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University of Washington
Abstract

Global Modeling of the Average Response of the Magnetosphere to
Varying Solar Wind Conditions

by Ronald Keith Elsen

Chairperson of Supervisory Committee: Professor Robert M. Winglee
Geophysics Program

This dissertation quantifies the average configuration of the magnetosphere using
global two- and three-dimensional numerical simulations. The plasma is approxi-
mated as a fluid, both with magnetohydrodynamics (MHD) and a modified fluid
approximation that includes some particle effects. Model output is studied paramet-
rically in terms of the controlling solar wind dynamic pressure and interpla.nef;a.ry
magnetic field (IMF). Such quantitative studies are a new application of global mod-
els, which predict key features of the magnetosphere under a wide range of solar
wind conditions. The mapping of magnetic field lines and field-aligned currents into
the magnetotail from different auroral latitudes is investigated with a 2-D simulation
in the noon-midnight meridian plane. The modified fluid approximation produces
additional field-aligned currents present in observations, but absent in MHD simula-
tions. While the instantaneous neutral line position during periods of southward IMF
agrees with the near-Earth neutral line model, the average position of the neutral line
in the simulations is much more distant, consistent with ensemble-averaged satellite
data. The size and shape of the magnetopause is predicted using the magnetopause
self-consistently generated by a 3-D global MHD simulation, which shows significant
asymmetry between the noon-midnight meridian and equatorial planes. The average
dawn-dusk magnetopause cross-section is nearly circular, but cross-sections in the
tail are elongated in the Z direction on average. Databases of spacecraft magne-
topause crossings are used to verify simulation results, which also agree well with two
axisymmetric empirical magnetopause models when averaged over clock angle.
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Chapter 1
MODELING THE MAGNETOSPHERE

1.1 Introduction

1.1.1 The discovery of the solar wind

According to the theory originally outlined by Parker [1957a, 1958a, 1959], the corona,
the hot outer atmosphere of the Sun that stretches out a few solar radii, expands
outward at supersonic speeds and forms a “solar wind” that fills the solar system
with the ionized gas called plasma. Similar to the way exhaust gases accelerate out
of a rocket nozzle, this dynamic expansion maintains a radial mass flux against a
large density gradient in the corona held in by the solar gravitational field. Parker’s
theory synthesized over a century of observations and speculation that challenged
the prevailing view that the space surrounding the Earth was a vacuum populated
only by dust grains and fragments shed by comets and asteroids and threaded by
a magnetic field originating inside the Earth which stretched across interplanetary
space.

Large perturbations to the geomagnetic field called geomagnetic storms were ob-
served in the nineteenth century to have often been preceded a few days earlier by
occasional energetic outbursts in the solar atmosphere known as “solar storms”. A
possible explanation was the “corpuscular hypothesis”, originally proposed by Car-
rington [1860], which maintained that an enormous gas cloud released from the sun
caused the geomagnetic storms through some unknown process when it struck the
Earth. Traversing the 150 million km to Earth in a few days or less meant that these
“high speed streams” of solar gas traveled at the incredible speeds of ~ 1000 km/sec.
However, since strong geomagnetic storms and large solar storms were relatively rare
occurrences, such high-speed streams were viewed as transient events. Streams of
charged particles in these clouds were hypothesized by Becquerel, Birkeland, and
others to be the cause of the aurora borealis or “northern lights” [cf. Kivelson and



Russell, 1995]. Geomagnetic storms were usually accompanied by strong auroral
displays which might be caused by such charged particies foliowing Earth’s dipolar
magnetic field lines and striking the atmosphere in polar regions.

