheric physics, researchers often refer to “open”
and “closed” magnetic field lines. A field line is said to be open if it extends outside
of the magnetospheric system, into the solar wind. On the other hand, a ficld line is
said to be closed if it can be traced from the ionosphere, through the magnetosphere,

back to the ionosphere in the opposite hemisphere.



13

A Review of Relevant Observations

I have used the results from a wide range of magnetospheric and ionospheric
experiments in producing the work presented in this thesis. In this section, I
review the results of relevant experimental work. I begin with a review of in situ
measurements of ionospheric electric fields and CPS plasma convection velocities.
Next, I summarize observations of the magnetic perturbations associated with large
scale field-aligned current systems. [inally, I outline observations upon which
our picture of the large scale transverse currents in the magnetosphere is based.
Throughout this thesis, I will use acronyms to identify various spacecraft. Details
about the spacecraft in question are obtainable from the references.

The empirical model of the ionospheric electric potential developed by Heppner
and Maynard [1987] is based on the combined electric field data sets of the OGO
6 and DE 2 polar orbiting satellites. The data are represented by polar plots of
ionospheric electric equipotentials for several ranges of IMF direction and level of
geomagnetic activity as quantified by the Kp index. Figure 2 is a contour plot
of ionospheric electric equipotentials obtained from the Heppner-Maynard model
appropriate for periods of positive IMF B, and geomagnetic activity levels in the
range 3+ < Kp < 4—. The figure is a reproduction of Figure 1 of Heppner and
Maynard [1987]. In their paper, and in chapter 2 of my thesis, this ionospheric
electric potential pattern is referred to as potential model A of Heppner and May-
nard.

Studies by Huang and Frank [1986] and Baumjohann et al. [1989] show that
typical CPS velocities in the region —20 Rg < Xgm < —10 Rg are normally
earthward and below 100 km/sec. I provide a summary of plasma flow properties

in the CPS derived from the ISEE 1 satellite data set in Table 1. The data in this
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table are from a study of CPS convection velocities by Rostoker et al. {1988]. The
flows are broken down into four categories categories of magnetospheric activity.
Rostoker et al. [1988] based their classification of the activity level on the properties
of a time series of one minute AF values. One activity level was termed “a quiet
magnetosphere” and corresponded to AE < 100 nT and nearly constant in time.
The other three levels corresponded to different states of the directly driven system
as indicated by trends in the AE time series. If the AF index was steadily increasing
or decreasing in time the activity level was described as “growth” and “decay” of
the directly driven system, respectively. If AE was greater than 100 nT and roughly
constant in time the activity level was described as “steady” behavior of the driven
system. In all cases they restricted their attentions to times when AE < 400
nT. Rostoker et al. [1988] determined the convection velocity as a function of
distance from the noon-midnight meridian, grouping their results in ranges of Yy,
(Ygsm < =10 Rg , -10 Rg < Ygm < 10 Rg , Yggm > 10 Rg). They found similar
distributions of plasma convection velocities in each of the three bins. Thus, the
only measurement of the dependence of convection velocity on distance from the
noon-midnight meridian that uses a large number of in situ observations indicates
no measurable variation with Ygem.

Sergeev and Lennartsson [1988] used ISEE 1 satellite data to determine the
plasma convection velocity in the CPS on two well separated days. In each case, the
measurements lasted several hours. One measurement was made when the satellite
was close to the noon-midnight meridian and the other when the satellite was about
10 Rg from the noon-midnight meridian. On the basis of these two measurements,
they concluded that the convection velocity is persistently much larger near the

centre than at the flanks of the CPS. Due to the very small number of observations
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used in their study and the inherent variability of the magnetospheric electric field,
cven on time scales of several hours or more [Mozer, 1971], their conclusions should
be regarded as speculative rather than definitive.

Early plasma measurements by Hones et al. [1972] and Eastman et al. [1976]
established that the LLBL contains tailward flowing plasma on closed field lines
and that the plasma motion was predominantly perpendicular to the ambient mag-
netic field direction. The boundary between the CPS and the LLBL is, therefore,
a convection reversal. A convection reversal has also been identified in the PSBL
[Orsini et al., 1984]. 1t follows from the discussion in the next section that con-
vection reversals are also electric field reversals. Taken together, the electric field
reversals at the inner edge of the LLBL, in the PSBL and the ionosphere are ev-
idence for a connection, along magnetic field lines, between the LLBL and the
ionosphere, through the PSBL. In fact, Rostoker and Bostrom [1976] deduced that
there is an electric field reversal in the PSBL (prior to any direct observational
evidence for that electric field reversal) on the basis of their belief that the LLBL
is topologically connected with the PSBL along magnetic field lines.

The existence of the magnetotail was inferred by Ness [1965] on the basis of
IMP 1 satellite magnetic field measurements. His observations indicated that the
magnetic field within the magnetotail was, predominantly, aligned with the sun-
Earth direction, pointing towards (away from) the Earth above (below) the equa-
torial region. This magnetic field configuration indicated that there must be a
cross-tail current separating the two magnetospheric lobes [Williams and Mead,
1965). The lobe magnetic field varies with magnetic activity and solar wind con-
ditions, typically becoming larger with both increasing activity [Behannca, 1968]

and more southward IMF [Coroniti and Kennel., 1972]. More recently, Slevin et al.
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[1985] used ISEE 3 magnetometer data to demonstrate that the average lobe field
strength falls off roughly as |Xgem| %% for Xgm < —20 Rg. Using ISEE 1 data,
Nakai et al. [1991] showed that the average lobe field strength varies as R~1?° for
10 Rg < R <22.6 Rg, where R is the distance from the Earth’s centre. The average
lobe field strengths given by these relationships are plotted in Figure 3a.

Within the CPS, the magnetic field strength is lower than that of the lobes. For
instance, particle and field measurements have shown that the sum of the magnetic
and thermal pressures (i.e., P + B2/(2u,)) are roughly the same, at any instant,
in the CPS and the lobes [Baumjohann and Paschmann, 1990]. In comparison
to that in the lobe and CPS, the neutral sheet magnetic field strength is small.
The magnetic field in the neutral sheet is typically perpendicular to the plane of
the neutral sheet and represents magnetic flux crossing the equatorial region from
the southern CPS to the northern CPS. In what follows, I use B, to indicate the
neutral sheet magnetic field {positive northward). Here, the 2 direction strictly
means perpendicular to the neutral sheet; however, especially for times of small
dipole tilts, this is essentially the Zg, direction.

Fairfield [1986] used measurements from the IMP 6, 7, and 8 spacecraft to
determine the character of B, in the neutral sheet at distances from the Earth
ranging from 10 to 40 Rg. He found that while there were observations of negative
B, in the region of the neutral sheet, the average value of B, in the neutral sheet was
clearly positive. Furthermore, his results indicated that the neutral sheet magnetic
field is larger, by roughly 1 or 2 nT, at the flanks (i.e., at larger |Ygam|) than near
the centre of the magnetotail. For distances between 20 and 40 Rg away from the
Earth, he found that the average value was between 1 and 2 nT. Furthermore, in an

earlier study, Fairfield [1979] showed that for IMP 6 magnetic field measurements
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made between 20 and 33 Rg from the Earth in the tail, B; was on average positive
in the ncutral sheet and decreased, on average, with increasing distance from the
neutral sheet. Thus the average B, values in the actual neutral sheet should be
somewhat larger than those obtained by Fairfield. More recently, Rostoker and
Skone [1993] developed a functional representation of the neutral sheet magnetic
ficld dependence on Xg,m. They used only magnetic field values from times when
it was verifiable that the satellite was in the neutral sheet. Their B, values are
somewhat larger than those obtained by Fairfield [1986).

Early in situ magnetic field measurements in the inner magnetosphere confirmed
the existence of a nearly azimuthally symmetric (about the Earth’s dipole axis) ring
current carried by geomagnetically trapped charged particles [Smith et al, 1960).
On average, its magnetic signature is consistent with a westward current of 2 or 3
RE radial extent, consisting of a total current on the order of 1 or 2 MA [Smith et
al., 1960; Akasofu and Chapman 1961; Frank 1971]. The radial extent of and total
current carried by the ring current vary considerably with magnetospheric activity.
The radial extent of the ring current is a function of the magnetic field topology
and recent (on a scale of tens of hours) magnetic activity and solar wind conditions
[Lyons and Williams, 1984]. The total current carried by the ring current typically
increases (by a factor of two or more) during substorms [ Williams 1985; Lui et al.,
1987). The total current decays to its “quiet-time” or “prestorm” value on a time
scale of tens of hours [Lyons and Williams, 1984).

As well as the cross-tail and ring currents, there are currents that flow along the
magnetic field direction from the magnetosphere to the ionosphere and vice versa.
The best information available about the field-aligned current distribution comes

from satellite measurements of magnetic perturbations in the top-side ionosphere
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a few hundred km above the Earth’s surface. Early studies using the TRIAD satel-
lite [e.g., Zmuda and Armstrong, 1974; Yasuhara et al., 1975; Iijima and Potemra,
1976) elucidated the average distribution of field-aligned currents in the top-side
ionosphere. There is field-aligned current flowing either into or out of the iono-
sphere throughout most of the region coincident with the visual auroral oval. Data
from a TRIAD satellite pass, showing magnetic perturbations, from which the ex-
istence of these currents is inferred, is included here in Figure 4. In most local
time zones there are two well-defined regions of field-aligned current, which Iijima
and Potemra [1978] called the Region I and Region II currents. The poleward
part of the auroral zone contains the Region I currents, whereas the equatorward
part contains the Region II currents. On the dawn side, the Region I currents
flow downward into the ionosphere and the Region II currents flow upward out of
the ionosphere. On the dusk side, the directions of the currents are reversed. A
diagram showing the statistically determined locations of the Region I and Region
IT current systems is included here as Figure 5. At TRIAD altitudes (~800 km),
the magnitude of the eastward perturbation of the magnetic field between the two
current sheets is typically between 100 and 500 nT, although values in excess of
1000 nT are occasionally observed [Zmuda and Armstrong, 1974). The amount of
current flowing in the Region I current system was generally found to be somewhat
larger than that in the Region II system [Yasuhara et al., 1975], although near
midnight the linear current density (or total current per unit of longitudinal angle)
of the two current sheets is nearly equal [lijima and Potemra, 1978]. Typical val-
ues for the amount of current in the dawn and dusk northern hemisphere Region
I current systems are roughly 1.5 MA for quiet times (JAL| < 100 nT) and 2.5

MA for more active times (JAL| > 100 nT), and typical current densities range
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from 0.5 to 1 pA/m? [lijima and Potemra, 1978]. Near midnight, the ionospheric
closure between the Region I and II currents is via north-south flowing Pederson
currents [Senior et al., 1982], but the field-aligned currents are always accompanied
by an clectric field that drives significant Hall currents [e.g., Rostoker and Bostrom,
1976]. Away from midnight, it is not possible for the Region I and II currents to
be closed entirely by meridional currents, because of their unequal linear current
densities [Kamide et al., 1976; Senior et al., 1982).

There have been numerous attempts to use particle and field measurements
to determine where, in the magnetosphere, field-aligned currents are generated.
Statistical pictures of the divergence of the equatorial current [e.g., Roelof, 1989;
Zanetti et al., 1991) and magnetic field data from individual satellite passes through
the current sheets [e.g., Kelley et al., 1986] support the view that the Region II cur-
rents are generated in the near-Earth CPS and ring current regions. Low-altitude
electric field, magnetic field and particle precipitation measurements indicate that
the Region I currents flow on closed field lines and that the ionospheric convection
reversal is either embedded within [e.g., Rostoker, 1991] or at the poleward bound-
ary of the current layer [e.g., Smiddy et al., 1980]. This supports the view that the
Region I currents flow to the outer magnetosphere through the PSBL in which an
electric field reversal has been observed [Orsini et al., 1984]. Currents of Region I
sense have been observed in the PSBL via their magnetic signature [e.g., Fairfield,
1973; Ohtani et al., 1988].

Based on numerous satellite passes through the magnetopause, researchers have
built up an empirical picture of what the overall shape of the magnetospheric
boundary is. Early studies indicated that the subsolar point (essentially the in-

tersection between the magnetopause and the sun-Earth line) is typically around
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10 Rg from the Earth, although this distance varies significantly with solar wind
parameters [Ness et al., 1964]. Formisano et al. [1979] determined that the mag-
netopause is centred on the sun-Earth line (aberrated slightly due to the Earth’s
motion across the solar wind direction) and is nearly circular in cross section (east-
west extent within 10% of that in north-south direction). Sibeck et al. [1991]
developed an empirical model of the radial distance of the magnetopause from the
sun-Earth line based on the locations of ~1800 satellite magnetopause crossings.
They derived functions describing the average magnetopause radius (perpendicular
to the sun-earth line) for ranges of both solar wind pressure and IMF northward

component.
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Figure 1. Schematic diagram of the magnetosphere. (Originally published by
Rostoker [1989]).
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Figure 2. Heppner and Maynard [1987] ionospheric electric potential model A. The
contours are separated by 4 kV. This is Figure 1 from Heppner and Maynard [1987)
and is reproduced here without modification. The dashed curve near midnight
indicates the location of the “Harang discontinuity” according to Heppner and
Maynard [1987]. For a description of the Harang discontinuity see the paper by
Heppner [1972] in which the term was first used.
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Figure 3. Average properties of the lobe and neutral sheet magnetic fields: (a)
average lobe field strength for Xgm < —20 Rg [Slavin et al., 1985] (solid curve)
and 10 Rg < R < 22.6 Rg [Nakai et al., 1991] (dashed curve); (b) average neutral
sheet B, for —10 Rg > Xgsm > —60 Re [Rostoker and Skone, 1993].
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This is Figure 2 from Zmuda and Armstrong [1974] and is reproduced here without

modification.
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(equatorward) field-aligned current systems for weakly disturbed (|AL| < 100 nT)
and more active (JAL| > 100 nT) conditions. These results suinmarize TRIAD
satellite observations. This is Figure 13 from Iijima and Potemra [1978] and is

reproduced here without modification.
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Relevant Magnetospheric Physics

In this section, I discuss the following from a theoretical perspective: (1) how
one would calculate the magnetopause location; (2) why there is a magnetospheric
electric field; (3) why it is expected that both transverse and field-aligned currents
flow in the magnetosphere. The work presented in this thesis is aimed at furthering
our understanding of the average magnetospheric magnetic field configuration. As
such, time dependent effects are not a consideration. I begin, then, with the time

independent, ideal magnetohydrodynamic (MHD) equations and Ampere’s law:

V.-J=0 (2)

puV - VV =-V.P+JxB (3)
E+VxB=0 (4)

V xB=p,J (5)

Here, p, and V are the plasma mass density and velocity, respectively, and
P=P I+(P-P)bb (6)

is the gyrotropic pressure tensor, where [ is the identity matrix and b is the unit
vector in the direction of the magnetic field [e.g., Siscoe, 1983]. These equations

provide a reasonable description of many steady state magnetospheric processes;
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however, it is important to remember that violations of the conditions that must be
assumed for the proper use of these equations lead to some of the most interesting,
and still essentially steady-state, magnetospheric phenomena. These include the
existence of the cross-tail current and magnetic merging [Speiser, 1970], as well as

the transport of momentum from the magnetosheath into the LLBL [Miura, 1984].

The Magnetopause

In most theoretical studies aimed at finding the location of the magnetopause
for a given set of solar wind parameters, the magnetopause is treated as though it
is an interface through which no magnetic flux and no charged particles will cross.
The standard approach is to balance total pressure within the magnetosheath just
outside the magnetopause with that in the magnetosphere just inside the magne-
topause. Assuming time independent MHD applies within the magnetosheath and
inside the magnetosphere, this pressure balance can be expressed mathematically
as

% +F; = g + P? (7)
where the “gas pressure” P includes the thermal and dynamic pressures and the
subscripts o and ¢ stand for outside and inside, respectively [Schindler and Birn,
1978]. In the magnetosheath the magnetic pressure is typically small in comparison
to the gas pressure while just inside the magnetopause the opposite is true [cf.
Siscoe, 1987]. It turns out that, even though the magnetosheath plasma is by no
means cold, the gas pressure P is very nearly proportional to the dynamic pressure

of the solar wind gas if there was no shock front upwind of the magnetosphere



29

[Spreiter et al., 1966]. Here, I will use K to denote that constant of proportionality.
Assuming the magnetic field is exactly zero in the magnetosheath, then the currents
on the magnetopause shield the external region from magnetic field due to sources
within the magnetosphere. Assuming that magnetic field is due that of the Earth

(Bherr ), the magnetic field just inside the boundary is given by
Bi = 2therr (8)

If the magnetopause was a planar surface the value of f would be 1. If it was an
Earth centred sphere, f would be 1.5. In general, f is a number that indicates how
the curvature of the magnetopause effects the contribution to the total magnetic
ficld due to the shielding currents and it will be between 1 and 1.5. Of course,
the shielded magnetic field is not that due only to the Earth; however, an Earth
centred dipole field is the only magnetic field for which this problem has been

solved. Ultimately, the problem is to solve

2
E%Bf:ﬂ)— = K pywViycos*(T) (9)

where p; and V,, are the solar wind mass density and speed, respectively, and ¥

is the angle between the solar wind direction and the normal to the magnetopause

surface.

The Large Scale Magnetospheric Electric Field

Of course, the magnetopause is not an impenetrable barrier. If magnetic flux

and solar wind particles could not cross this surface, the magnetosphere would not



30

be a very interesting region of space. In this section, I will briefly discuss how two
processes, which are essentially violations of ideal MHD, lead to the presence of
a large scale magnetospheric electric field. These two processes are referred to as
“magnetic reconnection” and “viscous interaction”. The assumption here is that
ideal MHD applies throughout the magnetosphere and in the solar wind, but not
at its outer boundary. Assuming ideal MHD applies, the existence of an electric
field implies plasma convection (equation 4). Furthermore, the plasma convection
velocity is perpendicular to the electric field. Electrostatic equipotentials, then, are
plasma streamlines. In the ionosphere, equipotentials are streamlines for particles
that are magnetized. In the lower ionosphere this applics to the electrons only
while in the upper ionosphere this applies to both electrons and ions [cf. Rishbeth
and Garriott, 1969).

One theory that was formulated to explain magnetospheric convection was put
forth by Azford and Hines [1961], who invoked a process they called “a viscous-
like interaction”. The term viscous interaction refers to one or more processes
that occur in the vicinity of the low-latitude magnetopause that lead to a transfer
of magnetosheath momentum across the magnetopause and into the low-latitude
boundary layer. In a collisionless plasma, this viscous interaction is presumably due
to the action of instabilities on, or near, the magnetopause. One candidate for this
is the Kelvin-Helmholtz instability which simulations have shown can occur in the
LLBL and can lead t» momentum transport from the magnetosheath into the LLBL
[Miura, 1984; Manuel 1992]. In this scenario, LLBL plasma is forced to move in
the antisunward direction and return Earthward through the CPS. The streamlines
are equipotentials that, when mapped to the ionosphere (assuming E.B =0), are

qualitatively the same as those shown in Figure 2 [Azford and Hines, 1961]. The
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defining features of convection driven in this way are the existence of the LLBL
(i.e., antisunward flow on closed field lines) and relative insensitivity of convection
in that region to changes in the IMF.