Observations of comet tails led Biermann [1951, 1957] to conclude that solar cor-
puscular radiation was required to explain the formation of the portion of the tail
that pointed almost radially away from the Sun. Hoffmeister in 1943 [cf. Kivelson
and Russell, 1995] had found that these tails would typically lag behind the radial di-
rection by about 5°, which allowed Biermann to estimate the speed of the corpuscular
stream at ~ 500 km /sec by comparison to orbital velocities [cf. Kivelson and Russell,
1995]. Siedentopf [1953] estimated that the average particle density in interplanetary
space was as high as 600 per cm?, estimated using the intensity and polarization of
the zodiacal light in the ecliptic plane, assumed to be created by sunlight suffering
Thomson scattering off free electrons. Furthermore, the persistence of the comet tails
and the zodiacal light implied that such high-speed streams of corpuscles might be a
permanent feature of interplanetary space. Alfvén [1957] suggested that these streams
would carry a maguetic field with them derived from the Sun, and the magnetic field
lines would drape around the head of the comet forming magnetic structures in this
tail, which were often observed to disconnect from the comet and propagate at high
speeds down the tail.

Unlike the much cooler and partially ionized plasma near the visible surface or
photosphere of the Sun, the corona was discovered in 1938 by Edlén to be over a
million degrees, as indicated by the multiple ionization of heavy ions, producing a
condition which had misled solar spectroscopists for decades [cf. Friedman, 1986].
This led Chapman [1957] to propose that an extension of the corona filled interplan-
etary space with a tenuous but static plasma almost as hot as the corona due to its
high thermal conductivity. In Parker’s dynamic theory, however, most of the ther-
mal energy of the coronal plasma is converted to bulk kinetic energy as it expands
radially outward into the solar system reaching speeds similar to those estimated
by Biermann. Furthermore, Parker [1962] estimated the density of the solar wind
should be less than 30 per cm?® on average to be consistent with the historical record
of observed strengths of geomagnetic storms.

Exploration of the space plasma environment surrounding the Earth began with
the launch of the first man-made satellites during the International Geophysical Year,



making it possible to test Parker’s theory. The Van Allen radiation belts composed
of particies with MeV energies were soon discovered | Van Allen ei al., 1958} with the
Geiger counters on Explorers 1 and 3. The solar wind was briefly observed by Soviet
spacecraft in 1960 and then unambiguously by Mariner 2 on its journey to Venus in
1962. Long-term measurements [Neugebauer and Snyder, 1966; Hundhausen et al.,
1967; Bame et al., 1968] found the solar wind blows permanently with bulk speeds
typically ranging between 250 to 800 km/sec (see Table 1.1), but is relatively cold
(1 to 30 eV), both as predicted by Parker. It contains from 1 to 20 protons per
cm® (Table 1.1), again similar to Parker’s estimate, but much less than Siedentopf’s
estimate, which was too high due to interplanetary dust grains. Like solar plasma,
the solar wind also contains a few percent doubly ionized helium particles and much
smaller concentrations of heavier ions, which increase the mass density by about 20%
on average. It also carries an interplanetary magnetic field (IMF), as predicted by
Alfvén, with a magnitude ranging from 1 to 30 nT.

Being a fully ionized plasma, the solar wind also obeys the “frozen-in-field” con-
dition [Alfvén, 1943; Walén, 1946] for convective motions in an infinitely conducting
medium. This means the magnetic field is carried along with the solar wind as it
expands through the solar system, and so can generally be traced back to regions of
open magnetic field lines on the Sun. Although the plasma flows out radially, Parker
[1958b, 1959] had also predicted that the rotation of the sun would twist the magnetic
field into a spiral pattern, analogous to the pattern formed by a water sprinkler by
radially flowing droplets. The magnetic field on average makes an angle of ~ 50°
with a line from the Earth to the Sun, known as the “garden hose angle”, although
this direction is observed to be quite variable. Consistent with the picture of the
“Parker spiral”, the IMF component perpendicular to the ecliptic plane is observed
to be much smaller on average than the ecliptic plane components.

1.1.2 The magnetospheric cavily

When the solar wind encounters the Earth, the largest obstacle in its path is the
terrestrial magnetic field. The geomagnetic field is generated in the Earth’s core and
can be approximated by a magnetic dipole that points from north to south, but is
tilted by 11° relative to Earth’s rotational axis. The frozen-in condition means that
the solar wind plasma and the geomagnetic plasma will not easily mix. In an attempt



Table 1.1: Observed Solar Wind Properties.

Quantity Units | Mean | Sigma | Extreme values
Proton density cm™3 | 6.6 7 1 to 100
Bulk velocity km/sec | -420 120 200 to 1000
Electron temperature eV 13 4 1 to 100
Proton temperature eV 11 8 1 to 50
Magnetic field nT 7 3 1to 30
IMF Bz nT 0 3.5 -30 to +30
Dynamic pressure nPa 2.1 | factor of 2 0.1 to 30

to understand geomagnetic storms, Chapman and Ferraro [1930, 1931] had predicted
that the electrically conducting plasma in high-speed streams would sweep up the
geomagnetic field as it approached the Earth and temporarily confine it into a cavity
which would form around the obstacle of the terrestrial magnetic field (Figure 1.1).
The permanence of solar streams implied by Biermann’s and Siedentopf’s results
led Dungey [1954] to predict the permanence of the cavity, which was named the
“magnetosphere” by Gold [1959].

The boundary of the magnetospheric cavity, the magnetopause, separates the
tenuous plasma residing in the geomagnetic field from the denser solar wind plasma
and the IMF. Figure 1.2 shows the general configuration of the magnetosphere (to be
discussed shortly) that has been inferred from numerous observations by space-borne
magnetometers and plasma instruments in the last four decades. The shape of the
magnetospheric cavity is comet-like with the nose or “subsolar point” pointing toward
the Sun, measuring on average some 70,000 km or a bit more than 10 Earth radii
(Rg). The average distance perpendicular to the Earth-Sun direction is ~ 15Rg.
The dynamic pressure of the solar wind confines the magnetic field on this “dayside”
portion of the magnetosphere into roughly a hemispherical shape, but one that is
slightly flared out on the flanks. The magnetosphere extends more than a million km
(> 200Rg) on the “nightside”, however, with an elongated magnetotail composed of
magnetic field lines stretched out through an interaction with the solar wind.

Three-dimensional dynamic computer simulations of the magnetosphere based on
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Figure 1.1: The formation of the magnetosphere, the geomagnetic cavity in the solar
wind, as originally envisioned by Chapman and Ferraro [1931]. Left panel shows
advancing plane of infinitely conducting solar wind sweeping up geomagnetic field
and excluding it from the solar wind region (left). This ideal solution for the magnetic
field shielded by a conducting plane was first obtained by Mazwell [1873] by adding
an image dipole (right arrow) to the actual dipole (lefi arrow). Neutral magnetic
points labeled @ correspond to the magnetic cusp (Section 1.2.5). Right panel shows
how passage of solar wind around the geomagnetic field will lead to formation of a
cavity, This simple model provides a way to estimate the standoff distance to the
magnetopause at the subsolar point, where solar wind dynamic pressure is balanced
by magnetic pressure from the compressed geomagnetic field (Sections 1.2.3, 1.2.4).
[From Chapman and Bartels, 1940.]
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Figure 1.2: This idealized view of the magnetosphere has been developed over the
last four decades through exploration by numerous spacecraft of the various regions
of the magnetosphere. The magnetospheric cavity forms through the interaction of
the Earth’s magnetic field with the solar wind and faces into the outward flowing
solar wind, much like a comet. The nose (or subsolar point) lies on average about 70
thousand kilometers from the Earth and the extended magnetic tail (or magnetotail)
stretches well past the orbit of the Moon. Three-dimensional computer simulations
are able to predict the size and shape of the magnetopause, the outer surface of
the magnetosphere. Although the magnetotail is approximately cylindrical, these
simulations show an asymmetry in the shape which depends on the orientation of the
interplanetary magnetic field (IMF) carried from the Sun by the solar wind. See text
for description of electrical current systems and plasma structures in other regions of
the magnetosphere. [From Kivelson and Russell, 1995.)



this interaction between the solar wind and the geomagnetic field were pioneered more
than a decade ago [Lebouef et al.,, 1981]. A magnetospheric configuration very much
like that pictured in Figure 1.2 is self-consistently generated in these “global simula-
tions”, which have matured in the last decade. Until now, however, global modeling
has been used mostly been limited to qualitatively studying the magnetic topology
and dynamics of the magnetosphere arising in the simulations for different idealized
solar wind conditions. This dissertation is concerned with quantitative modeling of
the magnetosphere using global simulations and its comparison with empirical de-
scriptions of the magnetosphere derived from data collected with spacecraft. Both
the quantitative study and the thorough comparison with data are new application
of global models. In particular, these simulations predict the 3-D shape and size of
the magnetospheric cavity, delineated by the magnetopause, which can be directly re-
lated to the properties of the solar wind. Although the magnetotail is approximately
cylindrical, the simulations show that the magnetopause generally deviates from an
axisymmetric shape to a degree that depends on the IMF.