Intense currents and regions of large magnetic field energy can arise as a con-
sequence of the motion of plasma in a magnetic field: this is particularly true in
regions that separate distinct plasma populations. The Earth’s magnetopause is
the boundary between the magnetospheric and solar wind plasma populations. As
I pointed out above, magnetopause currents arise as a consequence of the motion
of the solar wind plasma relative to the magnetosphere. It has been suggested that
a process called magnetic reconnection can occur at the boundary between regions
containing plasma if the magnetic field in one region is oppositely directed to that
in the other and if the plasma in both regions is convecting towards the boundary
(see the review by Sonnerup [1979] and references therein). In this process, oppo-
sitely directed magnetic fields in the interface region add, result'ing in a region of
low or zero magnetic field strength. Magnetic energy convected into this “recon-
nection region” with the plasma is converted into kinetic energy of the plasma that
in turn jets out of the reconnection region along the boundary separating the two
plasma populations. One consequence of this process is a magnetic field compo-
nent perpendicular .0 the boundary between the two plasma populations outside
of the reconnection region. In turn, this means that magnetic field lines extend
from one plasma region into the other. Dungey [1961] suggested that magnetic
reconnection takes place in the region of the Earth’s magnetopause. In this sce-
nario, reconnection occurs at a location on the magnetopause that depends on the
orientation of the IMF [e.g., Toffoletto and Hill, 1986]. One natural consequence of

magnetic reconnection at the magnetopause would be the existence of open mag-
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netospheric magnetic field lines. If a region of space within the magnetosphere is
threaded by open magnetic field lines, then there will be a finite electric field in
that magnetospheric region simply because the solar wind plasma is moving (see
equation 4). Consequently, there is an electric potential difference applied across
the region within the magnetosphere. Thus, assuming that magnetic field lines
threading the polar caps are open (there is ample evidence for this [Lyons and
Williams, 1984]), magretic reconnection is indirectly the “cause” of the cross-polar
cap potential drop. This cross-polar cap potential drop leads to an ionospheric
convection pattern qualitatively like that shown in Figure 2 of Dungey [1961]. The
defining features of magnetospheric convection arising as a consequence of mag-
netic reconnection at the magnetopause are a strong dependence of convection on
the IMF, no LLBL and an electric field parallel to the surface of the magnetopause
[Sonnerup, 1979).

It is generally accepted that both magnetic reconnection and viscous interac-
tion are important processes driving magnetospheric convection. The existence of
the LLBL and the presence of a cross-polar cap potential even when solar wind
conditions are unfavorable for reconnection (i.e., prolonged northward IMF) are
well documented [Eastman et al., 1976; Reiff et al., 1981]. The strong dependence
of convection on the IMF is also well documented [Doyle and Burke, 1983]. The
correlation between the IMF and the cross-polar cap potential led many researchers
to conclude that magnetic reconnection is the only process occurring at the mag-
netopause that leads to large-scale magnetospheric convection [e.g., Azford, 1969);
however, a more reasonable conclusion would be that viscous interaction could be
responsible for as much as ~20% of the cross-polar cap potential during times of

southward IMF and perhaps all of it during times of prclonged northward IMF
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(see section by Rostoker in Wolf et al. [1986]).

Above, I reviewed observations of plasma convection in the CPS that showed no
noticeable dependence of the average convection velocity on Ygen,. There are reasons
to suspect that if there is a dependerice on Yg,m then the convection velocity in the
centre of the tail should be lower than near the flanks of the tail. In a steady state,
the convection electric field can be thought of in terms of the distribution of space
charge. Assuming ideal MHD applies, using Gauss’ law and E = B x V, the space

charge can be expressed as
pe = €o(poV - J — BQY) (10)

Here, 2 is the field-aligned vorticity. The dawn to dusk directed convection electric
field in the magnetotail (discussed above) indicates regions of positive and negative
space charge on the dawn and dusk flanks, respectively. Considering only the
second term in parenthesis in equation 10, the existence of these regions of space
charge is consistent with the direction of the magnetic field and that of the vorticity
at the dawn and dusk flanks of the CPS. The V - J term in equation 10 is usually
neglected in discussions of magnetospheric space charge. In fact, there are regions
in the CPS where one might expect the product V - J to be large enough for this
term to be significant. For instance, on the dawn and dusk sides of the near-Earth
CPS, this term gives negative and positive space charge, respectively. We can think
of this space charge as a shielding charge, reducing the magnitude of the cross-tail
electric field in the central part of the CPS. In global magnetospheric simulations,
the convection electric field is either uniformly distributed across the CPS or weaker

in the middle thar at the flanks of the CPS [C. Mobarry, private communication).
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Magnetospheric Currents

An expression for the component of the current that is perpendicular to the
magnetic field (f 1) can be obtained from the MHD equation for stress balance.

This standard approach is outlined in Vasyliunas [1984]. Using

1

S (Bx(TxB) =T, (11)

the transverse current can be extracted from the momentum balance equation:

— -

j. BXVP_L_*_P" P'LBX[( b]+£ﬂBx(V-VV) (12)

L= TR B?

This expression may also be obtained by calculating the currents due to the differ-
ential motions of electrons and ions in the spatially varying magnetic and electric
fields. The standard approach is to express the current in terms of the guiding cen-
tre motions (i.e., gradient and curvature drifts) as well as gyration of the particles
about their guiding centres: the result is the same [Parker, 1957]. I will assume,
for the sake of clarity, that the pressure is isotropic. This assumption is often
justifiable on both experimental and theoretical grounds [Hill and Voigt, 1992]. In
this case, the second term in equation 12 is zero, and the current is the sum of
two contributions. These are due to the first and third terms and are commonly
referred to as the diamagnetic and inertial currents, respectively [e.g., Sato, 1982].
Throughout most of the CPS and in the ring current region, the inertial current is
small relative to the diamagnetic current, and can be neglected while in the LLLB

and outer CPS the opposite is true [Sato, 1982).
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The ring current is carried by geomagnetically trapped particles. In the ring
current region, there is a peak in the plasma pressure. Further from the Earth,
the pressure gradient points towards the Earth. Closer to the Earth, the opposite

is true. The outer ring current then is westward while the inner ring current is

castward.

Under the above assumptions, in the CPS there is only one contribution to the
cross-tail current. This is the diamagnetic current that flows from dawn to dusk at
the interfaces between the CPS and the lobes (i.e., both north and south). Near
the ncutral sheet, however, the radius of curvature of the field lines can be small
in comparison to the gyroradii of at least some of the ions. For these ions, the
guiding centre approximation is not valid. “Non-adiabatic” drifts of these particles
can cause currents that are not described by ideal MHD.

Speiser [1970] showed that non-adiabatically drifting ions in the vicinity of the
neutral sheet can carry a current. That this is true can be seen by envisioning
a plane of zero magnetic field (i.e., a neutral sheet) separating two regions of
oppositely directed uniform magnetic field. Charged particles will undergo simple
gyrational motion while in the region of uniform magnetic field. Charged particles
in the vicinity of the neutral sheet may pass through the neutral sheet. For example,
if the region is filled with a monoenergetic gas made up of one type of ion, half of
the ions that are within two gyroradii of the neutral sheet will cross it during their
orbit. The orbit of any particle that passes through the neutral sheet will be a
serpentine path, the particle undergoing part of a gyration first on one side of the
sheet, then the other and so on. The net motion of the particle is parallel to the
neutral sheet and perpendicular to the background magnetic field. Ions will move

in the opposite direction as electrons and therefore a current will flow.
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The momentum balance equation does not contain any information, directly,
about the parallel component of the field-aligned current; however, using the cur-
rent continuity equation, information about the divergence of the field-aligned cur-
rent can be obtained by taking the divergence of the transverse current that, in
turn, was obtained from the momentum balance equation. Foliowing the derivation

of Hasegawa and Sato, [1979] and Sato [1982],

N1==-V-J (13)

and

(14)

<l
"] e}

2 o o -
||=E'J.'VB_pmv‘

where I have neglected a term containing the product of the inertial current and
the fractional gradient in the plasma density. The ionospheric footprint of the
Region II currents is equatorward of that of the Region I currents. Observations
outlined above are consistent with the Region I currents being genecrated in the
outer CPS and LLBL. On the oth: - hand, the Region II currents originate in the
inner magnetosphere. Thus, the first and second terms on the right hand side of
equation 14 are models for the generation of the Region II and Region I currents,
respectively.

Using a similar approach, Vasyliunas [1970] derived an expression for the field-
aligned current at the ionospheric end of a flux tube:
Jji = —5-1};,, (VV; X V Pry) (15)
2B?2

eq
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where

s ds'
V(3)=/qu(s,) (16)

Here, V; is V{3;), and s; is the distance, along the magnetic field, from the equator
to the ionosphere. As well, quantities subscripted with eg and ¢ are the values
of those quantities determined at the equatorial and ionospheric ends of the flux
tube, respectively. A complete derivation of equation 15, which is now referred
to as “the Vasyliunas equation”, is given by Heinemann and Pontius [1990]. The
cquation is derived by assuming Jx B = VP, extracting V. f" from that equation,
assuming J; = 0 at the magnetospheric equator and obtaining Jj; from V- j|‘|
by using the divergence theorem. It turns out that there is no need to integrate
all the way along the flux tube to the ionosphere: the field-aligned current as a
function of distance (s) along a field line can be obtained in exactly the same fashion
[Schindler and Birn, 1978]. The use of the simplified stress balance equation limits
the applicability of this equation to the inner magnetosphere where inertial effects
are likely not important. Therefore, the Vasyliunas equation is usually taken to be
an equation describing only the Region II current system.

Stern [1988] pointed out that, provided the simplified MHD stress balance condi-
tion Jx B = V P holds, then the field-aligned current flowing out of the ionospheric
end of a flux tube, as given by the Vasyliunas equation, can be determined com-
pletely from the magnetic field. Stern’s idea was to use the Vasyliunas equation,
in conjunction with a model magnetic field, to infer field-aligned current densities.
If the magnetic field configuration is consistent with J x B = VP, then the field-

aligned current obtained from applying the Vasyliunas equation will be the same
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as +1.t obtained from Ampere’s law; however, magnetic field models do not, in
general, satisfy even this simple stress balance condition [Walker and Southwood,
1982).

It should be recognized that equations 14 and 15 are statements of consistency.
For instance, the second term on the right hand side of equation 14 is a mathemat-
ical statement to the effect that if there is a gradient in the field-aligned vorticity
in the direction of the plasma velocity, then field-aligned currents are generated.
It is interesting to explore what physical processes lead to the generation of these
field-aligned currents.

The physical mechanisms leading to the generation of the large-scale field-
aligned currents are by no means completely understood even though a great deal of
theoretical work along these lines has been carried out. For example, from equation
10, it is clear that if there is field-aligned vorticity then there is a net space charge.
Increasing the vorticity in a region, or convecting it in, will lead to an increase in
space charge in that region. Sato [1982] showed that it is possible, through diffu-
sion of vorticity into the LLBL from the solar wind and the subsequent discharging
of the excess charge through the ionosphere, to support a stcady state Region I
current system.

In spite of the observational and theoretical studies I have discussed in this
chapter, there remains uncertainty about where Region I currents are generated
and how field-aligned currents close. For instance, Stern [1983] has shown that it
i. »ossible for large scale field-aligned currents of Region I sense to be produced
throughout the CPS. As #ll, flux conservation considerations, applied to Iijima
and Potemra’s [1978] smgults, indicate that the boundary between the night-side

Region I and II currents is roughly 20 Rg away from the Earth [S. Skone, private
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communication]. The coupling, or closure, of the Region I and Region II currents
through the magnetosphere is also not well understood. For instance, it is not
clear whether results indicating a meridional connection between the Region I and
Region II currents [Ohtani et al., 1990] and an azimuthal connection between the
dawn and dusk Region II currents [e.g., Roelof, 1989, Zanetti et al., 1991] apply to

part (i.e. the substorm expansion phase associated part), or all, of the field-aligned

current circuit.
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2. Time Independent Magnetospheric Magnetic Field Models

One of the main problems in space physics is that of magnetosphere-ionosphere
coupling, which relates directly to how particles, electromagnetic waves and elec-
trostatic waves make their way from the outer magnetosphere to the ionosphere and
vice versa. More specifically, much attention has been given to the identification
of the magnetospheric sources of auroral particles and the large scale field-aligned
currents. Knowledge of the average, typical and time-dependent topology of the
magnetospheric magnetic field is of fundamental importance to our understanding
of both of these phenomena.

Static magnetic field models are an important tool in magnetospheric physics.
Several methods are used to develop these models. One is to solve, cither nu-
merically or analytically, the equations that are thought to govern the system.
Another approach i to measure the magnetic field at locations throughout the
magnetosphere and to develop analytical magnetic field models that fit, as closcly
as possible, these measurements. A third technique is to use a simple fiecld model
that corresponds to a clearly specified current system. Models developed using
these approaches are referred to as physical, empirical or ad hoc, respectively.

An important use of these models is mapping, along magnetic ficld lines, from
the ionosphere to the magnetosphere and vice versa. These mappings require a
magnetic field model that is as realistic as is presently possible. Due to this re-
quirement, virtually all mappings are carried out using empirical models [e.g., Lopez
et al., 1990; Elphinstone et al., 1991; Pulkkinen et al., 1991] although some stud-
ies involve the use of an existing empirical model that has been modified by the
addition of an ad hoc model field [e.g., Pulkkinen, 1991]. Empirical models have

also been used in attempts to provide a more global perspective of magnetosphere-
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ionosphere coupling [e.g., Stern and Alezeev, 1988; Birn et al., 1991]. Furthermore,
these models have been used to provide a “realistic” magnetic field in theoretical
studies. For instance, Erickson and Wolf [1980] and Kivelson and Spence [1988]
have used empirical models in attempts to address the question of the stability of

the magnetotail and the possibility of “steady-state” magnetospheric convection.

Empirical Magnetospheric Magnetic Field Models: A Brief Review

An empirical magnetospheric mag-etic field model typically consists of a sum

of vector functions

Bro(R) = 3 fiM, - M ) (17)
i=

where the individual functions ( f:) are chosen to represent the contribution to
the magnetic field due to terrestrial sources and various extra-terrestrial sources
including the ring current, cross-tail current, magnetopause currents and field-
aligned currents. The constants A are selected so that the model satisfies either
appropriate boundary conditions or a chosen criterion of “best fit” to a large data
base of magnetic field measurements. As well, some basic physical constraints
(such as V- Buodel = 0) are usually imposed on the model. Due to the complicated
nature of the magnetospheric current system, the real challenge in the development

of realistic models is the selection of the functions, f:
Generally, the model field is separated into a contribution due to sources inside

the Earth (Bi..;(R)) and sources external to the Earth (Bexe(R)):

B.model(}.i) = gterr(é) + ﬁext(R‘) (18)



42

Furthermore, the field due to extraterrestrial sources is typically separated into
contributions due to the ring current, Chapman-Ferraro currents, cross-tail current
(with closure on the magnetopause) and field-aligned currents (with closure in the

magnetosphere and in the ionosphere):

- -

Bext(R) = Etc(é) + B.cf(ﬁ) + B-.ct(ﬁ) + ﬁfa(ﬁ) (19)

These divisions are somewhat arbitrary. As discussed in the introduction, both
the Chapman-Ferraro currents and the closure of the cross-tail current are mag-
netopause currents. Furthermore, at least some of the closure of the ficld-aligned
currents through the magnetosphere is, in fact, part of the cross-tail and ring
current systems. As well, the ring and cross-tail currents overlap in the inner mag-
netosphere. One motivation for breaking up the external field (and hence magneto-
spheric currents) in this way is to force the currents associated with each of the four
contributing magnetic fields to be divergence free. That is, the currents consistent

with each of these magnetic fields can be constructed out of closed circuits.

The Magnetic Field due to Sources Inside the Earth

Work aimed at the development of accurate models of the Earth’s magnetic ficld
has been carried out for centuries. Indeed, it was Carl Friedrich Gauss who first
developed the mathematical representation for the terrestrial magnetic field and
who, with Wilhelm Weber, founded a worldwide network of magnetic observatories
with the objective of estimating the coefficients in the spherical harmonic expansion
below (see the historical review by Stern [1989]). Any realistic magnetospheric

magnetic field model must contain a contribution due to the terrestrial magnetic
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field. Therefore, while their development is a research area quite separate from the
development of magnetospheric models, a brief review of the topic of terrestrial
magnetic field models is appropriate here. The thorough technical review on the
subject of modelling the terrestrial magnetic field given by Langel [1987] is the
primary source of the information presented in the following two paragraphs.

The magnetic field due to sources within the Earth is curl free in regions of

interest here. As such, it is typically modelled using the gradient of a scalar function
Eterr = _6¢terr (20)

where, since V- ﬁ,e,, =0,
V2Pterr = 0 (21)

everywhere above the Earth’s surface. The scalar potential, being a solution of

Laplace’s equation, can be expressed as an infinite series of spherical harmonics:

o0 n

bur,0,6) = 3= 3 (gDeon(ma) + W2sinma) (£)" PRO)  (22)

n=1m=
where P*(8) is the Schmidt quasi-normalized associated Legendre function [e.g.,
Langel 1987]. A number of empirical models consisting of truncated versions of
the series in equation 22 have been developed. The coefficients g™ and AT are
selected by fitting the model magnetic field to a large data base of measurements
from ground based and plane and satellite borne magnetometers. Complications

arise because the terrestrial field, and hence the appropriate coefficients, are slowly
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varying in time. The most commonly used of these models is the International
Geomagnetic Reference Field (IGRF) model (see JAGA Commission 2 Working
Group 4 [1969]). The order (n) of the published model is limited by uncertainty
in the measurements, the computational difficulty involved in extracting accurate
coefficients from the data and data coverage. The IGRF model is updated on a 5
year basis. Currently, the order of the most recent version of the model is n = 10
[IAGA Division V, 1991}. The published IGRF model provides a magnetic field
value in geographic coordinates. In geographic coordinates, the polar angle 8 is the
colatitude and the azimuthal angle ¢ is the longitude (East).

Often, it is enough or even preferable to use an Earth centred dipole magnetic
field as a model of the terrestrial magnetic field. One dipole magnetic field model
can be obtained by truncating the IGRF model at n = 1:

o3 5a® g 1 1. :
Bierr = _Vﬁ (gl cosf + (gl cos¢@ + h;sin ¢) sin 0) (23)
This is the magnetic field of an Earth centred magnetic dipole with dipole moment

m given in cartesian geographic coordinates by
(mr’myamZ) = as(g%vhivg?) (1)

The strength of the IGRF dipole was ~31225 nT Rg?® in 1945 and ~30435 nT Rg?
in 1985 [TAGA Duvision V, 1991].
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The Magnetic Field due to Distributed Intramagnetospheric
and Magnetopause Currents:

Three Types of Empirical Magnetospheric Magnetic Field Models

There has been a variety of techniques used to model the magnetic effects
of magnetospheric current systems. In this section, I will briefly review some of
these techniques. As well, I will describe three previously developed empirical
magnetic field models, those of Olson and Pfitzer [1974], Mead and Fairjield [1975]
and Tsyganenko [1987]. Each of these models have been extensively used in space
physics research and have been, at least in their time, considered to be “state of
the art”.

The magnetic field due to the Earth'’s ring current can be modelled in a number
of ways. For instance, Akasofu and Chapman [1961] developed a model of an
azimuthally symmetric ring current by examining the guiding centre and gyrational
motions of trapped particles in a dipole field. Their model relies on knowledge of the
particle energy and pitch angle distributions in the equatorial plane. The magnetic
field is calculated by applying the Biot.-Sa.vart law. The J x B force, obtained using
their model current and the dipole magnetic field, was consistent with the forces
due to pressure gradients in the plasma from which they determine the currents.
The same is not true if the perturbed magnetic field (i.e., that of the model ring
current and the dipole) is used. Akasofu et al. [1961] carried this calculation to
second order, using particle motions in the perturbed magnetic field to calculate
new currents, from which a new magnetic field is determined.

The approach of Akasofu et al. [1961] is satisfying from the point of view
of self consistency of the perturbed magnetic field and the particles that carry

the current; however, this approach is computationally intensive, especially if the
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perturbed magnetic field is due to a more realistic terrestrial ficld, the ring current
as well as the magnetopause, tail and field-aligned currents. Olson [1974] uscs
a set of elliptical, infinitesimally thin current loops to model the ring current.
The magnetic field due to these current loops is calculated by direct Biot-Savart
law integration. The method is better than that of Akasofu and Chapman [1961)
from the standpoint of computational efficiency; however, the current density is
either infinite or zero and the magnetic field becomes infinite in the vicinity of
the wire loops. Thus, stress balance considerations cannot be addressed with this
model. As well, the evaluation of the magnetic field due to even this simnple current
configuration was too computationally demanding in 1974 for this direct integration
model to be used. Pragmatism has led to a different approach: often, a modeller
will use a simple azimuthally symmetric function to represent the ring current
magnetic field. The function is chosen so that the current flow lines are concentric
circles in the magnetic equatorial (i.e., sm system) plane, with most of the current
between ~5 and ~8 Rg from the Earth. For example, Tsyganenko [1987] uses
the following function to model the ring current magnetic field (in sm cylindrical

coordinates) for Kp = 0:

C(3pz,0,222 — p? 4 214.7)

B,,B;,B.) = 3
(By: By, B:) (0% + 22+ 107.3)

Here, C is a constant and p and Z are in Rg. While this approach is very “user
friendly”, there is no hope of satisfying stress balance considerations with such
a simple function. For instance, examining the curl of the model magnetic ficld
above, the associated current is everywhere westward while, in reality, stress bal-

ance dictates that there must be an inner ring current which is eastward.
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Models of the magnetic field due to the Chapman-Ferraro currents generally
fall into one of three categories. The first of these involves the use of the method
of images. The magnetic field due to an image dipole that is parallel to and of
equal, or larger strength than the terrestrial dipole is added to the magnetic field

of the terrestrial dipole. Chapman and Ferraro [1930] added the magnetic field of

a dipole of equal strengtl: strial dipole. In this case, the plane half way
between the dipoles and n« ne line joining the dipoles has zero magnetic
flux crossing ii. This «.iane + “magnetopause” in their model. Hones [1963]

used an image dipole with a dipole moment 28 times that of the Earth, located
28 Ry in the sunward direction. The sum of the image and terrestrial dipole fields
results in a “magnetosphere” that is roughly ellipsoidal in shape (see Figure 1 in
Hones [1963]), roughly 30 Rg in length and with a subsolar point 7.5 Rg from the
Earth. Here, the term magnetosphere refers to the cavity that contains all magnetic
field lines that can be traced back to the Earth. In this model, the magnetic
ficld due to the Chapman-Ferraro currents is just the magnetic field, within the
magnetosphere, due to the image dipole. This approach is computationally efficient
and will give a reasonable magnetic field due to Chapman-Ferraro currents in the
vicinity of the Earth (see, for example, Lui [1978]); however, the shape of the
model “magnetopause” is completely dictated by the choice and location of the
image dipole and is not, in any way, determined by the interaction of the solar
wind with the magnetospheric magnetic field.

A second technique to model the magnetic effects of the Chapman-Ferraro cur-
rents is to prescribe a magnetospheric boundary and use the fact that the mag-
netic field inside the boundary due to the Chapman-Ferraro currents is curl-free and

therefore can be expressed as the derivative of a scalar potential that is a solution of
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Laplace’s equation. The appropriate potential is found by solving Laplace’s equa-
tion with the Neumann boundary condition. That is, the component of the total
field normal to the magnetopause (zero for a closed magnetosphere) is stipulated,
which in turn gives the component of the magnetic field due to Chapman-Ferraro
currents normal to the magnetopause. The primary difficulty with this approach
is developing a model with a realistic magnetopause surface: in practice, solutions
have been obtained in cavities bounded by magnetopauses with some standard
cross-section. For example, Voigt [1981] used this approach to develop a model
of the magnetic field due to Chapman-Ferraro currents on a model magnetopause
consisting of a hemisphere on the dayside and an infinite cylinder on the nightside.
The scalar potential is expressed in terms of spherical harmonics on the dayside
and Bessel functions on the night side. Stern [1985] uses a magnectopause that is
a paraboloid of revolution. The scalar potential is expanded in terms of parabolic
harmonics. Again, this approach is capable of giving reasonable magnetic ficld
values throughout the inner magnetosphere. It too, however, leads to model mag-
netopauses that are not realistically shaped. For instance, Voigt’s [1981] nightside
magnetopause is a non-flaring cylinder, while theoretical [e.g., Coroniti and Kennel,
1972] and empirical studies [e.g., Sibeck et al., 1991] indicate that the magnetotail
must flare.

The third technique in general use to model the magnetic effects of the Chapman-
Ferraro currents is to use the Biot-Savart law to calculate them directly. This ap-
proach has been used by a number of researchers and involves the selection of a
magnetopause surface, determination of currents on that surface and the evalua-
tion of the Biot-Savart law integral. The advantage of this approach is the ability

to select a magnetopause surface by applying some physical condition or condi-
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tions at that surface. For instance Mead and Beard [1964] determined this surface
by balancing solar wind dynamic pressure with magnetic field pressure just inside
the boundary. To start with, they estimate this magnetic pressure by assuming
the magnetic field strength just inside the boundary is twice the component of the
dipole field parallel to the boundary. The surface current density is then determined
by assuming the magnetic field just outside the surface is zero. The next step is
to repeat the procedure, using the sum of the terrestrial dipole and magnetopause
current magnetic fields to estimate the field strength just inside the magnetopause
to determine a “second” surface and so on. The ultimate criterion, one which Mead
and Beard [1964] claim is extremely well met after only several iterations, is that
the magnetic field outside of the magnetosphere due to magnetopause currents and
the terrestrial dipole is small compared to that due to the dipole alone. More re-
cently, Olson [1969] used the approach of Mead and Bec -d [1964], in conjunction
with an improved method of evaluating the Biot-Savart law integral, to calculate
the magnetic field due to the Chapman-Ferraro currents for situations where the
terrestrial dipole is not perpendicular to the solar wind direction.

Models of the magnetic field due to the cross-tail current usually involve evalu-
ation of the Biot-Savart law integral for current distributions that match, as closely
as is reasonable, the actual cross-tail current distribution. The real limitation here
is the inability to evaluate the Biot-Savart law integral for all but the simplest
current systems. Olson [1974] models the cross-tail current system with a large
number of “D” shaped infinitesimally thin current loops. Using two “D” shaped
elements, one element of a theta shaped current is constructed. The tail field is
due to a large number of these theta shaped current elements. This approach leads

to a current free lobe, realistic lobe field variation with distance down tai! and in



the model region corresponding to the CPS, except in the vicinity of the current
elements, where the magnetic field becomes infinite. Tsyganenko [1987] uses two
steps to model the magnetic field due to the cross-tail currents. The first is to
evaluate the Biot-Savart law integral to determine the magnetic field due to three
current sheets that extend infinitely in the dawn-dusk direction and in the antisun-
ward direction. The current sheets are in the equatorial plane and 30 Rg above and
below the equatorial plane (the sheets at 30 Rg are included to avoid infinities in
the northward component of the magnetic field and represent the closure current
on the magnetopause). The current sheets are of finite thickness and the current
density peaks in the equatorial plane and falls off monotonically with distance from
it. The currents flow parallel to the Ygm direction. Their inner edge is roughly 3
Rg from the Earth. Tne dawn-dusk (Ygm) component of the magnetic field due to
these sheets is zero. As well, the Xz and Zgm components are independent of
Yeum. To allow for finite B, and to limit the effects of these currents in the Yy,

direction, the magnetic field is multiplied by a taper function:

-1
¥oum) =+ (14 (2 ) (26)

Here Ay is about 1/2 the dawn-dusk scale size of the cross-tail tail current system

and is ~15 Rg. The final model field is then
B.ct = f(’/gsm)(Bz( ngma ngm)v 0, B:(ngmv Zgam)) (27)

where B° is the magpnetic field due to the infinite sheets. This model of the tail

current magnetic field has advantages and, as I show below, several dis:«dvantages.
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As I discussed above, a global empirical magnetospheric magnetic field model is
intended to represent the magnetic effects of all intramagnetospheric and magne-
topause currents. In this paragraph I describe three such models, each of which have
been extensively used by the space physics community. Olson and Pfitzer [1974]
used the ring, cross-tail and magnetopause current models of Olson [1969,1974]
discussed above to model the total magnetospheric magnetic field. The model pa-
rameters were adjusted so that the model field fits, as closely as possible, a data
base of in situ measurements. They then used the “wire model” to calculate the
magnetic ficld at 2 large number of points within the magnetosphere. A vector field,
cach component of which is an expansion of polynomials in cartesian gsm coordi-
nates was then fit to the wire model magnetic field values. This vector field is the
final “Olson-Pfitzer” model. This model does not allow for various activity levels
or for dipole orientations not parallel to the Zgy, axis. Mead and Fairfield [1975]
avoided the difficulties associated with the wire model approach by least squares
fitting a data base to a vector field, the components of which are, again, polynomi-
als. Their data set consisted of ~12,000 IMP magnetic fieild measurements, each
measurement an average of the satellite magnetometer output over 1/2 Rg of the
satellite path. They derived four models from data in four different activity ranges
(as quantified by K'p). These four models also include a dependence on dipole tilt.
Tyganenko [1987] fit the sum of his model ring and cross-tail current magnetic
ficlds as well as a vector polynomial function to a data set consisting of ~37,000
in situ magnetic field measurements. The data are from IMP and HEOS satellites.
Again, each measurement is an average along 1/2 Rg of the satellite track. Six
models were derived by binning the data in six different activity ranges (again ac-

tivity as quantified by K'p). As well, the T87 models include dipole tilt dependence.



(A more recent T'syganenko [1989] model, the T89 model, incorporates the same
ring current and polynomial magnetic fields as well as the magnetic field due to a
cross-tail current sheet that consists of current flowing along Earth-centred circular
arcs).

The survey of magnetic field models and modelling techniques that I have pro-
vided here is quite brief. An ex’ensive review of the subject 1s given by Tsyganenko
[1990]. I wcuid }ike tc _onclude this section with a philosophical note. A great deal
of effort has heen exypended to derive models of magnetic fields due to magneto-
spheric currents. 'n the end, however, the most widely used models cither consist
of, or incorporate, a vector field with polynomial components. The usefulness of
a model is directly related to both ease of use and reasonableness of the magnetic
field values. The almost universal usage of the three models discussed in the pre-
vious paragraph is partially due to ease of implementation and use. It is also due,
however, to the lack of any alternative magnetic field models (i.e., that might better
satisfy any number of physical criteria) that provide demonstrably better magnetic

field values.

Testing Global Models of the Magnetospheric Magnetic Field

The complicated nature of the sources of extraierrestrial magnetic field dic-
tates that the functions used in empirical magnetic field models are themselves
quite complex. Accordingly, tie testing of these models to determine their validity
is a laborious task involving trial and error procedures. Fairfield [1991] evaluated
the T87 model magnetic field using a large number of in situ measurements of
the magnetic field. He concluded that while the model agrees well with the obser-

vatious, the model field is not “stretched” or “taillike” enough in the near-Earth
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nightside magnetosphere. While no such comparison is currently available for the
T89 model, Tsyganenko [1989] presented a compilation of values of the magnetic
fiel’ “nclination angle at geosynchronous ~rbit measured by Lin and Barfield [1984]
using the GOES 2 spacecraft. He compared these measured inclination angles wit®
those inferred with the T87 and T89 models to show that the T89 model is an
improvement over the T87 model in this regard.

An interesting test of empirical models that has been suggested by Walker
[1976] and Voigt [1986] is to determine if the model magnetic field satisfies a stress
balance condition. There has been work done along this line [e.g., Walker and
Southwood, 1982; Kivelson and Spence, 1988]; however, we do not currently know if
the magnetosphere is ev... in equilibrium [e.g., Erickson and Wolf, 1980; Voigt and
Wolf, 1988]. Even if the magnetosphere is in equilibrium, we do not know what
the actual stress balance relationship should be or if it is possible to write down a
tractable stress balance relationship that is globally applicable. Furthermore, there
is a preblem in determining the “average” J x B force from the average magnetic
field due tc the nonlinear dependence of this force on the magnetic field and the
fact that even though the relationship between J and B (in time independent
situations) is linear in reality, if the data from which the model average values are
derived are not uniformly distributed in both time and space, then < J > is not
given by poﬁx < B>.

In this section, I explore four aspects of the T87 and T89 model magnetic fields.
In a sense, this can be considered an application of four tests to these models. The
results of these tests point out shortcomings in the models. I conclude this chapter
with a discussion of how these shortcomings are my motivation for developing a

new type of magnetic field model. I have chosen the T87 and T89 magnetic field
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models to examine because, at the present time, they (primarily the T87 model)
are the most widely used magnetospheric magnetic field models. Like all models,
they have shortcomings. Focussing on some of these shortcomings should not be
considered as mere criticism of what are, arguably, the best magnetospheric models

available today.

T87 Cross-Tail Current

The T87 magnetic field model contains a contribution due to a model cross-tail
current system, as described above. It is reasonable to explore how well this moris|
current system matches the actual cross-tail current system. The use of the taper
function f(Ygsm) as discussed above changes the magnetic field due to the infinite
current sheets. Consequently, to study the model cross-tail current it is necessary
to evaluate the curl of the modified (by the taper function) magnetic field. I do this
analytically by determining the appropriate derivatives and, as a check. by using
finite difference techniques. In the following paragraphs, “model cross-tail current”
refers to uoﬁ X Ect, where B, is the K p = 3 T87 cross-tail current magnetic field.

Figures 6a and 6b are contour plots of the Ygum and Zgy, components of the

T87 model cross-tail current in the plane Xz, = ~25 Re. I show model cross-tail
current line traces, projected into the Xgm = —25 Rg planc, in Figure 7. The
start points for each trace are at Xgom = —25 Rg, Ygum = 0 and at Zg,, values

separated by 1 Rg intervals ranging from -6 Rg to 6 Rg. I have traced the current
lines outwards in both directions from the start points. Perbaps the most striking
feature of these figures is the diversion of cross-tail current out of the equatorial
plane in the *Z,,, direction. All of the actual cross-tail current does divert and

closes over the northern and southern lobes. At 25 Rg down the magnetotail, the
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magnetosphere has a nearly circular cross-section of radius ~23 Rg. From the
current line traces in Figure 7, it appears that at least some of the model cross-
tail current is diverting through the region of space that, in reality, contains the
magnetospheric lobes. This diversion of model cross-tail current is a consequence
of the use of the flaring function f(Ygm). Below, I discuss three questions regarding
the cross-tail current that are important for users of the T87 model.

First, what fraction of the model cross-tail current diverts and flows through the
region of space corresponding to the magnetotail lobes? One way to quantitatively
answer this question is to calculate model current fluxes through the surfaces of
a rectangular box. The rectangular box I will use for this is of length L along
the Xgom direction. The two “end” surfaces are in the planes Xym = —25 Rg
+L/2. The four corners of both of the two end surfaces are at (Ygsm,Zgem)=(0,0),
(0,10 Rg), (21 Rg,10 Rg) and (21 Rg,0). I place a corner of the end surfaces
at (Ygsm,Zgsm)=(21 Rg,10 Rg) because a 23 Rg radius magnetopause would pass
roughly through tiis point. The four “side” surfaces of the rectangular box are
in the Ygom = 0, Ygem = 25 Rg, Zgem = 0 and Zgm = 10 Re planes. The model
cross-tail current enters the box through the Y, = 0 side. Provided that L <1

RE, the current flux across this surface is

Zgem=10RE

I~Lx /Z o Jy(~25Re,0, Zgum)dZgum (28)
gom =

This current is roughly L x 1/mA/m. The flux through the Zg, side is identically

zero (J,=0 in the equatorial plane). I estimate the flux through the Zg, = 10 Rg

and Ygm = 21 RE sides by evaluating irtegrals similar to that in equation 28. The

not Quxes through these surfaces are out of the box and are L x 8 mA/m for the
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Zgem = 10 Rg side and L x 9 mA/m for the Ygm = 21 Rg side. Thus, slightly less
than half of the model cross-tail current diverts through the region corresponding
to the lobe and slightly more than half flows out of the region of space that would,
in reality, be the magnetosphere. A small fraction (~0.04) of the current entering
the box through the Yg,, = 0 side leaves the box through the two ends.

Second, is it reasonable to think of this diverted current as a good representation
of the actual closure currents? The amount of cross-tail current that has diverted
out of the equatorial region within the volume of space occupied by the actual
magnetosphere is only half of the total cross-tail current. Furthermore, this diverted
current does not flow around the lobes, but through them. This is clear from both
Figure 7 and from the fact that the Zg,, component of the model cross-tail current
maximizes at Ygm = Ay/ V3. This is roughly at Ygm = 11.6 Rg, well inside
of where the actual magnetopause is. I must conclude that the answer to this
question is that the diverted current is not a good rcpresentation of the added
closure currents.

Third, what are the consequences of the differences between the model and
actual cross-tail cmrent system? In reality, the entire cross-tail flows across the
equatorial region and closes around the magnetospheric lobes. It is clear that the
model cross-tail current does not do this. Several consequences of this discrepancy
can be found by looking at the model magnetic field, specifically the entire Kp = 3
T87 model magnetic field, including the field due to the terrestrial dipole. Figure
8 is a contour plot of the magnitude of the sum of the model magnetic ficld and an
appropriate terrestrial dipole field on the surface Xgo, = —25 Rg. The contours are
separated by 2 nT intervals, starting =t 10 nT. The peak magnetic field strength in

the region corresponding to the magnetospheric lobes is ~23 nT. At Zm ~ 13 R,
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the magnetic field is largest in the centre of the tail and falls off with increasing
Ygam. This variation of |§| within the magnetotail is due to the unrealistic closure
mo-el cross-tail current through the lobes; therefore, the variation is unrealistic.
In Figure 8, the lack of concentrated closure current on the magnetopause in the
model is obvious: there is no boundary beyond which the model magnetic field is
small. In reality, the closure currents contain the lobe field within the magnetotail.
If the magnetosphere is closed, then the magnetic field just inside the magnetopause

current layer will be parallel to that surface. In this case,

YB,+ZB.| _ an (29)
|B.|VYZ+ 22~ dXym

where the magnetic field is that just inside the magnetopause and R is the radius
of the magnetopause in an X, =constant plane. An estimate of the derivative on
the right hand side of the above equation can be obtained from the empirical model
of magnetopause radius of Sibeck et al. [1991]. Using their model for intermediate
solar wind pressure (1.47 nPa < P < 2.60 nPa), at Xz = —25 Rg this derivative
is 0.23. For all of their models (5 pressure and 6 IMF ranges), this derivative falls
between 0.16 and 0.28. As well, the tail flaring function of Coroniti and Kennel
[1972] gives a value of 0.23 for this derivative. The quantity on the right hand
side of equation 29 can also be determined from the T87 model, and the values
calculated in the region where the actual magnetopause would be expected to be
are plotted in Figure 9. These values were determined on a circular arc 24 Rg in
radius, from Yggn = 0 to Y = 20 Rg. It is clear that, while the values so obtained
are reasonable around Yge, = 0, they are too large for larger Yg,, values. Thus,

the shape of the model field lines in this region is not realistic: they do not flare in
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a way that corresponds to a realistic solar wind-magnetosphere interaction. The
reason for this is the lack of realistic closure of the cross-tail current in the model.

In the previous paragraphs, I have focussed on the closure of the cross-tail cur-
rent; however, the model cross-tail current differs from the actual one in other
ways, as well. These differences are important for both mapping and stress balance
caisiderations. For instance, the model cross-tail current strength decreases mono-
tonically with increasing distance from the equatorial plane. There is, however, no
reason to exnect this to actually be the case. One reason why this might not be
true is the existence of the diamagnetic current at the high-latitude edge of the
CPS (as discussed in the introduction). In fact, Olson and Pfitzer [1974] found
that in order to best represent the data with their model, the cross-tail current
needed to be divided into two parts, one concentrated in the equatorial plane and

the other several Rg above (and below) the equatorial plane.