1.2 The Configuration of the Magnetosphere

1.2.1 Particles in the magnetosphere

The upper portion of the atmosphere is partially ionized, principally through the
absorption of solar extreme ultraviolet radiation and X-rays above ~ 90 km, forming
the electrically conducting ionosphere [Chapman, 1931]. Unlike the tenuous plasma
of the magnetosphere, which is virtually collisionless, the collision frequencies in the
ionosphere increase drastically with depth as densities increase by many orders of
magnitude as one gets closer to the Earth [Johnson, 1961]. Coulomb collisions as
well as collisions with much more numerous neutral atmospheric species produces an
electrical resistivity in this weakly ionized plasma [Nicolet, 1953; Chapman, 1956).
The ionosphere stretches out to several Earth radii at the magnetic equator with
densities of 10? —10* per cm® forming a plasmasphere [Storey, 1953]. Dipole magnetic
field lines outline this torus of cold (~ 1 eV) plasma, which corotates with the Earth’s
magnetic field, and was found to fade away at 3 to 5 R, often with a sharp boundary
called the plasmapause [Carpenter, 1963; Chappell et al., 1970].

Charged particles in the geomagnetic field will execute a trajectory determined by



the Lorentz equation, causing many particles to be “trapped” and drift azimuthally
arcund the Earth, especially in the more dipolar inner magnetosphere | Singer, 1957].
The drift speed and direction in this inhomogeneous geomagnetic field depends on the
particle energy and charge, so the different drifts of electrons and protons produces an
electrical current [Hamlin et al., 1961; Northrop, 1963]. Other particles are only par-
tially trapped since they cannot drift all the way around the Earth without hitting the
magnetopause boundary [Roederer, 1969]. The region of trapped and semi-trapped
particles extends out to the dayside magnetopause, but with lower energies than the
radiation belts (~ 1 to 200 keV ) and much lower densities (0.1 to 1 cm™3). Despite
their low density, their high drift speeds are sufficient to create an enormous “ring
current”, which can carry millions of amps of electrical current concentrated between
3 and 7 Rg [Frank, 1967]. This is one of several large scale current systems external
to the Earth which are respomsible for the perturbations to the geomagnetic field,
observed not only during magnetic storms but at magnetically quieter times as well.

Some magnetospheric particles following magnetic field lines will reach the atmo-
sphere and suffer collisions with neutral and ionized air molecules above ~ 100 km.
Such particle “precipitation” is responsible for the production of visible light seen in
the aurora, and is also another source of ionospheric ionization. Auroral precipitation
is especially intense in the “auroral oval”, a roughly ring-shaped region around each
geomagnetic pole [Feldstein, 1963], which can be viewed in its entirety from space
[Anger et al., 1973; Rogers et al., 1974; Frank et al., 1981]. Jons above the collisional
altitudes in the ionosphere can travel freely up magnetic field lines into the magneto-
sphere and become a source of magnetospheric plasma, characteristically marked by
singly ionized oxygen and helium, which are absent in solar wind plasma [Waite et
al., 1985; Moore et al., 1986; Chappell et al., 1987].

1.2.2 Upstream of the magnetosphere

Since the magnetized solar wind usually travels many times faster with respect to
the Earth than the propagation speed of any compressional wave in this medium, a
standing shock wave, or bow shock, forms upstream of the magnetosphere. The solar
wind plasma is essentially collisionless, with a mean free path of ~ 108 km [cf. Parks,
1991], preventing the formation of a collisional shock wave, as occurs in a ordinary
gas flowing supersonically. A bow shock caused by electromagnetic forces in the solar



wind plasma was predicted independently by Azford [1962] and Kellogg [1962], and
observed by OGO 1 in 1964 {cf. Kivelson and Russell, 1995]. The average subsolar
distance to the bow shock is 14-15 R, about 30% larger than the magnetopause
distance, and the average distance perpendicular to the Earth-Sun line is ~ 25Rg
[Fairfield, 1971; Formisano, 1979).

Pressure perturbations in the plasma produce the “ion acoustic wave”, which has
typical speeds of about 60 km/sec in the solar wind, giving a “sonic Mach number”
that usually falls between 5 and 10 [Feldman et al., 1977]. The speed of the hydro-
magnetic Alfvén wave [Alfvén, 1942] averages about 40 km/sec, giving an “Alfvénic
Mach number” that usually falls between 4 and 20 [Feldman et al., 1977]. The square
of these Mach numbers can also be interpreted as the ratio of the bulk kinetic energy
density (proportional to v?) to the thermal or magnetic energy density (proportional
to the speeds of these waves squared). Since these Mach numbers have similar mag-
nitudes, the plasma beta of the solar wind, a ratio of the thermal to magnetic energy
densities, is usually close to one. This ratio also indicates that both magnetic and
gasdynamic forces are important in determining flow patterns in a reference frame
traveling outward from the Sun at the average speed of the solar wind plasma, but
they are not important in determining the overall outward pattern of radial expan-
sion. The fastest compressional mode in this medium is the magnetosonic wave, a
coupling of the Alfvén and acoustic modes, which usually has speeds from 50 to 140
km/sec, with an average magnetosonic Mach number near 6 [Feldman et al., 1977).

The relatively cold solar wind plasma is suddenly slowed at the bow shock and
much of its bulk kinetic energy is converted to thermal energy (< 1 keV). This
shocked and thermalized plasma flows around the magnetospheric cavity, in a region
called the magnetosheath [Dessler, 1964}, which is also observed to be very turbu-
lent [Hundhausen et al., 1967; Bame et al., 1968]. The thermal conversion is almost
total at the stagnation point just outside the subsolar point where the bulk plasma
flow virtually ceases. The flow is largely tangential down the flanks of the magne-
tosheath [Hundhausen et al., 1969], where the magnetosheath plasma close to the
magnetopause accelerates back to solar wind speeds as its thermal energy is again
converted to bulk kinetic energy [Olbert, 1968]. The magnetosheath has somewhat
higher plasma densities and magnetic field strengths than the solar wind plasma due
to shock compression and slower flow velocities [Howe and Binsack, 1972]. The field
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lines of the IMF are distorted as they are draped around the magnetosphere, but are
still connected to the undisturbed magnetic field lines outside the bow shock thai con-
tinue to flow at the solar wind speed [Fairfield, 1967, 1976]. Magnetosheath plasma
is weakly magnetized, which permits magnetic forces to be neglected and flow to be
determined by gasdynamics [Spreiter et al., 1968]. Gasdynamics generally does a very
good job describing the flow of the magnetosheath plasma around the magnetosphere,
which is treated as a solid object [Spreiter et al., 1966, 1969; Dryer and Heckman,
1967], but such axisymmetric modeling cannot predict two effects. When the IMF is
roughly perpendicular to the Earth-Sun line, plasma flow up the field is predicted to
cause a density depletion [Zwan and Wolf, 1976] that has been observed just outside
the magnetopause for northward IMF [Crooker et al., 1979]. Also, magnetic tension
due to curvature of the retarded portions of the field lines inside the bow shock may
assist the acceleration of magnetosheath plasma along the flanks, where flow speeds
sometimes rise slightly above the incident solar wind speed [Chen et al., 1993].