T87 Field-Aligned Currents

Empirical models are data-based and there is some expectation that the mag-
netic effects of the field-aligned currents will be, at least partially, already included
in these models; however, there are several reasons why the magnetic effects of the
global field-aligned current system are probably not included in the T87 modecl.
First, the averaged data set on which the model is based is unlikely to contain
a realistic contribution due to the global system of field-aligned currents flowing
in the magnetotail [G. Rostoker, private communication]. This is a consequence
of the fact that the average magnetic field at a given location in geocentric solar-
magnetospheric (gsm) coordinates determined from a data set, regardless of how

the data is binned in terms of genmagnetic activity (i.e., Kp, AE etc.), will be



59

based on data from a variety of real activity levels. As well, thickening and thin-
ning of the CPS and flapping of the magnetotail itself will lead to motion of the
ficld-aligned current layers. Thus, for grid points near the high-latitude edge of
the plasma sheet where the field-aligned currents are thought to flow, the actual
ficld-aligned currents are as likely to flow above the observation point as below.
Accordingly, over a large data set, some of the effects of the field-aligned currents
will cancel out and the data points representing the averaged magnetic field values
will not reflect the true size of the contributions of the field-aligned currents for
any individual event. Second, the polynomial function used in the Tsyganenko
models allows for a better fit to the data set used than would a model emnloying
the model ring and tail currents alone. One way of looking at this is that the
data-fitting technique will obtain values for the parameters associated with the
polynomial functions in the model that are chosen in response to the difference
between the sum of the best-fit model ring and tail currents and the actual average
Liagnetospheric current system. Stating that the polyncmial function models the
effects of the field-aligned currents is to tacitly assume that this difference is almost
entirely the average field-aligned current system. If this were demonstrably true,
then the statement would be reasonable. As discussed above, however, there are
a number of differences between the T87 model cross-tail current and the actual
cross-tail current expected on the basis of magnetic field and particle measurements
in the CPS and magnetotail lobes. Third, typical scale sizes of the current sys-
tems in the Tsyganenko magnetic field model range from several to tens of Earth
radii. Therefore, it is not possible for the functions to adequately represent the
magnetic effects of relatively thin (~ 1Re) current sheets, especially in the inner

magnetosphere.
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There is another, more subtle, reason why the global distribution of model
field-aligned currents generally should be regarded as an artifact of the modelling
procedure. Almost all existing magnetic field models have distributed magneto-
spheric current systems. In the development of all of these, there has been no
attempt made to constrain the current systems so that the current is exactly trans-
verse to the magnetic field [e.g., Olson and Pfitzer, 1974). Indeed, this constraint
would, in general, be unreasonable to impose. For example, the model magnetic
field of Mead and Fairfield [1975] is a vector function, the components of which are
second-order (at most) polynomials in the cartesian coordinates Xgum, Ygam, and
Zgsm. The model is parameterized according to dipole tilt and geomagnetic activ-
ity. The coefficients are determined by least-squares fitting to a set of magnetic
field measurements. If the terrestrial magnetic field is represented by a dipole and
both the dipole tilt and the model field-aligned current are constrained to be zero
(i.e. require B-V x B = 0), then it can be shown that the only possible non-trivial

form for the polynomial functions gives

-

V8 =A(p)d (30)

where A(p) is some scalar function of p = VX2 + Y2 and é is the unit vector
in the azimuthal direction. This is a current distribution with current lines that
are circles in planes of constant Z centered on the Z-axis. The only intramag-
netospheric model currents would be azimuthally symmetric; therefore, only the
magnetic effects of a ring type current could be modelled. If non-zero dipole tilt
angles are allowed for and the model currents are constrained to be transverse to

the model magnetic 1. " 4, it can be shown that the only possible non-trivial form
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of the polynomial functions gives

(31)
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Constraining the field-aligned component of the model current to be zero every-
where for arbitrary dipole tilt angles forces the model current to be zero every-
where. Thus, if the magnetic effects of intramagnetospheric currents are modelled
with the functions chosen by Mead and Fairfield [1975], there will be a field-aligned
componcnt of the model current. This is true for almost all empirical models. Ex-
ceptions are models like that of Williams and Mead [1965}, where both symmetrv
and simplicity of the model (their model consists of a dipole with zero tilt an” an
infinitely thin current sheet on the equatorial plane) allow for a current distribution
with zero field-aligned component everywhere. It is important to realize that such
asymmetries in the magnetosphere do not demand the presence of real field-aligned
currents. The key point here is that when simple functions are used to model the
magnetic effects of distributed magnetospheric currents, the model currents will
not, in general, be transverse to the model magnetic field. It is difficult to draw
conclusions about the real field-aligned current distribution, based on such a model,
because there will be model field-aligned currents regardless of whether or not the
magnetic effects of field-aligned currents are actually present in the data.

In light of the argument presented above, it is interesting to look at the field-
aligned component T87 model current system. According to Ampere’s law, the

field-aligned component of the current is

(32)
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In discussing the field-aligned currents in the magnetosphere it is customary to
“normalize” the values of the field-aligned current obtained from equation 32 to
what they would be if the current were to flow without diversion along a flux tube
from where the current value is determined to the ionospheric footpoint of the field
line passing through this point:

|'| = %J" (33)
This quantity, Jl’l, is the amount of current, at the location where the field-aligned
current is determined, that is contained in a flux tube having an ionospheric
crass-sectional area of 1 m2. Figures 10 and 11 are contour plots of |’| on the
Xgsm = —6.73 Rg and Xgem = —25 Rg surfaces. The magnetic field T use here
is the T87 Kp = 3 model. The contour plots in Figure 10 illustrate that in the
model there is large scale Region II sense model current further from the equato-
rial plane than large scale Region I sense model current in the near-Earth region
and large scale Region II sense model current distributed throughout the entire
cross-section of the magnetotail 25 Rg from the Earth. The patterns present in
these figures are not consistent with those expected, based on cither an extension of
accepted low-altitude field-aligned current patterns into the night-side magnetotail
or observations of Region I sense current in the PSBL (see introduction).

It is also interesting to look at how |’, varies along a magnetic field line. The
solid curve in Figure 12 is a plot of Jl’l determined by applying Ampere’s law
to the Kp = 3 T87 model field, along a field line that starts in the equatorial
plane at (Xgem, Ygem) = (—8 Rg, —11 Rg) and has its ionospheric footpoint in the

northern hemisphere (s = 0 corresponds to the equatorial end of the field line).
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For the purpose of comparison, I include the dashed curve which gives values of Jj
determined with the use of the Vasyliunas equation (see introduction). While the
values given by the dashed curve cannot be trusted (the T87 model does not satisfy
B x (5 X ﬁ) = VG, a criterion that must be met if the Vasyliunas equation is to
be correctly used), the values do show the trend expected of actual field-aligned
current along a flux tube: there is a region of field zligned current generation
near the equatorial end of the flux tube and a region through which field-aligned
current flows, without diversion, to the ionosphere. On the other hand, values of
Jj| obtained using Ampere’s law (solid curve) are large only near the equatorial end
of the flux tube. Regardless of the value of l’l obtained using Ampere’s law, its
variation along the flux tube is clearly unrealistic.

Based on the above arguments, I conclude that, globally, the magnetic effects of
the large-scale field-aligned currents are not included in the T87 (or any existing)
empirical magnetic field model. That there might be spatially-limited regions where
these effects could be represented by the model is not inconsistent with this view
[e.g., Spence et al., 1988]; however, even if realistic field-aligned currents are present
in a limited region of a model, it is the global distribution of these currents that

must be realistic if their effects on mappings generated by the model are to be

believed.

Flare of T87 and T89 CPS Field Lines

Mappings from the ionosphere to the magnetosphere, and vice-versa, depend
on the properties of the magnetic field everywhere along the field lines between the
ionospheric and magnetospheric regions in question. One property of the magnetic

field that directly affects mappings is the “flare” of the magnetic field away from
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the noon-midnight meridian. To help discuss this property of the magnetic field, I

define the flare angle (67) of the magnetic field as

B
= 1 y
05 = tan (( 2 ‘?)%) (34)

Figures 13a and 13b are contour plots of the flare angle of the T87 and T89 model
fields, respectively, on the surface Xgom = ~8 Rg. Figure 13c is a contour plot of
the ratio of the flare angle of the T87 model to that of the T89 model on the same
surface. Figure 14 is the same as Figure 13, with the quantities all determined on
the surface Xgim = —15 Rg.

Figures 13 and 14 illustrate clearly that the T89 model magnetic field is sig-
nificantly more flared than that of the T87 model in the region of space that
corresponds to the CPS. The T87 and T89 model magnetic fields are differently
flared because of the different representations of the cross-tail currents in the two
models. The cross-tail current in the T89 model is more curved in the equatorial
plane than that of the T87 model. This leads to the T89 model ficld being imore
radial in the CPS region than is the T87 model ficld.

In this section, I attempt to determine which of the two modeis is more realistic
in terms of the flare of the model magnetic field with respect to the noor-: .idnight
meridian. One way to try to determine which model is more realistically flared
would be to look at the Y., component of the model magnetic fields in compar-
ison to Ygem in the data set from which the models were derived; however, both
the variability and the smallness of Yy, in this region of space would make this
comparison difficult. Below, I describe a, test of the flare of the T87 and T89 model

magnetic fields. My approach is to use the magnetic field models, in conjunction
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with an accepted ionospheric electric potential distribution, to infer an observable
quantity. This quantity is the convection electric field in the equatorial plane of
the magnetosphere. 1 compare the qualitative features of the model inferred con-
vection pattern with the same features of the actual convection pattern. Below,
I show that the convection pattern inferred using the T87 model dif'rs qualita-
tively from that inferred using the T89 model. Furthermore, the difference between
the two inferred convection patterns is primarily due to the different flare of the
two model magnetic fields. Finally, I argue that the T89 model magnetic field is
more realistically flared because the T89 model inferred convection pattern is more
realistic, when compared with the actual convection pattern.

Figure 15 is a contour plot of ionospheric electric potential va." - given by the
Heppner-Maynard model appropriate for IMF By positive and Kp in the range
from 3+ to 4-. This figure corresponds to Heppner-Maynard model A shc n in
Figure 2 and was prepared using a computer coded version of the model described in
Rich and Maynard {1989]. Superposed «:z Figure 15 are the ionospheric footpoints
of field lines, generated by both the T87 and T89 models, that cross the equatorial
plane at intervals of 2 Rg alcug the line from Vm = —20 Rg to Ygem = 20 R at
Xgsm = =31 Rg.

I stress that the purpose of this work is not to determine CPS convection ve-
locities. Rather, I am seeking to develop methods to test the validity of model
magnetic ficlds. I compare the coavection distributions derived from in situ mea-
surements with convection patterns inferred from two magnetic field models and
the Heppner-Maynard ionospheric convection model to help evaluate the magnetic
field models. The results of this research can be used to direc- research aimed at

improving the magnetic field models.
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In mapping the ionospheric potential pattern to the neutral sheet, I assume
there ate no parallel electric fields. Figures 16a and 16b show the neutral sheet
convection potential 1 .:tern produced Ly mapping Heppner-Maynard model A to
the neutral sheet us.a, w,» T87 and T89 models, respectively. In each case, I use
the Tsyganenko model appropriate for Kp = 4. For the terrestrial field I use an
appropriate din .- «nd zero dipole tilt.

I assume that ideal MHD is valid in the neutral sheet region and use vV =
ExB /B? to infer the convection velocity from the i, .ped ionospheric potential
pattern and the tail magneiic field. Figure 17 shows the variation of the inferred
convection velocity with position in the neutral sheet.

Figures 17a and 17b illustrate that the T87 rodel, in conjunction with the
Heppner-Maynard convection model A, yields a convection pattern with . arrow
(|Ygsm| < 10 Rg) stream of earthward moving CPS plasma. The convection ve-
locity in the equatorial plane for large values of |%,.,| is small. The T89 model
mappings yield a convection pattern with earthward :noving plasma over a much
larger ([Yesm] < 20 Rg) stream. The dawn-dusk asymmetry in the inferred pattern
is ¢ .e to asymmetries in the Heppner-Maynard model since the T.ygar- - o muodels
are symmetric in Yggn.

The striking difference between the predicted carthward flow p-*tern in the
CPS for the T87 and T89 models leads to the question of which pz‘tern is better
supported by observations. In the introductior, I reviewed experimencal results as
well as theoretical considerations and the results of MHD simulations that indi-
cate the earthward convection velocity in the CPS should be nniformly distributed
across the CPS or even weaker at the centre of the tail than the flanks. Thus

the mapping of the Heppner-Maynard electric field pattern into the magnetotail
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produces more realistic CPS cnnvection results when tie T89 model is used.

I qualify my results by noting that I only use the magnetic field and ionospheric
potential models appropriate for relatively large Kp. Strictly speaking, the con-
clusion that the T89 model provides a better mapping of the electric potential
distribution must be restricted tc higher I(p versions of the models. As well, the
Heppner-Maynard potential pattern is presenied in a frame of reference that ro-
tates with the Earth. I have not attempted tc ~ccount for this for the following
two reasons. First, I am primarily interested . Ilart: . ard .omponent of the con-
vection velocity (V:) in the CPS. Corotation effects on V, near the noon-midnight
meridian are neg'igibly small. Second, it is not clear how cormation effects project
invo the magnetosphere at high latitudes.

The differences between the inferred convection | atterns are easily accounted
for. In the CPS the T89 model field is much more flared than that of the T87
model. The dawn-dusk electric field is therefore concentrated in a much narrower
region of the equatorial plane for the T87 model. Since field-aligned currents in-
crease the flaring of CPS field lines (at least in the ‘solonoidal” region in the inner
magnetosphere), - -ould be interesting to see how adding field-aligned currents to
the T89 model would change the electric field mapping. This should lead to the
cxpected region of low electric field in the centre of the tail.

In this section, I have described an important test of the mapping capabilities of
the T87 and T89 model magnetic fields. The results presented here should suggest

caution to those using the T87 model field in magnetospheric mapping studies.

T89 Equatorial B, in the noon-midnight Meridian

Here, I simply point out a disturbing feature of the T893 model magnetic field,
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namely the occurrencr of negative model B, at some locations in the model neutral
sheet. On the basis of observatinns of B, in the ucutra’ sheet I conclude that this
is an artifact of ihe model and not a real effect. i mnodel is and will be used in
studies where t* : inferred mapping from the ionosphere to the neutral sheet region
is of crucial importance. As well, the model is used to provide a “realistic” magnetic
field in theoretical studies. This property of the model should be a consideration
in the interpretation of the results of such studies.

I use the T89 model field in conjunction with the magnetic field of a geocentric
dipole with magnitude of 30,438 nT Rg®. The dipole tilt angle is the number of
degrees between ihe Sun-Earth line and the dipole equatoral plane, positive dipole
tiits corresponding to the Sun-Earth line being in the northein hemisphere. The
model output is presented in gsm coordinates. The modal neutral sheet is defined
as the surface where the model magnetic field B, component changes from negative
(away from the Earth) to positive (toward the Earth).

Figure 18 is a plot of the value of B, as a function of position in the nooun-
midnight meridian for points in the model neutral sheet for the Kp=0 version of
the model with a dip»le tilt of 16°. In Figure 19 I show, for various aipole tilt
angles, the position of the model neutral sheet in the midnight meridian plane as
well as where in the model neutral sheet the Z component of the model magnetic
field is negative. Figures 19a and 19b are for the T89 Kp=0 and Kp=3 models
respectively. Similar figures prepared using the Kp=1,2,4 and Kp > 4 versions of
the model are all virtually the same as that for the Kp=3 version. Figures 20a and
20b display field line traces generated with the Kp=0 version of the model with
16° and 32° tilts respectively.

In chapter 1, I reviewed observational evidence that indicates that, on average,
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B, in the neutral sheet is positive Earthward of Xgm = —50 Rg. I conclude that
the regions of negative B, in the T89 model neutral sheet are an artifact of the
model and not representative of the actual B, distribution in the neutral sheet. As
can be seen in Figure 18, the values of B, in the neutral sheet given by the model
are smaller than would be expected, even when they are positive.

From Figu-os 19a and 19b, it is clear that large regions of the model neutral
sheet are in “magnetic islands” or are threcded by field lines that are essertially
open at both ends or close at great distances from the Earth. While in reality these
regions should be threaded by closed field lines rooted in the ionosphere, according
to the T89 model they are not connected to the ionosphere along magnetic field
Y. A corollary to this is that the mapning of field lines from critical ionospheric
regions (for instance the most pole -.ard regi .. of ciosed field lines) to the equatorial
plane inferred by the T89 model should not be truired. Fcr comparison purposes
I pcint out that the regions of negative E. in the model neutral sheet are not a
feature of the T87 model, at least as far as 60 Rg down the magnetetail.

The unrealistic distribution of B, in the model neutral sheet is not surprising
for two reasons (Tsyganenko, 1991, private communication). First, Tsyganenko
[1989] uses a series of axially symmetric current disks centered on the Earth to
represent the cross-tail current system in the T89 model. The magnetic field due
to these disks is then adjusted to account for the redistribution of the current
flowing around the dayside of the magnetosphere. On the nightside the current
flow lines in the model cross-tail current region are roughly circles centered on the
Earth. 1he contribution to the Zg, component of the model field near the noon-
midnight meridian due to the cross-tail current at the flanks is therefore negative.

If this current flow pattern near the flanks is not realistic, then it is possible that
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the small or negative model B, values in the neutral sheet could be due, in part,
to how the cross-tail current is represented. Second, the rms deviation of the Zg,y,
component of the magnetic field is lar- 2 in comparison to its average value in the
region tailward of Xg,, = —20 Rg (see Figure 1 of Fairfield [1986]). This makes the
problem of accurate representation of the average neutral sheet B, with a model
that is obtained via least squares fitting to a large data set of in situ measnreiuents
a difficult one.

I suggest that an additional constraint be imposed in the development of future
magnetic field models of thLis type. An empirical model of the distribution of B,
in the neutral sheet can be determined from in situ measurements. Ouly verifiable
neutral sheet vicinity measurements should contribute to this empirical model. The
global empirical model being devel»;:¢ would then be constrained to have a neutral

sheet B, distribution that agrees closely with the ex: .:imeatally determined one.
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Figure 6. Contours of constant (a) J, and (b) J; evaluated on the plane Xgsr, = —25
Rg. The current is determined by using Ampere’s law with the T87 Kp = 3 cross-
tail current magnetic field model. The values are expressed in nA/m2. The dashed
curves on Figure 6a are J, = 0 contours.
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Figure 7. Cross-tail current line traces for ike T87 K3 = 3 model projected in the
Xgm = —25 Rg plane. To produce this figure, thirteen current line traces were
started on the nouz-midnight meridian at Xg,m = —25 Rg. The current lines were
traced in both directions away from the start points (i.e., parallel to the current
towards dusk and antiparallel to the current towards dawn). The start points for
the traces were at Zg,m values ranging from —6 Rg to 6 Rg, evenly spaced at 1 Rg
intervals in Zg,. The values were determined by applying Ampere’s law to the
T87 model cross-tail current magnetic field.
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Figure 8. Contours of constant magnetic field strength (in nT) on the Xgm = —25
R plane for the T87 Kp = 3 model including a terrestrial dipole field. The smallest
contour value is |§ | = 10 nT and the contours are separated by 2 nT.
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Figure 9. Flare of field lines for the T87 Kp = 3 model in the vicinity of the solar
wind-magnetosphere interface (solid curve). The dashed vurve is what this flare
would be in a closed magnetosphere of circular cross-section with radius given by
Sibeck [1991] (intermediate pressure model-see text). Flare is expressed in terms of
dR/dXgsm, where R is the cross-sectional radius of the magnetotail.
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Figure 10. Field-aligned component of the T87 Kp = 3 model current on the plane
Xgsm = —6.73 Rg. The values were determined by applying Ampere’s law and are
norinalized to what the field aligned current would be if it was mapped, without
diversion, to the ionosphere (see text). The contours are separated by 0.2uA/m?.
Contours indicating positive values are dashed wiile the zero and negative contours
are solid. In the northern (Zg,m, > 0) and scutherr: (Zg, < 0) hemispheres, current
flowing towards the Earth is indicated by positive and negative values respew.ively.
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Figure 11. The same as Figure 10, but showing values of field-aligned current on
the plane Xgm = —25 Rg with a contour separation of 0.4pA/ m2.
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~ure 12. Normalized field-aligned T87 Kp = 3 model current along a model
it 1 line. The current is obtaized by using the Vasyliunas equation (dashed) and
Ampere’s law (solid) with the model magnetic field. s = 0 corresponds to the
equatorial end of the field line.



»l
'
Ot/
\__\—é‘&r
20
-r/
l [ |
- N W A
Zgsm (Re)

e

Ygsm (Re)

Figure 13. Flare angle (in degrees) of the (a) T87 and (b) T89 Kp = 4 model
magnetic fields at Xgm = —8 Re. (c) Contours of constant value of the ratio of
the flare angle of the T89 model field to that of the T87 model field on the same

surface.
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Figure 14. Same as Figure 13, but on a surface at X, = —15 Rg.



80

06

Figure 15. Heppner and Maynard [1987] ionospheric electric potential pattern A
prepared using code described in Rich and Maynard [1989)]. The contour intervals
are 4 kV. The potential at the centre of the dawn side convection cell is roughly
75 kV greater than at the center of the dusk side convection cell. The circles are
at latitudes of 60°, 70° and 80°. Superimposed on the pattern are ionospheric
footpoints of model field lines that start at the equatorial plane at Xgo, = ~31
Rg. The triangles and asterisks mark footpoints of T87 and T89 model field lines,
respectively. The startpoints for the field lines had Ygn, values ranging from -20
Rg to 20 Rg at 2 Rg intervals.
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Figure 16. Contours of constant inferred potential in the equatorial plane for the
(a) T87 and (b) 189 Kp = 4 models and Heppner and Maynard [1987] ionospheric
convection pattern A. The contour intervals are 4 kV.
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Figure 17. Xgm component of the inferred convection velocity in the equatorial
plane for the (a) T87 and (b) T89 Kp = 4 models.
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Figure 18. Equatorial B, for the T89 Kp = 0 model with a 16° dipole tilt.
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Figure 15. Regions of negutive B, in the the T89 model neutral sheet for various
dipole tilt angles and (a) Kp = 0 and (b) Kp = 3. The lines show the position
in the gsm XZ plane of the model neutral sheet. The numbers at the left end of
the curves indicate the dipole tilt angles used. There are 17 curves corresponding
to neutral sheets for the model with 17 different evenly spaced dipole tilt angles
between —32° and 32°. The thick sections of the curves correspond to where in the
model neutral sheet B, is negative.
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Figure 20. Field lines traced with the T89 Kp = 0 model with a dipole tilt of (a)
16° and (b) 32°. Note the different X and Z scales.



86

Rationale for the Development of New Modelling Techniques

Since the development of early empirical models [e.g., Olson and Pfitzer, 1974;
Mead and Fairfield, 1975], models of the Earth’s magnetic field have gradually be-
come more realistic. These improvements resulted from the use of better functions
to represent the magnetic field, as well as an ever-increasing data base of in situ
magnetic ficld measurements. Since the beginning of the 1980s, the space physics
community has adopted the magnetic field medels developed by Tsyganenko and
Usmanov [1982] and Tsyganenko [1987;1989] and most efforts made to relate iono-
spherie observations to prospective source regions in the magnetosphere use one
or another of Tsyganenko’s models. The level of sophistication of present models
gives one hope that the ability to map from the magnetosphere to the ionosphere,
and vice versa, will soon be part of the repertoire of space physicists. It is true,
however, that even the magnetic field models presently available have deficiencies
that might affect the validity of mappings. As discussed in this chapter, these defi-
ciencics result from differences between the actual magnetospheric current system
and those currents consistent with, via Ampere’s law, the model magnetic fields.

The remainder of this thesis deals with my own work towards the development
of a magnetospheric magnetic field model. I split this task into two parts. These
are the development of a model simuating the magnetic effects of (1) the field-
aligned currents and (2) the transverse currents. A method similar to that of the
Olson [1974] (a wire model) is used in each case. My reason for using this approach
is that, in light of the material presented in this chapter, I feel it is important to
have a magnetic field model with a very realistic current distribution. In particular,
the model currents should flow along paths that are as close as possible to those

the actual currents follow. To circumvent the problems associated with the use of
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infinitesimally thin wire elements, I have developed a model that is built up using
current elements that are of finite cross-section as well as length. The resulting
current and magnetic field are finite everywhere,

The model of the magnetic effects of field-aligned currents I deseribe in the next
chapter was first developed to be added to a pre-existing magnetic ficld model. My
feeling was that this background field should be either the T87 or T89 model, since
these two models are far and above the most widely used. T chose the T87 model
over the T89 model for reasons based on the work presented in this chapter and
summarized in the following paragraph.

In the night-side magnetotail, the T89 model magnetie field is more flared away
from the noon-midnight meridian than is the T87 model ficld. This additional
flare provided a more realistic description of the earthward flow of plasma in the
central plasma sheet than could be obtained from the T87 model, in light of the
consequences of mapping an ionospheric equipotential pattern into the nightside
magnetosphere. Furthermore, examination of the expected variation of the B,
component of the tail ficld along the noon-midnight meridian [sce Rostoker and
Skone, 1993] reveals that the T87 medel provides a better representation of the
observations than does the T89 model. In particular, the T89 model B, is too
small, or even negative. In comparison to the T87 model, the greater flare of
the T89 model magnetic field appears to be an improvement, but the T89 model
equatorial B, distribution near midnight is inferior. Both the greater flare and the
small B, values are a consequence of differences hetween the two models in the
choice of functions used to represent the magnetic effects of the cross-tail current.
There is, however, another current system that can have an appreciable effect on

both the flare of the magnetic field and the distribution of B, near midnight: the
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large scale ficld-aligned currents. One cffect that these currents are expected to
have in the magnetotail is to make the CPS magnetic field more flared. I conclude

that it would be most reasonable to add these effects to the T87 model field.
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3. Modelling the Magnetic Effects of Magnetospheric Currents: A
New Approach

My objective here is to develop a useful representation of the magnetic effects
of large-scale magnetospheric current systems. I therefore restrict my attention to

current distributions that do not vary in time. The current continuity equation

follows directly from Maxwell’s equations. For time-independent situations the

current distribution must be divergence free:

<
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o

(36)

The relationship between the magnetic field and the current distribution can be
determined from Maxwell’s equations. For time-independent situations, Ampere’s

law follows:
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(37)

Using Helmholtz's Theorem [cf. Arfken, 1985], the time-independent Maxwell equa-

tions yield the Biot-Savart law:

—

< o JJ(F) x (F=7)
B = 4—7r/dV I (38)
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In the development of models of the mugnetic effects of distributed currents
within the magnetosphere, it is customary to stipulate a current distribut’on and
then to use the Biot-Savart law to determine the corresponding magnetic field.
A simple example of this approach is the use of model wire loops to represent
currents in the magnetosphere. The magnetic field of any closed circuit made of
infinitesimally thin wire can be determined to arbitrary accuracy using the Biot-
Savart law. The standard approach is to construct the loops out of finite-length
segments of infinitesimally thin straight wire. The contribution to the integral in
equation 38 from current flowing in the segment of wire is in the azimuthal direction

about the wire segmeunt:

Byl 2) = go(pr2) folps 2) (39)
ol
anlp. ) = L (40)
folpr3) . 0 (41)

Vo + (=22 fo?+ (20— 2)?

Here, the z-axis is parallel to the wire segment, the wire segment has endpoints at
2 = zp and z = 27 with z; > z¢ and a current [ is flowiug along the segment from

Pog—n

20 to z3. The current distribution that is consistent with this magnetic field can be

determined from Ampere’s law:

_ 19B,
== (42)
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where 6 and H are the Dirac delta and Heaviside functions, respectively. The third
term in the brackets in equation 45 is the (infinite) current density of the finite
wire element. The presence both of the other two terms in equation 45 and the
radial component is, at first glance, surprising. Applying Ampere's law to the
magnetic field given in equation 39 yiclds a current that is distributed throughout
space and yet this magnetic field, according to our naive application of the Biot-
Savart law, is that of a straight current carrying wire of finite length. The problem
lies in the current distribution used in the original Biot-Savart law integration.
This current has a source (at > = zp) and a sink (at z = z;) and therefore the
current is not divergence-free and thus is not consistent with any time-independent
solution of Maxwell’s equations. The Biot-Savart law integral, however, gives the
magnetic field that corresponds to a given current distribucion for time independent
conditions only. The integral in equation 38 is over all space and, consequently,
over complete circuits. When a complete model current circuit is constructed using

finite lengths of infinitesimally thin straight wire segments, provided the current on
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every clement is the same, the current density will be zero everywhere except on the
wire elements. As I discussed in chapter 2, finite-length wire segments were used
to construct models of magnetospheric current systems by Olson [1974], who used
this technique to model the effects of the ring current and the cross-tail current
with closure around the magnetospheric boundary.

It is possible to specify a current distribution and use the Biot-Savart law in-
tegral to calculate the contribution to the total magnetic field. It is, however,
exceedingly difficult to evaluate this integral for ali but the simplest of geometries.
Current elements with geometries simple enough to allow for straightforward eval-
uation of the Biot-Savart law integral typically have magnetic fields with singular
points. An example is the infinite magnetic field strength near the infinitesimally
thin wire clements discussed above. Anotiier possibility is to specify a magnetic
field with the desired properties. The corresponding current distribution can be
determined with Ampere’s law. As I pointed out above, the Biot-Savart law is a
solution to Ampere’s law and the two approaches are completely equivalent. My
goal here is to use a cylindrical current element with an azimuthal magnetic field.
The current density is to be finite everywhere, aligned with the axis of the cylinder
inside of the cylinder, and small, or zero, outside of the cylinder. For illustrative
purposes, I let the symmetry axis of the cylindrical element be the z-axis, where
2o and z; are the locatioiis of the two ends of the element; the plane perpendicular
to the z direction and located midway between zp and z; is the “midplane” of the
clement. The element is of radius a. The magnetic field is in the azimuthal (@)

direction and is azimuthally symmetric:

B¢ = F(p’z) (46)
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Any function of this form is divergence-free. The magnetic field due to the current

element is of the same form as that due to a finite length of current-carrying wire:

By = g(p, 2)f(p, =) (47)

For our current elements, the function g(p, z) will be the magnetic ficld of a current-
carrying cylinder of radius a and infinite length centred on the z-axis. The function
f(p,2) is an envelope function, limiting the extent of the effects of the current
element in the z direction. Below, two different types of current elements that can
be used to build up a model of the magnetospheric currents are discussed.

The magnetic field of the first type of current element (herein referred to as a

type I element) is

B¢ = gl(paz)fl(p1z) (48)
where
ool o 12
and
— 1 (z = 20) _ (z—21) 50
fil) =5 ( e T 31)2) (50)

This magnetic field is the same as that of the finite length of current-carrying wire

except for the radial dependence of the function g. For values of p > a, the function
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is the same as the magnetic field in equation 39, and hence the current associated
with this element for p > « is the same as the current given in equation 44 and
45 with I replaced by 2wa/p,. According to Ampere’s lav:, the current density

associated with this current element for p < a is

=t (o ) (51)

T 2a2y, (P24 (21— 2)2)F (0% + (20— z)2)%
J = ( Az —~2)  2Azn-2)
P 242, \/pz +(z - 2)2 \/pg (20 ~ 2)?
Plr=2) __ pa=2) ) (52)
(2 + (20— 2)2)F (P24 (21~ 2)?)%

This is the same as the current density in equations 44 and 45, except that the term
describing the line cnrrent on the z-axis in the expression for J, has been replaced
by the third and fourth terms given in equation 52. The magnetic field associated
with this element is finite everywhere, as is the current density. Figure 21 is a plot
of fi(p,z). Figure 22 is a three dimensional plot of current and magnetic field line
tracings for a type I current element.

The magnetic field of the second type of current element (herein referred to as

a type II clement) is
By = ga(p, 2)f2(p, 2) (53)

where

a('Y"l)/p'Y p >a
g2(py2) = a{ E p<a (54)



and
fop, 2) = %{tanh[Do(: — 2)] — tanh[Dy(z = )]} (55)

Here, v is a parameter normally set to 1. With Ampere’s law, the current density
that corresponds to this magnetic field can be determined. Setting a4 = constant

and D = Dy = Dy, this gives

Da 1 >
J, = —m{500112[D(z — 2)] = sech®[D(z — )]} { péﬁ” z< : (56)

2=

leaz {tanh[D(z — )] — tanh[D(z — )]} { (1- ’7)1(a/,;)7+1 pp<>aa -

Figure 23 is a plot of go(p, z) for several different values of v and Figure 24 is a plot
of fo(p,z). In Figure 25, I show current line tracings of J for a number of different
values of 7.

The current line traces I have shown in Figure 22 illustrate that the current
flowing along the axis of a type I current element diverts radially away from the
axis beyond the “end” of the element and returns, outside of the element (p > a),
to flow back into the other end of the element. The magnetic ficld lines are circles
centred on the element’s axis. The magnetic ficld-current pattern here is like that
of a solenoid, but with the current and magnetic field transposed. For a type II
element, the magnetic field lines will again be axisymmetric circles; however, the
pattern of the current flow, after it diverts away from the end of the cylinder,

depends on the selection of the parameter . Figure 25 shows that, depending on
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the value of 7, the current will either flow towards larger 2, radially away from the

cylinder’s axis, or return to the other end of the element.

Ezample Uses

The following three examples help to illustrate the rationale behind the choice
of functions describing the current elements. For the first example, I consider N
of these elements, with N 3> 1 and the axis of each element parallel to that of all
others. The superscript i denotes quantities associated with the ith element. The

clements are stacked end to end along the z-axis:
A=24" (i=1,2,.,N-1)

The point where the magnetic field is to be determined (p, z) is selected to be
somewhere between the endpoints of the first (2}) and Nth (2)¥) elements, which

are in turn selected so that
(z=z)>»p and (2 =2)>p
This gives
%{tanh[D(z — z3)] = tanh[D(z — 2)]} ~ 1

and

1 z—2z} _ z—2zV ~1
2\ +(z=2)? Jor+(z-2N)?



Using type II elements and setting
Y=v=1 ad=a Di=Di =D (all i)
The magnetic field due to these current elements is given by

N
B¢ = gZ(p’z)Efé(paz) (58)

i=1

which is just
By = g—2(§’—zl{tanh[D(z — z3)] = tanh|[D(z - )]} (59)

or, using the restrictions placed on z, z} and, zJ¥ above,

o] e p>a
B¢_a{p/a2 p<a (60)

If type I elements are used (with o' = a (all ¢)), then the same total magnetic ficld
is obtained. This is the magnetic field due to an infinitely long current-carrying

wire of finite radius a, with a distributed current density along the axis of

2a

e (61)

z —
Thus, stacking identical elements of either type end to end along a straight line gives
the magnetic effect of a long cylinder of finite radius carrying current. The current

that flows out of the end of one element flows smoothly into the end of the next
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element and so on. The idea behind this approach is to create the magnetic effects
of current-carrying flux tubes by stacking these elements, one after another, along
model magnetic field lines. The ends of elements stacked along curved diverging
field lines will not match up exactly and current will “leak” out at the junctions. If
type I current elements are used and care is taken to close the circuit, the current
will be identically zero away from the elements. This will not be true for type II
elements.

For the second example, I consider three type I current elements, oriented so
that the endpoints of each element are on the vertices of an equilateral triangle.
The axis of each of the three elements is one of the sides of the triangle. As well,
each axis lies in the plane X = 0 (arbitrary units). The endpoint of one element
is the startpoint of the next. The elements are of radius 1.3 and length 10. Figure
26 consists of two vector plots of electric current in the X = 0 plane. The current
vectors shown are the sum of the current due to all three elements. Points indicate
vectors of length (identically) zero. The vector plots show current flowing along
an element and then diverting to flow parallel to the axis of the next and so on.
There are large regions of space with no current. As well, there are regions well
away from the triangle where the current is small, but finite. This configuration of
current elements is a model of distributed current flowing in a triangular circuit.
The non-zero current away from the triangular circuit is “extraneous” and, ideally,
should be as small as possible.

In Figure 26, points where the current is identically zero are located so that, for
each of the three elements, the perpendicular distance from the axis of that element
is greater than the radius of that element. The magnetic field at such a point is,

according to equation 48, the magnetic field due to a closed circuit consisting of
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3 straight lengths of infinitesimally thin wire and hence is curl-free. On the other
hand, if the perpendicular distance from a point to the axis of any one of the three
elements is less than the radius of that element, the magnetic ficld is not curl-free.
There is finite current everywhere in a cylinder centred on the axis of any one of
the elements.

Figure 27a is a vector plot showing ele ‘ric current on the X' = 0 plane within
such a cylinder and beyond the end of the current element: in particular, it is
beyond the end of the element that is the base of the triangle in Figure 26. From
Figure 27a, it is clear that there is current flowing both away from (in the centre of
the cylinder) and towards the current element. The currents associated with each
element are divergence free. As such, the flux of current through a cross section of
the cylinder, away from the current element, should be exactly zero. Figure 27b
shows values of this flux across y =const surfaces (i.e., surfaces perpendicular to
the axis of the cylinder). This flux is exactly zero through surfaces at Y values
beyond the region of intersection of the two current elements. In Figure 27b, I
also include a curve giving values of [ | J, | dzdz over the same surfaces. These
results illustrate that the magnitude of the extraneous current becomes small, in
comparison to that within the element, at even small distances from the end of the
element.

For the third example, I use a large number of type II elements to model the
magnetic field in the region of space around two current sheets. The model current
sheets are of finite width, thickness and length. Each sheet is built up by adding
together a number of type II current elements, the axis of cach being parallel to
the X direction. One sheet carries current flowing in the negative X direction,

the other in the positive X direction. Figures 28a and 28b are two vector plots
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showing the magnetic field due to this current configuration. The plots are for a
plane perpendicular to the X direction and halfway between the ends of the two
model current sheets. The current sheets in Figure 28a are twice as wide as those in
Figure 28b. Fung and Hoffman [1992] used a similar current configuration to model
the magnetic effects of field-aligned current sheets as seen by satellites in low-Earth
orbit. They argued that by using model current sheets of finite thickness and width,
they could better determine the orientation of actual field-aligned current sheets
relative to the trajectory of a satellite passing through them.

I have outlined these three example uses of the current elements for the following
reason. In order to build up a realistic magnetospheric magnetic field model, it is
necessary to represent the magnetic effects of distributed magnetospheric currents.
Short of numerically solving the equations that describe physics of the magneto-
spheric system, the best approach to this problem is to prescribe a realistic current
system and evaluate the magnetic field that is consistent with that system. I feel
that the current elements that I have developed are a valuable tool that can be
used for this purpose. The first example illustrated how these elements, stacked
end to end, can be used to represent the magnetic effects of an infinitely long cur-
rent carrying cylinder of finite radius. With the second example, I showed that
these current elements, connected end to end, can be used to model the magnetic
effects of a volume filling current flowing in a closed loop. The third example was
my attempt to illustrate how, by stacking these currents side by side, the magnetic

effects of a thick current sheet can be modelled.
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Figure 21. The function fi(p, 2) for p=0,1,2, and 3. Here, 29 = 0 and z; = 10. The
curves for p=0 and p=3 are labelled. The two intermediate curves are for p=1 and

p=2.
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Figure 22. Current and magnetic field line traces for a type I current element. The
small stacked circles near the centre of the figure are magnetic field line traces: the
radius of each of these circles is slightly larger than that of the current element.
The bottom magnetic field line trace and the top magnetic field line trace are in
the z = 2, and 2 = 2; planes. These traces, therefore, roughly mark the outline
of the cylindrical current element. The six roughly ‘D’ shaped curves are electric
current line traces.
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Figure 23. The function go(p, z) for z = 0, a = 4 and three different values of 1.
Note that the curve for 4 = 1 is also the curve for g;(p, 2).
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Figure 24. The function f2(p, 2) for two different values of D, where D = Dy = D,.
Here, z5 = 0 and 2; = 10. Note that this envelope function is independent of p.
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15

Figure 25. Current line traces projected in the pz plane for a type II current
element. Here a = 4, 29 = —5,2; =5, Dy = D, =0.75and 0.25 < v < 4.
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Figure 26. Electric current vectors in the Y'Z plane for a ¢

three type I current elements. Vectors shown as points are of length (identically)
zero. The bottom panel is an enlargement of the central portion of the top panel.
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Figure 27. Extraneous current in the example circuit shown in Figure 26. (a)
Electric current vectors in the Y Z plane for the same circuit shown in Figure 26.
The current vectors are shown in a region along the axis of one of the three current
elements, but beyond the end of the current element. (b) Total current, obtained
by summing the current from all three elements, in the cylinder centred on the
axis of one of the three current elements in the circuit. The cylinder has the same
radius as the current element. Values of total current crossing a plane of constant
Y, along the Y axis, from outside the end of the current element, to inside the
current element. The solid and dotted curve show values of [ | J, | dzdz and
J Jydzdz, respectively. In both cases, the integral is carried out over the cross

section of the cylinder.
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Elements of a Global Model: Transverse Currents

The remainder of this chapter contains a description of a model of the magnetic
effects of the cross-tail, ring and field-aligned current systems that were described
in the introduction. I divide this description into two sections, the first and second
describing the models of the magnetic effects of the transverse and field-aligned
currents, respectively. In chapter 2, I reviewed previously developed models of the

ring and cross-tail current systems.