1.2.3 The balance of forces

The magnetospheric cavity is thus produced by the force that the shocked magne-
tosheath plasma exerts on the magnetopause. The geomagnetic field is compressed
until its internal magnetic and plasma pressure equals this outside pressure, the con-
dition which determines the equilibrium position to the dayside magnetopause called
the “standoff distance”. The plasma pressure in the magnetosheath is overwhelmingly
supplied by the solar wind dynamic pressure (or more correctly the momentum den-
sity flux, Landau and Lifshitz [1987]) which averages 2 nanopascals (nPa) [Fairfield,
1979b; Sibeck et al., 1991]. The solar wind thermal pressure and magnetic pressures
are almost always much smaller and can essentially be ignored in the pressure bal-
ance (when the sonic and Alfvénic Mach numbers are both much greater than one)
[Spreiter et al., 1968]. The plasma pressure of the rarefied outer magnetosphere, typ-
ically with densities of a few tenths of a particle per cm®, usually contributes less
than 10% as much as magnetic pressure to this pressure balance [Paschmann et al.,
1986], despite being very hot with energetic particles populations ranging from a keV
to several MeV.

The average distance to the subsolar point is 10-11 Rg, as determined from sta-
tistical studies of observations [Fairfield, 1971], but is occasionally seen at geosyn-
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chronous orbits (6.6Rg) when dynamic pressure is very high [Rufenach et al., 1989].
However, most of ihe time the subsolar distance ranges between 8 and 14 Rg, with
most of this variation accounted for by changes in solar wind dynamic pressure [Fair-
field, 1971; Holzer and Slavin, 1978]. This distance can be roughly estimated using a
one-dimensional analysis based on the Chapman-Ferraro model [Martyn, 1951], which
balances solar wind dynamic pressure Pp with the magnetic pressure B?/2u, of the
geomagnetic field, assuming solar wind flow perpendicular to the dipole axis. For
a dipole field, Bey(r) = 31,000nT(Rg/r)? is the magnitude of the dipole field at a
radial distance r on the magnetic equator. This gives a dipole strength of ~ 30 nT
near 10 Rg.

The solar wind dynamic pressure near the subsolar point is supplied largely by the
protons and is well approximated by Pp =~ nm,VZ, where n is the solar wind density,
my is the proton mass, and Vsw is the solar wind velocity. This one-dimensional
analysis predicts subsolar distances around 9 Rg if average solar wind values are
used, which is somewhat less than the observed values. A more careful analysis which
allows for the curvature of the surface and other effects is able to match observed
values quite well [Schield, 1969; Tsyganenko and Sibeck, 1994]. The magnetopause
position is sensitive to changes in the dynamic pressure and will readjust to a new
equilibrium position quickly with the speed of hydromagnetic waves (a timescale of
a few minutes) [Dessler and Parker, 1959).

Mercury, Jupiter, Saturn, Uranus and Neptune also have strong magnetic fields
and have now been observed by interplanetary probes to possess magnetospheres,
but with somewhat different configurations. Jupiter’s magnetic moment [Ness et al.,
1979a, 1979b] is some 20 thousand times greater than the Earth’s, resulting in an
enormous Jovian magnetosphere larger than the Sun [Bridge et al., 1979a, 1979b;
Krimigis et al., 1979a, 1979b] that may have a tail that stretches past the orbit of
Saturn [Wolfe, 1976; Intriligator et al., 1979]. Large centrifugal forces, due to the
10-hour rotation period of Jupiter and significant amounts of internal plasma due
partly to volcanic eruptions on the moon Io, greatly change the balance of forces that
determines the magnetopause surface. This internal plasma pressure makes the size of
the Jovian magnetosphere much more variable than at Earth, producing a “spongy”
magnetopause [Lepping, 1995]. The magnetic moments of Uranus and Neptune are
highly tilted with respect to their rotational axes and displaced from the center of the
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planet [Ness et al., 1986, 1989, so that their magnetospheres may undergo drastic
reconfiguration on a daily basis [Bridge et al., 1586; Belcher ef al., 1585; Krimigis
et al., 1986, 1989; Voigt et al.,, 1987). For planets with weak magnetic fields, such
as Venus or Mars, the solid body of the planet itself is the primary obstacle to the
solar wind. Magnetosheath pressure is balanced largely by gas pressure of the highly
ionized atmosphere of Venus, forming a surface termed the ionopaunse, whose currents
shield the planet from the IMF [Luhmann, 1995].