Model Ring Current

Using type I current elements, I build up an azimuthally symmetric model ring
current. The axis of each element used to build up the model ring current is the
sm equatorial plane; however, since I only treat zero dipole tilt situations in this
thesis, the sm and gsm coordinate systems are the same.

To start with, I build up the magnetic effects of a single ring of current by
stacking the current elements, end to end, along a circle in the equatorial plane
centred on the Earth. The start- and end-points of each element are on this circle.
My model ring current consists of a number of these loops, cach one following a
circle of slightly different radius than that of every other one. I choose the radii
of these loops so that the concentric rings are evenly distributed between roughly
4 and 8 Rg from the centre of the Earth. I show curves made up of straight lines
between the start- and end-points of each element on cach model current ring in
Figure 29.

For the work presented in this thesis, I build up each current ring out of forty

elements. The current in the model rings flows from east to west. The radii of each



110

current element is larger than the distance between adjacent current rings. This
overlap allows for a relatively smooth magnetic field distribution. I provide values
of the magnetic field, in the equatorial plane, due to this model ring current in
Figure 30. The three curves all show equatorial magnetic field values for a; model
ring current carrying a total current of 1.2 MA. The solid and dotted curves show
B, due to a current constructed of the 19 rings illustrated in Figure 29. In one case
(solid curve), each contributing current element is of radius 2 Rg while in the other
case (dotted curve) cach element is of radius 1 Ry.. The dashed curve gives values
of B, due to one ring of radius 6 Rg where each contributing current element is of
radius 0.5 Rg.

The graph in Figure 31 shows the relationship between the natural logarithms
of the equatorial magnetic field strength and the radial distance from the centre
of the Earth. In this case, the magnetic field is the total magnetic field due to the
model ring current built up as shown in Figure 29 and a terrestrial dipole. The
straight line of slope -1 is for the case of zero added ring current. The other two
curves are for the cases of a ring current carrying a current of 5 and 10 MA. Ja the
region beyond the model ring current, the field due to the dipole and ring current
behaves like that of a dipole of larger strength than that of the Earth. Each 1 MA
of current in this ring current configuration has the effect of increasing the earth’s
dipole field, in the equatorial region outside of the ring current region, by ~2340

nTRg? or by a factor of roughly 0.08.

Model Cross-Tail Current With Closure

The model cross-tail current system is, as well, built up with a large number of

type I current elements. Figure 32 shows the theta shaped circuits used to construct
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the model cross-tail current system. The curves shown in the figure are made up
of straight line segments joining the endpoints of the current elements used to
construct the circuits. The theta shaped circuit consists of a ncutral sheet current
built up of current elements with axes all lying in the equatorial (gsm) plane. The
direction of model current flow along the equatorial portion of the circuit is cast
to west (or dawn to dusk). In the vicinity of the dusk magnetopause, the current
divides into two closure currents, one around each of the two magnetospheric lobes.

The equatorial segment of each circuit is a segment of a circle. The centre of
the circle is on the Xg.y axis, either sunward (for curvature around the Earth) or
tailward (for curvature away from the Earth). The radius of the circle determines
how curved the current path is in the equatorial plane. The closure of the current
over the magnetopause is, in this model, in a plane that passes through the two
ends of the equatorial segment of the circuit. This planc can be parallel to the Z,,
direction or tilted earthward or tailward with respect to that direction.

A complete specification of the model current system involves the specification
of the following: (1) the Earthward and tailward extent of the cross-tail current
system; (2) the number of theta current circuits; (3) the radius of each current
element; (4) the centre of the circle that the equatorial segment of the circle follows;
(5) the shape of the magnetopause; (6) the tilt, with respect to the Z,, direction,
of the plane containing the magnetopause segment of the theta current; (7) the
amount of current carried by each theta shaped circuit. In chapter 4, I describe
the use of this model for quantitative mapping, along magnetic ficld lines, between
the ionosphere and the magnetosphere. In that section, I discuss the basis for my
specification of each of the above.

Figures 33 and 34 are contour plots showing model magnetic ficld magnitudes



112

on the Xgm = —25 Rg surface. The magnetic field here is due to a terrestrial
dipole, a model ring current carrying 1.2 MA of current and the model tail current
system described here. In Figure 33, the sharpness of the boundary between the
model magnetosphere and the interplanetary medium is evident in the sharpness
of the change in magnetic field strength at the model magnetopause. The contour
plot in Figure 34 shows the model magnetic field strength in the region outside of
the model magnetosphere. In comparison to the magnetic field strength within the
model magnetosphere, the values are small, but not zero. That the field is not zero
is a consequence of the fact that the magnetopause currents are not truly shielding,
in the sense that shielding the interplanetary medium from the magnetospheric
magnetic ficld has not been a consideration in the choice of where to locate the
currents and how much current to use.

It is interesting to compare the contour plots in Figures 33 and 34 with the one
showing magnetic field strengths on the same plane, but given by the T87 model
(Figure 8). I point out, also, that the magnetic field in the lobe regions given by
my model is curl-free: any point outside of the current elements that make up the
theta shaped circuits, and inside the model magnetosphere, is not within any one
of the infinitely long cylindrical regions that have extraneous finite current within
them (see Figures 26 and 27 and the accompanying text).

In chapter 2, I showed that the shape of T87 model field lines, in the region
where the actual magnetopause typically is located, is unrealistic. For field lines just
inside the magnetopause, I argued, this flare should be equal to the rate of change of
magnetopause radius with X, (see equation 29). In Figure 35, I show values of the
flare of the magnetic field from my model, as determined using the left-hand side of

equation 29. The three curves give values of this flare, at Xgem = —25 Rg, on three
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lines passing through the model magnetopause. The three lines are each parallel
to the Zgem direction and are at Ygon = 0, Ygsm = 10 Rg and Yg,,,, = 20 Ry;. For the
results shown here, the model magnetopause is fit to the empirical relationship of
Sibeck et al. [1991] between magnetosphere radius and X, appropriate for solar
wind dynamic pressures in the range from 2.6 to 4.9 nPa. The current elements used
to build up the magnetopause part of the cross-tail current system are all of radius
1 Rg. At Xgem = —25 RE, the centres of these elements are on a circle of radius 23
Rg. For a magnetopause shaped exactly the same as the surface given by Sibeck’s
empirical relationship, the derivative dR/dXy, should be -0.21 at X, = =25
Rg. The value of this derivative, as given by the flare of magnetic field lines in
my model, is roughly -0.2 just inside the model magnetopause current layer, over
a large range of Yyem values. Figure 36 shows values of the model magnetic field
strength along the same three Y, =const lines on which the values of magnetic

field flare shown in Figure 35 were determined.
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Figure 29. Location of current elements used to build up a model ring current. The
19 curves shown here are approximations of Earth-centred circles. Each curve is
constructed with 40 straight line segments. These segments are the axis of current
elements used to build up the model ring current.
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Figure 30. Northward (Zgm) component of magnetic field in the equatorial plane
due to three model ring currents. Here, p is /X2, +Y2,. The dotted and solid
curves show values of the magnetic field due to the ring current configuration in
Figure 29, where the radii of the current elements are 1 and 2 Rg, respectively. The
dashed curve shows values of magnetic field due to a model ring current constructed
out of one current loop. In the latter case, the radii of the current elements are
0.5 Rg and the centre of each element is at p = 6 Rg. In each case, the total ring
current is 1.2 MA and is flowing from east to west.
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Figure 31. Magnetic field intensity in the equatorial plane due to a terrestrial
dipole and a model ring current. The magnetic field due to the dipole alone is the
straight line of slope -1. The other two curves correspond to the magnetic field due
to the dipole and a model ring current. In each of these two cases, the model ring
current corresponds to that shown in Figure 29. The radii of the current elements
are 2 Rg. The curve closest to the straight line (dipole only curve) is for a ring
current with a total current of 5 MA. The third curve is for a 10 MA ring current.
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Figure 32. Current flow paths for the model cross-tail current system. The curves
shown here are drawn by connecting, with straight line segments, the start- and
end-points of the current elements used to build up “theta” shaped circuits.
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Figure 33. Model magnetic field magnitude on the Xgm = —25 Rg surface. The
magnetic field is the sum of those due to a terrestrial dipole, a model ring current
carrying a total current of 1.2 M A and a model cross-tail current system con-
structed as shown in Figure 32. The peak value is 23.5 nT. Contours for |§|=10,
14, 18 and 22 nT are plotted. The dashed (outermost) contour indicates values of
| B]=10 nT and the two dotted contours indicate values of |B|=22 nT.
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Figure 34. Model magnetic field magnitude on the surface Xgsm = —25 Rg. The
magnetic field is from the same model as described in the caption for Figure 33.
Here, values outside of the model magnetosphere are showr.. The nearly circular
IE |=10 nT contour is in (roughly) the centre of the model magnetopause current
carrying region. The dashed contour is for |B|=0.9 nT and the other two solid
contours are for |B|=0.7 nT and |B|=0.5 nT.
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Figure 35. Flare of model magnetic field lines as calculated using the left-hand side
of equation 29. The values are plotted as a function of radial distance from the
Xgom axis (i.e., p = /Y2, + Z2,,. The values shown are calculated along three
Ygem = const lines in the X,,m = —25 Rg plane (in particular, Ygem = 0, Ygem = 10
Rg and Ygam = 20 Rg). The two vertical lines indicate, roughly, the location (in
terms of p) of the centre and inner edge of the model magnetopause current layer.
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Figure 36. Model magnetic field strength on the same three Yy, = const lines on
which the values shown in Figure 35 were determined.
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Elements of a Global Model: Field-Aligned Currents

There have been a number of efforts to model the effects of field-aligned currents
in the magnectosphere. Early work involved the addition of the magnetic field
due to currents flowing along dipolar magnetic field lines to that of the dipole.
For example, Kisabeth [1979] used the Biot-Savart law to evaluate the magnetic
field due to ficld-aligned current configurations. Developing such a model required
both a reasonable model of the field-aligned current distribution and an efficient
numerical method of determining the magnetic field. Kisabeth [1979] used a model
current systc - proposed by Bostrém [1971] as a building block to construct a large-
scale model current system. He used the following three techniques to evaluate the
magnetic ficld due to the model current system: (1) direct integration of the Biot-
savart law integral; (2) determination of a magnetization distribution equivalent
to the current distribution and using that magnetization distribution to calculate
the appropriate magnetic scalar potential; (3) determination of a magnetic charge
distribution from which a magnetic scalar potential can be determined [Kisabeth,
1979). The second and third methods were developed by Kisabeth [1979] in order to
decrease the amount of computer time necessary to calculate the model magnetic
field.

In more recent years, the object of most studies of the magnetic effects of the
ficld-aligned currents has been to include their effects in a realistic magnetospheric
magnetic field model. Kaufmann and Larson [1989] developed a model of field-
aligned currents in order to study how the magnetic field due to these currents
might affect the mapping of electric potential distributions from the ionosphere
to the magnetosphere. They used Olson and Pfitzer’s [1974] technique to model

the magnetic effects of the field-aligned current system. Their model of the field-
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aligned current system consisted of a number of current loops, each of which was
constructed from a number of finite length wire elements. The current loops were
placed on a background magnetic field. It was necessary to perform several itera-
tions, tracing new field lines upon which to put current loops, using the background
magnetic field and the magnetic field of all of the loops. They found that it was
generally possible, using their technique, to construct “self-consistent” configura-
tions of these field-aligned currents. Here, self-consistent is taken to mean that
the added current is indeed field-aligned. Stern [1993] and Tsyganenko [1991] have
been working towards a more general representation of the magnetic ficld caused by
the large-scale field-aligned currents. Both Stern and Tsyganenko are developing
analytical functions to represent the magnetic field due to large sheet-like current
structures, with the curresnis flowing in a pattern expected from observations of the
ionospheric end of the current system [e.g., Jifima and Potemra, 1976). Their ap-
proach is computationally more efficient than that of Kaufmann and Larson [1989).
As well, it is possible to use this technique to attempt to extract information about
the distribution of field-aligned currents from a large data base of in situ mag-
netic field measurements. The approach of Kaufmann and Larson [1989)] has the
disadvantage that, because the current elements are segments of wire, the current
density associated with the field-aligned current model is either zero or infinite.
As well, there are singularities in the magnetic field: near the wire elements, the
magnetic field becomes infinite. Their approach, however, leads to a current sys-
tem that is actually field-aligned. Furthermore, it is flexible enough that the model
field-aligned currents can be closed in the magnetosphere along any specified path
and can be used to explore the consequences of different possible current closure

paths. This is an important advantage, considering the lack of knowledge about
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how these currents close in reality.

The approach I use in the development of the model presented here is similar to
that of Kaufmann and Larson [1989]. I use a large number of current elements to
construct a large scale field-aligned current system. The current elements, however,
are not infinitesimally thin wire segments with an infinite current density. Instead,
I use elements with current densities that are volume-filling.

I will add the effects of the field-aligned currents to a background model field
that, presumably, does not already include these effects. Initially, I construct a
model current-carrying flux tube using current elements by positioning the end-
points of each element (i.e., the points at z; and 2; along the z-axis of each element)
on the magnetic field line. To create the magnetic effect of a field-aligned current
sheet, I carry out this procedure along a large number of closely spaced field lines.
I model the magnetic effects of the morning sector Region I and Region II current
sheets by placing the ionospheric ends of these model sheets as indicated in Figure
37. By applying symmetry relationships, extended this pattern to model Region I
and II currents in the evening and morning sectors in the scuthern and northern
hemispheres. Each Region I flux tube has a corresponding Region II flux tube with
an ionospheric footprint in the same magnetic meridian. The two flux tubes are
connected in the ionosphere by a meridional current element. The closure of these
currents in the magnetosphere is through one of two possible paths, illust.rated
in Figures 38 and 39. The first closure path (Figure 38) connects the Region I
and Region II flux tubes through a radial current element in the equatorial plane
while the second circuit connects the dawn and dusk sector Region II currents az-

imuthally in the equatorial plane and takes the Region I currents out to the distant

magnetosphere.
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In a process similar to one outlined by Kaufmann and Larson [1989], I retrace
the field lines on which the current elements are centred a number of times using
the modified magnetic field, in an attempt to iterate towards a field-aligned con-
figuration. How field-aligned the final configuration will be is dependent on how
much current is added and how far out in the magnetotail the currents are taken.
It is essential that the current configuration be as close to ficld-aligned as possible
if mapping studies can be carried out on field lines that are in the vicinity of the
current sheets. A typical consequence of this condition not being met well enough
is that the field lines of interest will cross a current sheet. If this happens, the
integrated effects of the field-aligned currents along such a field line will be far
from reasonable.

There are several criteria that I could use in the selection of the constant «
(which is same for each element making along any given closed current loop). For
a flux tube constructed with these elements, I could select « so that the current
density in the ionosphere is some desired value. If this value is Jj; (in gA/m?), and
the expressions for the magnetic field due to either type I or type II elements are
to give values in n'T with the input parameters in units of Earth radii, then for any

element along this model flux tube

o = poa? Jy, 10°Rg /2 (62)

where a; is the radius of the ionospheric end of the flux tube in Earth radii,
Mo = 4m10~7 and Rg is the radius of the Earth in meters. A sccond possibility
is to select values of a so that the total amount of current flowing in the field-

aligned circuit is some desired value. A third possibility is to paramecterize the
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amount of current in the model field-aligned current distribution so that a desired
maximum perturbation of the eastward component of the magnétic field in the
top-side ionosphere (i.e. at TRIAD altitude) is produced.

For this study, I choose values of the radius a of the elements so that, at the
ionospheric end of the flux tubes, the current sheets have an ionospheric footprint
with a north-south extent of roughly 1.5°. The radius a of the elements increases
with increasing distance from the Earth, corresponding to the increasing cross-
sectional area of the flux tube. The coefficient a, and therefore the amount of
current carried by an element, is the same for each element of a model current
loop.

A complication arises because of the use of cylindrical current elements and
the fact that, in reality, circles in the ionosphere do not map to circles in the
magnetosphere. A model flux tube, constructed out of cylindrical elements, will
have an increasingly unrealistic cross-section with increasing distance from: the
Earth. A current sheet constructed from these flux tubes will remain a current
sheet; however, the rate at which the current sheet thickens will not be “correct”,
in the sense that the magnetic flux contained in the current sheet wiil vary with
distance from the Earth. Figure 40 shows a comparison of the thickness of a typical
model current sheet with that of a current sheet that has the same ionospheric
footprint but is also threaded constant magnetic flux. The model current sheets
are always thinner than they would be if the magnetic flux threading them did not
vary with distance from the Earth.

It would be possible to adjust the flux tube radii so that the magnetic flux
threading a model current sheet does not vary with distance from the Earth. In

the present work, however, I have not done this for the following two reasons,
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one of which applies to the Region I current sheets and the other to Region I1
current sheets. First, in the inner magnetosphere, the difference between the model
current sheet thickness and the correct current sheet thickness is small except near
the equatorial plane, where the current is being diverted into transverse closure
current. Therefore, this effect is not important for the model Region II currents.
Second, although the effect is more important for the Region I currents (away from
the equatorial plane the ratio of the correct to the modelled layer thicknesses can
be 1.5 or more), several processes will broaden a current sheet causing it to have a
larger ionospheric footprint than magnetic flux conservation alone would indicate.
For example, the dawn-dusk electric field will cause charged particles in the PSBL
to F x B drift towards the equatorial plane [e.g., Onsager et al., 1991].

The model I have presented here provides magnetic field values due to night-side
Region I and II currents on the dawn and dusk sides of the noriliern and southern
hemisphere magnetosphere. The model currents close through two different paths,
as I illustrate in Figures 38 and 39. In the ncar-Earth region, currents closed
either way produce similar magnetic field perturbations. Here, “ncar-Earth” means
Earthward of where field lines, on which model Region II currents are placed,
intersect the equatorial plane. On the other hand, further out in the magnetotail,
currents closed through the two possible paths will produce magnetic perturbations
that differ significantly. To produce the results presented below, model Region 11
currents are placed or. .eld lines that cross the equatorial plane roughly 8 Ry, from
the Earth. Here, the regions Earthward and tailward of 8 Rg are the inner and
outer magnetosphere, respectively. For beth regions, I discuss effects of added
currents on the magnetic field and on mappings between the ionosphere and the

region in question in the following chapter.
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I use model currents constructed with type I elements and closed as shown in
Figure 38 to produce the inner magnetosphere results. Figure 41 shows magnetic
field vectors, due to the model current system, determined on a surface 6 Rg
from the Zg,, axis. In Figure 42, a latitude profile of the difference between the
castward components of the modified and background magnetic fields at TRIAD
altitude (800 km) is shown. I present meridional profiles of the Zg, and azimuthal
(¢) components of the magnetic field due to the current sheets on a surface 6.63 Rg
from the Earth’s centre on the 0300 hours MLT and 0125 hours MLT meridians in
Figures 43 and 44, respectively. Away from the edges of the current sheets and in
the near-Earth region, where the azimuthal component of the background magnetic
ficld is small, the peak azimuthal component of the magnetic perturbation due to
the field-aligned currents should vary as 1/R,,, where R,, is the distance from the
Zgsm axis. Figure 45 shows a comparison of the model peak perturbations in the
0300 hours MLT meridian with those expected on the basis of a 1/ R, dependence.

Figures 46 through 49 show effects of field-aligned currents on the magnetotail
magnetic field. Currents closed radially in the equatorial plane (i.e. as in Figure
38) decrease B, near midnight in the equatorial plane and increase the flare of the
CPS magnetic field away from midnight. On the other hand, a current system
with Region II currents closed azimuthally through a “partial ring current” and
Region I currents taken out to the distant magnetotail (i.e. as in Figure 39) will
increase B, near midnight in the equatorial plane, but will have little effect on
the flare of the CPS magnetic field relative to the noon-midnight meridian. It is
often assumed that the field-aligned currents will cause an increase in equatorial
B. near midnight [e.g., Rostoker and Bostrém, 1976; Donovan et al., 1992). That

field-aligned cuirents could also cause a decrease in equatorial B, near midnight is
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an interesting and unexpected result that could help to explain Fairficld’s [1986]
observation that in the equatorial magnetotail, B, is observed to be larger at the

flanks than near midnight.
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Figure 37. View from above the north pole of the northern polar region showing
a locus of points used as footprints of the model night-side Region I (marked ‘T’)
and II (marked ‘II’) currents.

60
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Figure 38. One closure path of field-aligned currents used in this study. Here,
the Region I and Region II current elements are closed with north-south current
elements in the ionosphere and radial current elements in the equatorial plane of

the magnetosphere.
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Figure 39. One closure path of field-aligned currents used in this study. Here,
Region I and Region II current elements are joined in the ionosphere with north-
south current elements. The dawn-side Region II current is connected tc the dusk-
side region II current azimuthally in tne equatorial plane. The region I currents
are taken out to the outer magnetosphere.
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Figure 40. Current sheet thickness as a function of distance from the Earth. These
values are determined along a field line traced using the T87 Kp = 2 magnetic
field model. The field line footprint is in the ionosphere at 69° latitude and 0200
hours MLT. The expected thickness, based only on magnetic flux conservation, of a
current sheet that is 0.030 Rg thick in the ionosphere and is centred (latitudinally)
on this field line is shown by the dotted curve. The dashed curve shows the thickness
of a model current sheet. The solid curve shows the ratio of the expected current
sheet thickness to the model current sheet thickness.
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Figure 41 . Vector plots showing (a) the perturbation magnetic field due to the four
lobed field-aligned current pattern and (b) a more detailed view of the magnetic
perturbation due to the morning sector northern kemisphere currents. Both plots
show values determined on a surface 6 Rg from the Zg,, axis. Panels a and b show
only vectors with magnitudes larger than 15 and 10 per cent of the maximum value

on the plot. respectively.
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Figure 42 . The eastward perturbation magnetic field at TRIAD altitude (800 km)
and 2100 hours MLT due to the model field-aligned current system. The current
system sed here is a mirror image (in the noon-midnight meridian) of a current
system with ionospheric footprints as shown in Figure 37. Note the similarity to
Figure 1.



136

10

g -1of
m I
-0

: Bg
—30

AP VRPN IPPIPIN IR R B
2 25 3 35 4 45 5

Figure 43. Magnetic field due to the model field-aligned current system on a surface
6.63 R from the Earth’s centre (geosynchronous orbit distance). For points on
the curve at 0300 MLT from Zgm = 2 Rg t0 Zgm = 5 Re, the azimuthal (solid
curve) and Z (dashed curve) components of the magnetic field due to the model
field-aligned currents are shown. The field-aligned current consists of Region I
and Region II currents with ionospheric footprints as shown in Figure 37. Type
I current elements are used. The amount of current in the field-aligned current
system gives a 450 aT eastward magnetic field perturbation at TRIAD altitude.
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Figure 44. Same as Figure 43, but values determined on a curve at 0125 MLT.
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Figure 45. The expected (solid curve) and model (crosses) maximum values of the
azimuthal magnetic field due to a model field-aligned current system as a function
of distance from the Zg,, axis. The model current system consists of Region I
and Region II currents with ionospheric footprints as shown in Figure 37. Type I
current elements are used. The current system spans 5.5 hours of local time from
0030 hours MLT to 0600 hours MLT. The values shown here are from 0300 hours
MLT.
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Figure 46. Magnetic field due to added field-aligned and closure currents on the
surface Xgsm = —15 Rg. The amount of current added gives an eastward pertur-
bation of 125 nT at TRIAD altitude. The Region I and II currents are closed in
the magnetosphere as shown in Figure 38. The peak magnitude of vectors on this
plot is 5.7 nT and all vectors with magnitudes less than 2 nT are set to zero length

for clarity.
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Figure 47. Magnetic field due to added field-aligned and closure currents on the
surface Xgom = —15 Rg. The amount of current added gives an eastward pertur-
bation of 65 nT at TRIAD altitude. The Region I and II currents are closed in the
magnetosphere as shown in figure 39. The peak magnitude of vectors on this plot
is 3.9 nT and all vectors with magnitudes less than 1 nT are set to zero length for

clarity.
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Figure 48. Equatorial B, in noon-midnight meridian due to added field-aligned and
closure currents. The current system producing the values shown by the dashed
curve gives an eastward magnetic field perturbation of 125 nT at TRIAD altitude
and is closed as shown in figure 38. The solid curve shows values produced by a
field-aligned current system that gives an eastward magnetic field perturbation of
62.5 nT at TRIAD altitude and is closed as in figure 39.
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Figure 49. Equatorial B, at Xgem = —15 Rg due to added field-aligned and closure
currents. The current systems producing results shown by the solid and dashed
curves are described in the caption for figure 48.
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4. Applications

In this chapter I present results obtained from applications of the modelling
technique I outlined in chapter 3. I begin with an exploration of how ficld-aligned
currents affect mappings between the ionosphere and the magnetosphere. Follow-
ing this, I describe my efforts to construct a global model of the magnetospheric
magnetic field that includes contributions due to the ring, Chapman-Ferraro and
cross-tail currents. I then discuss how mappings obtained using this new model are
influenced by field-aligned current effects. Finally, using this model, I map auroral

features observed by the Viking Satellite UV imager into the magnetotail.

Effects of Field-Aligned Currents on Mappings

The results presented in this section were produced using an ad hoc model of
the magnetic effects of field-aligned currents superposed on the T87 model ficld.
In chapter 2, I argued that the global effects of the field-aligned currents are not
included in empirical models and the rationale behind the decision to add the effects
of field-aligned currents to the T87 magnetic field model.

I have used this model to investigate the effects of ficld-aligned currents on
mapping between the ionosphere and geosynchronous orbit. Field lines are traced
from a point that is 6.63 Rg from the Earth’s centre. Two ionospheric footprints of
this point are determined by tracing field lines towards the ionosphere using both
the T87 model and a modification of it that includes field-aligned current effects.
The footprint determined from a T87 model tracing will differ, in both longitude
and latitude, from the footprint obtained from a tracing produced by the modified

T87 model. These differences are determined for points on two curves, one at 0300
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hours MLT and the other at 0125 hours MLT. Each curve covers the range from
2 to 5 Rg above the equatorial plane (2 < Zgm < 5) on a surface 6.63 Rg from
the Earth’s centre. I show the results for 0300 and 0125 hours MLT in Figures 50

and 51, respectively. These results were produced using an amount of field-aligned

current that gives an castward mai 7. perturbation of 420 nT at TRIAD altitude.

Figure 50, together with T . strates that the longitude shift of the
ionospheric footprint of poicts &¢ ‘ronous orbit is largest for points that are
between the Region I and 11 curr ..., The maxin<am longitude shift is a function

of the amount of current flowing in the added current system (Figure 52).

In the outer magnetosphere ( “outer” here means beyond Region II currents),
the manner of current closure has a significant effect on the magnetic perturbations
produced. This was clearly illustrated in chapter 3 where I showed the magnetic
perturbations due to current systems closed as shown in Figures 38 and 39 (see
Figures 46 through 49). To illustrate the possible effects of field-aligned currents on
mapping between the ionosphere and the outer magnetosphere, field line traces were
produced using the T87 Kp = 2 model with various amounts of added field-aligned
current. Figures 53 and 54 show that a field line (defined here by its ionospheric
footprint) is swept towards the flanks of the magnetosphere, due to the magnetic
effects of field-aligned currents that are closed as shown in Figure 38. The field
line traces shown in both figures are terminated where the field line crosses the
equatorial plane.

Figures 53 and 54 show that field-aligned currents, closed radially in the equato-
rial plane, cause CPS field lines equatorward of the Region I currents to flare away
from midnight. The equatorial crossing point of a field line traced from a specified

point in the ionosphere moves away from midright (to larger |Ygem|) if the mag-
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netic effects of field-aligned currents are added to the background magnetic field
model. The shift increases with both the amount of added field-aligned current
and the ionospheric footprint latitude. This result has been discussed qualitatively
by Lui and Krimigis [1984], who suggested that the magnetic shear between field-
aligned current sheets is an important factor in determining where field lines in
the high-lati.ude plasma sheet will cross the cquatorial plane. The field lines are
traced using a model with field-aligned curreuts closed as shown in Figure 38; the
same has not been done using currents closed as shown in Figure 39. The vector
plots in Figures 46 and 47 clearly show, however, that the effect of field-aligned
currents closed as shown in Figure 38 on By, in the CPS, is much larger than that
of currents closed as in Figure 39. Thus, the latter field-aligned currents wili have
much less effect on the flare of CPS field lines.

The mapping results presented here indicate that, due to the magnetic cffects
of field-aligned currents, field lines threading the CPS might cross the equatorial
plane much further from midnight than mappings based on empirical models that
do not include these effects would indicate. This is an important result because,
for instance, it could shed light on whether or not high-latitude regions of the
evening sector auroral oval are conaected to the LLBL along magnetic field lines
[cf. Rostoker, 1991]. To answer this question convincingly, onc way or another, it
will be necessary to develop an empirical model that incorporates the global effects
of field-aligned currents; however, unless the path of closure of these currents is
correct in the model, it is unlikely that the mappings so produced will be any more

trustworthy than those available with present models.
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Figure 50. Shift in longitude (solid curve marked ¢) and latitude (dashed curve
marked €) of the footprints of field lines traced towards the Earth from points on
a curve at geosynchronous distance and 0300 hours MLT. The values on the plots
are obtained by tracing field lines towards the Earth first using the T87 model
and then using the T87 model with field-aligned currents added. The model field-
aligned current system used here is the same as that used to produce the results
shown in figure 43.
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Figure 51. Same as figure 50, but values determined on a curve at 0125 hours MLT.
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Figure 52. Maximum westwaid local time shift of the ionospheric footprint of
field lines traced from points at 0300 hours MLT and on a surface 6.63 Rg from
the Farth’s centre. The local time shift is plotted as a function of the maximum
perturbation of the eastward component of the magnetic field at TRIAD altitude

(890 km).
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Figure 53. Projections in the XYgm plane of field lines traced using the T87
Kp = 2 model modified to include the magnetic effects of field-aligned and closure
currents. The five field lines shown here were traced with amounts of field-aligned
current added that would produce eastward perturbaticns of the magnetic field
at TRIAD altitude of 0 nT, 62.5 nT, 125 nT, 187.5 oT and 250 nT. Only the
field lines corresponding to 0 uT and 250 nT are labelled. 0 nT corresponds to
no field-aligned current added. Thc field lines all have an ionospheric footprint at
68.6° latitude and 0200 hours ML: and terminate in the equatorial plane (i.e. at

Zgam = 0).
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Figure 54. The same as figure 53, but for field lines with ar ionospheric footprint
at 69.45° latitude.



A New Global Model

In this section, I outline my efforts to develop a new global magnetic ficld model
for the nightside magnetosphere. This model does not include the magnetic effects
of field-aligned currents; however, it does include contributions from the Chapman-
Ferraro, ring and cross-tail currents. I use the magnetic ficld due to the model ring
and cross-tail current systems discussed in chapter 3 (sce Figures 29 and 32). In the
following paragraphs I shall briefly outline the model of the magnetic effects of the
Chapman-Ferraro currents. As well, I shall explain how I parameterized the cross-
tail current model and then chose those paramecters. I conclude by presencing a
model of the magnetospheric magnetic field (excluding ficld-aligned current effects)
appropriate for an unspecified magnetospheric activity level and times when the
dipole tilt angle is close to 0°.

The model for the magnetic effects of the Chapman-Ferraro current: is the
same as that used by Olson and Pfitzer, [1974]). As I described in chap-.. 2,
they used the technique of Olson [1969] to calculate magnetic field values due to
the surface currents at various points in the magnetosphere. C. Pfitzer has made
this array of values of the magnetic field available to me. I lincarly interpolate
between the values to obtain an estimate of the magnetic ficld. The magnetopause
surface they used in their original calculation had a standoff distance of 10 Ry, [C.
Pfitzer, personal communication, 1993]. Olson and Pfitzer [1982] have developed
a method of scaling these values with magnetospheric activity; however, I have
avoided adjusting these magnetic field values for the following reason. The scaling
process they developed involves the assumption that, for all magnetospheric activity
levels, the magnetopause shapes are self-similar. That is, one magnetopause can be

obtained by simply expanding or contracting another and not changing its shape.
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On the other hand, the average magnetopause shape is expected to be different
for different activity levels. In particular, increases in reconuection will lead to
decreases in the standoff distance and an increase in the flare of the magnetotail
[e.g., Sibeck et al, 1991).

The standard approach in magnetospheric modelling is to construct a model
that depends on a relatively large number of parameters. For example, the T87
model field is specified by twenty linear and ten nonlinear parameters [ Tsyganenko,
1987]. The large number of parameters, coupled with the inclusion of the power
series function, allows the model to fit the data relatively well even though, as
discussed in chapter two, the basic current systems in the model differ markedly
from the real currents. This lack of correspondence between the model and actual
current systems will always limit how usable and how trustworthy such a model
is. As well, the T87 model is fit to the average of the data. The large number of
parameters will allow this fit to be reasonably good; however, we have no guarantee
that the average magr stic field configuration is a valid instantaneous magnetic field
configuration. Also, the fitting process may introduce significant discrepancies
between the real and model fields in regions not well represented in the data set.
An example of this is the cccurrence of regions of negative B, in the T89 model
neutral shect that I discussed in chapter 2.

In what follows, I describe how I select the parameters that provide values for
all properties that must be specified in the model. From the outset, I point out
that in developing this model I have decided to keep the number of parameters as
small as possible. The parameters desciibing the ring current and the thickness and
inner edge location of the current sheet are s,cecified a priori. The cross-tail current

strengtl: and curvature are then selected so that the model field fits the empirical



function of Rostoker and Skone [1993] for B, in the neutral sheet and that of Slavin
et al. [1985] describing the lobe ficld strength. There are differences between the
model field in the regions of validity of those functions and the functions. This is
not surprising: as I shall discuss in the concluding chapter, the model still lacks
several key elements of reality.

For simplicity, I use the model ring current discussed in chapter 3 whose prop-
erties are illustrated in Figures 30 through 32. The current carried in the model
ring current is westward and the radii of the elements used are each 2 Rg. This
reflects, roughly, the maximum distance above the equatorial plane of field lines
that cross the equator in the ring current region. The total current carried is 3
MA. In the equatorial plane outside of the ring current region, the magnetic field
produced by this current is very nearly dipolar. The strength of magnetic dipole
that would produce this magnetic field is ~25% that of the terrestrial dipole (see
chapter 3). This is an appropriate value for the dipole moment of the ring current
system [Schield, 1969)].

To specify the dimensions of the magnetotail, I use one of the empirical rela-
tionships of Sibeck et al [1991]. In particular, I choose the cu:pirical model for the
radius, as measured from the sun-Earth line, of the magnetotail, appropriate for
solar wind pressures between 2.6 nPa and 4.9 nPa. My reason for using one of the
empirical models of Sibeck et al. [1991] is that these models are based on the most
comprehensive study of magnetopause location to date. As well, the particular
model used gives a magnetopause standoff distance of 10 Rg. Also, it was obtained
by fitting to the locations of magnetopause crossings during times when the solar
wind pressure fell within the stated range. the IMF direction was not a selection

criterion. The surface that Olson and Pfitzer [1974] used as a magnetopause for
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their Chapman-Ferraro current calculations also had a standoff distance of 10 Rg.
As well, the surface was obtained by balancing magnetospheric magnetic pressure
with so ur wind pressure (see Chapter 1) and the IMF was assumed zero in their
calculations.

The thickness of the cross-tail current sheet is set to a constant value of 3
Rg;. While this cross-tail current model is a representation of the neutral sheet
current, it is significantly thicker than the neutral sheet current is expected to
be [Eastwood, 1974). Using smaller radii current elements, however, leads to a
coarse magnetic field in the vicinity of the neutral shec when reasonable numbers
of current loops (i.e., ~100) are used. In order to allow for a relatively smooth
transition from tail-current to ring current, ! place the inner edge of the taii current
at Xgem = —7 Rg (at midnight), which is a reasonable location for the inner edge
based on observational evidence [e.g., Frank, 1971). The downtail extent of the
model crv;ss-tail current system is 70 Rg. The curvature of the cross-tail current
is specified in three locations. These are at the inner edge, at Xgm = —20 Rg
and at Xgm = —70 Rg. The measure of curvature that I use is the separation in
Xgsm between the point where a given current line passes through midnight and
where it intercepts the magnetospheric boundary (The current is forced to flow on a
circular arc between those two points.). The cross-tail current strength is specified
at the inner edge and at Xg, = —20 Rg. Both the curvature and strength of
the model cross-tail current vary linearly between the locations where they are
specified. Beyond Xgm = —20 Rg, the cross-tail current falls off as | X~%%3|. This
is the Xgum dependence that Slavin et al. [1985] obtained by fitting a function to
average lobe magnetic field strengths.

In order to allow for a relatively smooth transition between the ring current and
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tail current, the latter must be curved in the equatorial plane. This curvature is
supported by observation (see Tsyganenko [1989] and references therein). I assume
that the current at the inner edge follows a nearly circular path and, as well, that
in the distant tail it follows a nearly straight line across the tail. The actual values
of curvature that I use are adjusted to improve the fit of the model to the average
values of the magnetic field in the lobe and neutral sheet according to the empirical
functions of Slavin et al. [1985] and Rostoker and Skone [1993], respectively.

In order to assess how well the model fits the two profiles I use the following

three merit functions

1 [Xem=—20Rs [ B'(X,0,12) — B.(X,0,12)]* ..

A 2 — / r y YV xr Y )

( 1) 25RE Xgsm=—~45Rg [ Bx(X,O,IQ) X (63)
1 [Xem=—10Re [ B'(X,0,0) — B,(X,0,0)]° ..

A‘ 2 — / 2 » VY 2 1 Yy L

(42) 30RE JXyom=—40Rg [ B.(X,0,0) X (64)
1 Xem=-15Rs [ B'(X, 10,0) — B,(X, 10,0)]?

A 2 = / it el ) z i ’ 1X -

T X gum=—40RE [ B.(X,10,0) dX (65)

and primed and unprimed quantities refer to the model and empirical quantities,
respectively. For B, at Zgm = 12 Rg (Ay) I use the empirical function of Slawin
et al. [1985], which is relevant for the tail lobe. For B, in the ncutral sheet along
the sun-Earth line (Az) and at Ygm = 10 Rg (A3) I use the empirical function of
Rostoker and Skone [1993], which is relevant for the neutral sheet. The functions
A1, Az and A3 are rms fractional deviations. Setting the denominators in each

of the three merit functions equal to unity changes the values given into actual
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rms deviations. To obtain a first estimate of the cross-tail current strength at
Xgan = —20 Rg, I minimize (numerically) A; with respect to that strength. Then,
with that parameter fixed, I minimize the sum of (A2) and (A3) with respect to
the current strength at the inner edge. Successive iterations of this process do not
change the values of these parameters significantly.