1.2.4 The magnetopause

The magnetopause separates the magnetospheric plasma and the geomagnetic field
from the magnetosheath plasma and the IMF. The magnetic field magnitude typ-
ically is observed to decrease from about 50 to 100 nanotesla (nT) just inside the
dayside magnetosphere to maybe 10 or 20 nT in the magnetosheath outside, and
generally changes its direction as well. Ampére’s law requires an electric current to
flow on the surface of the magnetosphere to maintain these strong magnetic field gra-
dients [Chapman and Ferraro, 1931, 1933]. This “Chapman-Ferraro current” shields
the geomagnetic field from the magnetosheath, almost cancelling it outside in the
magnetosheath and roughly doubling it just inside a planar conducting boundary
(Mazuwell, 1873; Chapman and Ferraro, 1931]. When curvature of the magnetopause
is considered, the total field is predicted to increase somewhat more strongly than this,
by a factor of about 2.4-2.5 at the subsolar point [Mead and Beard, 1964; Schield,
1969], with an upper limit of 3 for a spherical magnetopause [Stern, 1995]. This
characteristic magnetic signature provided the earliest evidence of a magnetospheric
boundary [Sonnett et al., 1960; Heppner et al., 1963; Coleman, 1964], which was first
unambiguously crossed by Explorer 12 in 1961 [Cahill and Amazeen, 1963]. Magnetic
field measurements from this magnetopause crossing are shown in Figure 1.3.

The Chapman-Ferraro current must be supplied by charged particles. These par-
ticles will also gyrate in magnetic field at the magnetopause, creating a characteristic
boundary layer thickness that is observed to be on average 800 km or about 10 ion
gyroradii [Berchem and Russell, 1982; Russell, 1995], but the inferred current layer
is often much thinner than the total boundary thickness. Plasma instruments also
see sudden changes during the many seconds to few minutes it takes them to cross
from the relatively dense and cold magnetosheath to the hot rarefied plasma of the
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Figure 1.3: Magnetic field data from spacecraft exploring the outer magnetosphere
provided evidence for the existence of the magnetopause early in the space age. The
first unambiguous crossing of the magnetopause by Explorer 12, inferred from traces
of three magnetic field measurements by an on-board magnetometer plotted against
radial distance from the Earth. The smooth line shows the magnetic field magnetic
magnitude from a pure dipole magnetic field. The sharp decrease near 8 Rz marks
the magnetopause, inside of which the field magnitude is characteristically doubled

from the ideal dipole values. [From Cahill and Amazeen, 1963.]
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magnetosphere. Such magnetopause crossings indicate that the total magnetopause
boundary layer contains comsiderable fine structure in which many plasma popuia-
tions are present in different regions. This fine structure results from a mixture of
magnetosheath and magnetospheric plasma and also other microphysical processes
operating at the magnetopause to produce multiple internal boundary and current
layers.

Figure 1.4 shows an example of such a crossing near the subsolar point during
magnetically quiet conditions, taken from Song et al. [1993]. The dense and cold
plasma (N and T) of the magnetosheath gives way over a period of 10 minutes to
a tenuous and hot plasma in the magnetosphere. The plasma velocity (V) is low
(much less than solar wind speeds) on both sides of the magnetopause, as would be
expected for a crossing near the stagnation point (Section 1.2.2). Plasma pressure
(P) is much greater in the magnetosheath and is resisted by the magnetic pressure
of the strong magnetic field (B%/2po) of the magnetosphere. Besides being much
weaker the magnetic field in the magnetosheath is turbulent compared to the uniform
magnetospheric field. The magnetopause boundary can be seen to contain addiiional
fine structure.

A spacecraft (typically traveling 1 to 2 km/sec) often will experience multiple
crossings of the boundary for a period of about an hour as the magnetopause re-
peatedly sweeps back and forth past the spacecraft. This indicates that boundary
is traveling much faster and possibly oscillating from surface waves, much like a flag
rippling in the wind, as originally proposed by Kaufmann and Konradi [1969]. These
oscillations are generally stronger in the tail, displacing the surface on the order of 1
Rg with wavelengths considerably longer. By analyzing surface normals they can be
inferred to generally propagate tailward [Aubry et al., 1971; Ledley, 1971).