In the version of the model presented here, the cross-tail linear current density
is 40 mA/m at Xgm = —20 Rg and 90 mA /m at the inner edge. The rms fractional
deviations of the model lobe field from the final values of A;, Ag and A3 are roughly
0.04, 0.3 and 0.3, respectively. These actual rms deviations obtained by setting the
denominators in the integrals to unity in equations 63, 64 and 65 are roughly 1.0,
0.90 and 1.8 nT, respectively. The model magnetic field in the neutral sheet and the
lobe is shown in Figures 55 and 56. The model field is the sum of a terrestrial dipole
field and that due to the model cross-tail, ring and Chapman-Ferraro currents.

T - re is one striking feature on the plot of the model magnetic field in the
necutral sheet along the sun-Earth line (Figure 55a). This is the large model B,
relative to the function of Rostoker and Skone [1993] in the region between roughly
Xgsm = —15 Rg and Xg,n = —20 Rg. The data to which Rostoker and Skone [1993]
fit their empirical function show the same trend. Their Figure 3b, comparing their
data with the best fit function clearly illustrates that for Xy values between -
15 Rg and -20 Rg, the average data is larger than their function by about 2 nT.
This is not as great a difference as that between my model and their function.
A possible explanation for the B, values is that, during active times, it has been
suggested that a current “blade” forms in the near Earth magnetotail [Kaufmann,
1987; Mcllwain, 1952). This intensification of the cross-tail current sheet around

Xgsm = —10 Rg is thought to be necessary to explain magnetic field perturbations



157

in the near Earth magnetotail during substorm growth phase [Kaufmann, 1987].
This additional current would provide positive B, tailward of the blade location.

There are differences between my model current system and the actual nightside
magnetospheric current system. One of these is the lack of pressure gradient (or
diamagnetic) currents that flow at the high-latitude edge of the plasma sheet.
These would serve to decrease the Xgm component of the magnetic field in the
plasma sheet. To obtain a specified lobe magnetic field intensity, the total model
cross-tail current strength would be essentially the same as if only a model neutral
sheet current were used. Thus, the inclusion of diamagnetic currents would lead
to both lower model neutral sheet current strengths and model CPS magnetic field
strengths.

A second major difference between my model current system and the actual
magnetospheric current system is the lack of ficld-aligned currents in my model.
In chapter 3, I outlined a method that I developed to model the magnetic effects
of field-aligned currents. I have added a set of model ficld-aligned currents to the
magnetic field model described in this section. The currents I added were closed in
the same way as were the current systems used to produce the shifts of magnetic
field lines towards the flanks illustrated in Figur-s 53 and 54. What I find is that,
for field lines that cross the equatorial plane twenty or so Earth radii down the
magnetotail, the effect of flaring towards the flanks is far less pronounced than
when the currents were added to the T87 mode!. This is due to the fact that
the cross-tail current in my model is much thinner than that in the T87 model.
As discussed above, this representation of the entire cross-tail current by a thin
current sheet leads to larger PS magnetic field strengths. The addition of the

same azimuthal component to my model field will therefore hav- less effect. In
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any event, due to the lack of inclusion of the magnetic effects of the high latitude
currents and our present lack of understanding about how the field-aligned current
system is closed in the magnetosphere, it is just as reasonable not to include these
cffects in the present version of the model as to include them: I have decided not

to include these effects at this stage of development.
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Figure 55. Magnetic field values in the neutral sheet according to the global model
(solid curve) and the empirical function of Rostoker and Skone [1993] (dashed
curve). Values of the model field at Yeem = 10 and Yy, = 0 Rg are shown in

panels a and b, respectively.
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Figure 56. Lobe field strength according to the global model (solid curve) and the
empirical function of Slavin et al. [1993] (dashed curve).
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Mapping During an Individual Event

In this section, I present the results of “mappings” obtained using my model.
This involves the tracing of field lines from the auroral oval out to the equatorial
plane of the magnetosphere. The ionospheric footpoints of the ficld lines are located
in three features of the auroral oval. These features are obtained from two Viking
satellite UV images [Anger et al, 1987] taken at 0114:47 UT and 0116:07 UT on
April 3, 1986. These images are shown in Figures 57 and 58. Also on the images is
the outline of the continents and five MLT mueridians. My choice of this date and
time is based on three considerations. First, my model does not presently allow for
dipole tilt effects and at this time on this day, the dipole direction was very nearly
perpendicular (within 1.5°) to the sun-Earth line. Sccond, the images were taken
during a time of enhanced steady driven activity. Third during the time after the
first image and before the second image (the time interval between the first and
second images is only two minutes) a bright feature in the poleward portion of the
auroral oval jorms (This bright spot is located at 2100 MLT just east of Hudsou
Bay).

The brightening feature indicates a local enhancement of snergetic cleetrom
precipitation and, therefore, of upward field aligned current. At the sanwe tine,
the clear magnetic signature of a current wedge (see introduction) was recorded by
a ground based magnetometer located at Poste-de-la-Baleine on the east coast of
Hudson Bay. This substorm wedge is almost certainly very localized in latitude, as
the magnetic signature of this wedge is not observed by any other auroral or mid-
latitude magnetic field observatory [S. Skone, personnel cormmunication, 1993). The
magnetospheric source region for high-latitude auroral features such as the newly

formed bright spot in Figure 58 are not known. One of the primary uses of magnetic
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field models is in attempts to identify, by field line tracing, the magnetospheric
source regions for auroral precipitation [e.g., Elphinstore et al, 1991].

As an illustration of the use of my model, I shall present the results of field
line tracings from points in the auroral oval at the time the images were taken. I
trace field lines from three loci of points in the auroral oval. These loci ~ve the
equatorward and poleward borders of the oval and a set of points that roughly
trace the boundary of the bright spot. The loci of points defining the poleward
and equatorward borders extend along those borders from roughly 1900 hours MLT
to 2400 hours MLT. For the purpose of comparison I also trace field lines from the
same loci of points using the T87 and T89 model magnetic fields. The /'n = 4
Tsyganenko models are appropriate for the acuivity level at the tini the unages
vwere taken. The model of terrestrial magnetic field that I use for these mappireos
is the complete IYGRF model discussed in chapter 2.

The results of the mappings of the equatorward and poleward borders of the
auroral oval using the T87, T29 and my n:o+el are shown in Figures 59, 60 and
61, respectively. The mapping of the equatorward border is essentially the same.
in cach case, as would be exnectea: the magnetic feld in the near-Earth region is
almost completely dominated by that of the Earth. The mapping of the poleward
border by the T87 model (Figure 59) extends from near midnight out towards the
flank at roughly 40 Rg down the magnetotail. The mapping of the poleward border
by the T89 modecl (Figure 60) also extends to over 40 Rg down the magnetotail;
however, this mapping extends out more towards the flank and along the flank
to X = —10 Rg. In an carlier study of this event [Donovan et al., 1992], we
argued that T89 mapping 1s more reasonable than that of the T.7 model, if the

high-latitude edge of the auroral oval maps to the LLBL through the PSBL as
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is the contention of Rostoker and Eu:~*man [1987]. On the other hand, according
to Vasyliunas (1979] it is possible that the PSBL (techuically, in this paper, he
is referring to the plasma | noary layer separating the CPS and the lobe) and
LLBL are not threaded b, « .u. non magnetic field lines. This view, if true, would
indicate that the T87 mapping is the more reasonable. The mapping by my mwodel
is, roughly, to the saiv-.Jowntail range but extends further towards the flank than
that of the T87 model.

The mappings of the auroral bright spot all fall into roug.ily the same range of
Xgsm- The T89 mapping is further to the flank than that of the T97 model, which
is consistent with the fact that the T89 model ficld is more flared tha: that of the
T87 model (chapter 2). My model mapping falls bety - .n the two others and is
siightiy further from the Earth. According to these three mappings, the particle
precipitating onto this bright spot originate in the CPS. The mappings are ali well
inside of where the magnetopause is likely to be at 25 Ry; down the magnetotail,
In fact, my model magnetopause is roughly 24 Rg ir radiu-: at Xg,, = —25 Ry.

There are difficulties with drawing conclusions from this type of mapping. One
source of difficulty is that I am looking at an individual event. There is a rie - of
real activity levels that correspond to a given value of Kp. Conscequently, there s
a wide range of magnetospheric configurations that can occur during a per’ ' over
which the Kp index does not change. Even if the Tsyganenko models, or .ny own,
do reflect a reasonable “average” magnetic field configuration, thei, it is possible
that a field line starting at a point in the ionosphere might map sigaificantly further
from the Earth or closer to it than these models would indicate. A second souree
of difficulty is that there are differences between the model currents and the ac-nal

currents. This is true for each of the models. I pointed out discrepancies hetween
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the real currents and those in the Tsyganenko models and my own in chapter 2
and the previous section in this chapter, respectively.

The most surprising result of the mappings is that those from my model are as
close as they are to those due to the Tsyganenko models appropriate for Kp = 4.
As I described above, I fit tie model ¢ 5 empirical functions representing the lobe
and neutral sheet magnetic firids. These functions, in turn, are representative of
average conditions (i.e., Kp=2). At higher activi{:- levels, a magnetic field line
passing through a point in the ionosphere will, o .- wora2  ercs: the plane cf the
neutral sheet further from the Earth than it will at quiet times. The T87 and T89
model magnetic ficld- also show this trend [Tsyganenko 1987, 1989}. From these
mappiugs, I must conclude that either my magnetic field model is troo stretched tu

be representative of average conditions or the Tsyganenko models arc not stretched

enough.
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Figure 57. Viking satellite image of auroral oval at 0114:47 UT on April 3, 1976.
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Figure 58. Viking satellite image of auroral oval at 0116:07 UT on April 3, 1976.
The arrow indicates the location of a “bright spot”. A locus of points roughly
forming the boundary of this bright spot are the ionospheric footpoints of the field
lines with equatorial crossing points shown in Figure 62.
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Figure 59. Poleward and equatorward boundaries of the evening sector auroral oval
mapped to the equatorial plane using the T87 Kp = 4 model.
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Figure 60. Poleward and equatorward boundaries of the evening sector auroral oval
mapped to the equatorial plane using the T89 Kp == 4 model.
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Figure 61. Poleward and equatorward boundaries of the evening sector auroral oval
mapped to the equatorial plane using the new model dewcribed in the text.
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Figure 62. Locus of points from the border of the briglit feature in ugure 58
(indicated by arrow) mapped to the equatorial plane using the T87 (solid curve),
T89 (dashed curve) and the new model described in the text (dot-dashed curve).



5. Discussion

There have been a number of studies aimed at testing the validity of global mag-
netospheric magnetic field models. Generally, these fall into one of two categorics.
One involves determining whether the models in question satisfy certain simple
physical criteria, such as the current and magnetic field being divergence free and
the magnetic field being consistent with a simple momentuin balance condition
such as J x B = VG, where G is an unspecified scalar function [e.g., Walker and
Southwood, 1982]. The other involves comparing the model magnetic field with in
situ measurements of the magaetic field [e.g., Fuirfield, 1991; Jordan et al., 1992).
Such tests are important, although it is not entirely clear whetlier the momen-
tum balance condition mentioned above is sa‘.aie i in the re..  anagnetosphere (i.e.
assuming this momentum balance condition ho:" #lacunts to assuming that the
pressure is isotropic and that V x ( V. 6‘7)) or whether the average magnetic field
configuration is representative of any instantancous magnotic field.

In chapter 2, I presented the results of my work aimed at testing the validity of
the Tsyganenko magnetic field models. I feel that, in particular, one of these tests
falls into a third category of testing magnetic field models. The test I ain speaking
about is the use of inferred magnetospheric plasma convection patterns to assess
the mapping capabilities of the Tsyganenko models. In general, this category of
tests involves the use of the model to infer some observable quantity that is not the
magnetic field or the current, and ! comparison of that result with measurements
of the same quantity. This is a way of assessing the mapping capabilities of global
models and is important since these models are used extensively for the purpose of
mapping, along megnetic field lines, between the ionosphere and the magnetosphere

and vice versa. As well, systematic differences between the model field and the
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actual field are likely to be more readily identified in this way. There are two
reasons for this. The first is that the effect of these differences, integrated along an
entire field line, will often be more pronounced than is the difference between the
model and average magnetic field at a given point in space. The second is that, as
I discussed in chapter 2, it is possible that contributions to the real magnetic field
that are important for mapping are not even present in the averaged data upon
which the model is based. The example I discussed in chapter 2 is the possibility
that the motion of a thin current sheet could cause the average magnetic effects in
a region of space due to that current sheet to be close to zero.

The results of the tests I applied to the Tsyganenko models ir chapter 2 led me
to conclude that there are important differencc. vetween the current sv: te. s in the
Tsyganenko models and the actual magnetospheric current system. ‘Lnt- 5 turn,
was my motivation to try to develop new methods of modelling the magnetic effects
of magnetospheric curre its. I based my approach to this problem on that of Olson
and Pfitzer [1974]. One of my contributions has been the use of a different ct.ent
clement ¢o build up the model current systems. The element I us- is a cylinder
of finite radius and length. The advant=ze of this approach is that the magnetic
effects of currents following any specified path through the magnetosphere can be
modelled. As well, although tne currents are both finite and volume filling and the
resulting magnetic field is also finite, the particular choice of current element allows
me to circumvent direct calculation of the magaetic field via the Biut-Savart law.
In fact, it is the magnetic field that is specified: the curreut is found afterwards by
using Ampere’s law. In chapter 3, I outlined the use of this method to model the

magnetic effects of the large scale field-aligned currents and those of the ring and

cross-tail currents.



173

Using the field-aligned current model, I showed that the field-aligned currents
can have a significant effect on mappings between the magnetosphere and the iono-
sphere. As well, I showed that the effects of the field-aligned current distribution
depend markedly on how those currents are closed in the magnetosphere. One
interesting result was that the ficld-aligned current system, including the closure
currents in the magnetosphere, could actually decrease the neutral sheet magnetic
field strength near midnight. Overall, this technique is valuable because it allows
for the modelling of realistic field-aligned current distributions and for the closure
of those currents along any specified path. Althongh I have used this technigue
to model the magnetic effects of a simple night-side Region I and I current sys-
tem in generating the results presented in this thesis, there is uo reason why the
magnetic effects of any field-aligned current systein could net be modelled in this
way (computer power permitting). An example of another use for this method is
as follows. It is possible, based on satellite images of the aurora and simultancous
measurements of the electric potential along the trajectory of one or mo. ¢ satellites
passing across the auroral oval and polar cap, to infer “instantancous” distribu-
tions of field-aligned currents [e.g., Marklund et al., 1987]). Modelling the magnetic
effects of these inferred currents would be useful in individual event (i.c., substorm)
studies.

The global nightside magnetospheric magnetic ficld model I presented in chapter
4 includes the magnetic field contributions of the Earth, as wcll as the neutral
sheet, ring and Chapman-Ferraro currents. This model represents a step forward
for several reasons. The neutral sheet current closure around the magnetospheric
lobes is realistic: the currcai both contains the magnetospheric lobe field and

allows for a realistically flaring magnetotail. As well, the mod-:l lobe m:ugnetic
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field is curl free. These are properties that the most widely used magnetic field
models do not have; however, more work can and should be done to make the global
nightside magnctospheric model that I have developed more realistic and any future
studies done with tiic model more conclusive. For instance, the mapping results
I presented at the end of chapter 4 would indicate that the bright feature in the
auroral image (Figure 62) indicates particle pr. initation from the near-Earth CPS,
weil away from the LLB.. This conclusion may, however, change after the model
current systems are further improved. In the following paragraphs, I discuss the
improveizents that T consider to be the most important. In each case, I briefly
describe how I intend to implement these improvements.

The model - ~=s-tail current does not presently include the magnetic effects of
the diamagnetic crrents that flow through the high-latitude portion of the CPS.
These currents flow from dawn to dusk (or east to west) above and below the
neutral sheet. Together with the neutral sheet current, they comprise tlie cross-
tail current. I would include the effects of these currents as follows. Using type I

clements, I would construct a current loop that goes across the magnetotail
ooe. . the region of space that corresponds to the high-latitude CPS and closes
arcund the lobe. The current closure would be along the same path as the closure
of the neutral sheet current. A second current loop would be included on the other
side of the neutral sheet, enclosing the other lobe. These two current loops form
a theta current configuration. Using a large number of these theta shaped current
elements, I would build up a model of the diamagnetic current layer in both the
northern and southern parts of the CPS.

I stated in chapter 4 that it would be inappropriate to include the field-aligned

currents in a model that does not include the diamagnetic currents. 'The converse



is also true: the field-aligned (Region I) and diamagnetic currents together make
up the high-latitude current system. Once the diamaguetic currents are included
in the model, I would also include the field-aligned currents. Of course, a caveat
oi: any results produced with this model will still be that we do not yet know how
these currents should be closed.

It is also important to allow for a range of magnectospheric activity levels. 1
would give some degree of “a~tivity dependence” to the model by simply varying
the empirical functions represew ng the average magnetic field in the iobe and
neutral sheet to reflect how i{::se quantities change with changes in magnetospherice
activity. One difficulty with this is that while it is well understood how, on average,
the lobe size and ficld strength vary with activity [c.g., Sibeck et al., 1991], it is not
clear how the neutral sheet maguetic field strength behaves. As T point out below,
however, studies are presently being carried out that are aimed at determining the
behavior of the magnetic field strength in the neutral sheet. An activity dependent
model must incorporate an activity dependent comvribution due to the Chapman-
Ferraro currents: solar wind variations that lead to changes in magnetospheric
activity level also cause changes in the size and shape of the magnetopause and,
therefore, in the Chapman-Ferraro currents. As I stated in chapter 4, Olson and
Pfitzer [1982] have developed a method of scaling the magnetic effects of their
Chapman-Ferraro current model based on the assumption that a change in solar
wind parameters wili cause the magnetopause to change from one shape to another,

,
self-si}nilar one. I also stated that there are difficulties with using this approach,
particularly near the flanks of the magnetosphere. One alte: Lative to this approach
is to use the approach of Olson [1969] to obtain models of the magnetic effects of

the Chapman-Ferraro current.: on a number of different magnetopause surfaces,
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cach one corresponding to some specified solar wind parameters. These models
would consist of values of the magnetie field at a large number of locations through
the magnetosphere.

I feel that with the implementation of most of these improvements, the model
will be useful in a number of important ways. Of course, one important applicatiou
will be in studying the connec.don, along magnetic ficld lines, between the high-
latitude auroral ionosphere and the magnetosphere. In particular, the capacity
to model the magnetic effects of both the field-aligned currents and the realistic
closure of the cross-tail current around the lobes will make this model particularly
well suited to studying the topologices of field lines that cross the equatorial plane
near the flanks of the magnetosphere. Hopefully, this will help in determining, for
instance, how significant a role the LLBL plays in the dynamies of the nightside
auroral oval and whether or not the nightside Region I currents are generated in
the LLBL.

In conclusion, I point out three open research questions in magnetospheric
physics which my model may be able to address. First, where are field-aligned
currents generated and how do they close through the magnetosphere?  Second,
what is the distribution of cross-tail current with respect to the neutral sheet?
That is, how much of the cross-tail current is concentrated near the neutral sheet
and how much of it is diamagnetic current in the higher-latitude portion of the
CPS? Third, what is the typical distribution of B, in the neutral sheet region?
Only recently have efforts to answer this last question been undertaken. A study
by Rostoker and Skone [1993] has shown that B in the ncar-Earth neutral sheet is
significantly larger than was previously thought based on measurements in the CPS

near the statistical location of the neutral sheet [e.g., Fairficld, 1979;1986). These
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new results then suggest that some of the well aceepted “rules of thumb” about B;
in the nentral sheet, which are also based on measurements not necessarily in the
nentral sheet, may not be correet. The answers to these questions are important
for the development of realistic models of the large scale magnetospheric current
system. It is also true that sophisticated models of the magnetospheric magne:

ficld, including the realistic effects of field-aligned and cross-tail currents, will help
to answer these questions. Thus, the effectiveness of one of the tools that is used to
vxplore magnetosphere-ionosphere coupling depends on knowledge of that coupling

and progress in this field is an iterative process.
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