1.2.5 Magnetospheric topology and magnetic reconnection

Before the magnetotail was discovered, the magnetosphere was originally envisioned
to be relatively small and egg-shaped, closed behind by the thermal pressure of the
solar wind, shielding the newly discovered radiation belts from the solar wind [Beard,
1960; Johnson, 1960]. In this configuration all of the geomagnetic field lines close on
themselves producing a “closed” magnetosphere. A viscous interaction was proposed
by Azford and Hines [1961] to operate across such a closed boundary, allowing the
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Figure 1.4: Plasma measurements (above) and magnetic field measurements (below)
plotted against time from a magnetopause crossing by the ISEE-1 spacecraft near
the subsolar point. The proton number density (), ion temperature (7'), bulk ion
velocity (V), and plasma pressure (P) were measured by the Fast Plasma Experiment
from Los Alamos, while the three magnetic field components (B, By, By) and their
magnitude (Br) were provided by the triaxial fluxgate magnetometer from UCLA.
The magnetic field components are expressed in boundary normal coordinates (L, M,
N) where L is along the direction of the nominal magnetospheric field, N is normal
to the nominal magnetopause surface, and M completes a right handed coordinate
system. Unlike this crossing, which occurred during magnetically quiet conditions
(with northward IMF, Section 1.2.5), interpreting magnetic and plasma data from
other crossings is not always easy, so that proper identification of the magnetopause
is still something of an art. [From Song et al., 1993.)
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transport of mass, momentum, and energy from the solar wind across the magne-
topause (Figure 1.5). This process may help produce the magneiotail {as shorily
described) of highly stretched magnetic field lines that are still closed at large dis-
tances from the Earth. The microphysics of this macroscopic interaction are still
uncertain, but could involve drift of particles across magnetic field lines, the mixing
of particles due to their gyroradii (magnetosheath ions generally are largest), and any
locally created electromagnetic wave fields. Current estimates suggest that less than
10% of the total energy coupled into the magnetosphere by the solar wind is supplied
by the viscous interaction [Mozer, 1984].

Alternatively, if some magnetic flux penetrates the magnetopause, the magneto-
sphere is said to be “open”. For example, magnetic field lines may be dragged out by
a solar wind interaction, as suggested by Piddington [1960], and map out into the solar
wind without returning to the surface of the Earth, in much the same way the IMF
opens out into interplanetary space from the corona. Dungey [1961] explained how
an open magnetosphere may arise when the frozen-in condition that creates such an
effective barrier to the solar wind breaks down at the magnetopause when the IMF is
anti-parallel to the geomagnetic field. Geomagnetic field lines run from the southern
to the northern hemisphere, so this condition occurs when the IMF points southward.
The magnetic field may diffuse through the plasmas and connect IMF to geomagnetic
field lines, according to the picture of “magnetic reconnection”. This microphysical
process can be studied from both the fluid and particle viewpoint, but it is thought
to have macrophysical effects that couples significant amounts of solar wind mass,
momentum, and energy into the magnetosphere. Reconnection also represents a fun-
damental change in the magnetic topology of the magnetosphere, transforming closed
geomagnetic field lines into open lines connected to the solar wind (see Figure 1.6a).

In the original steady-state fluid theory of reconnection, highly magnetized plasma
flows in toward the current sheet separating anti-parallel magnetic fields [Parker,
1957b; Sweet, 1958] and weakly magnetized plasma flows away from an assumed neu-
tral point in the magnetic field which produces an “X” in the local magnetic field
topology (Figure 1.7a) that is assumed to lie on the current sheet. The 2-D picture is
imagined to extend to a third dimension, producing an “X line” which is surrounded
by a diffusion region where the magnetic field is annihilated and incoming magnetic
energy is converted to plasma energy through ohmic heating. The tangential electric
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Figure 1.5: The viscous coupling mechanism proposed by Azford and Hines [1961] to
transport of mass, momentum, and energy from the solar wind across the magneto-
spheric boundary. The diagram shows plasma flow in the equatorial plane, both in
the solar wind and within a closed magnetosphere. Tailward flows near the flanks are
due to coupling of solar wind momentum across the boundary, a process that leads
to a return flow in the center toward the Earth. [From Azford and Hines, 1961.]
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Figure 1.6: The magnetic topology of the magnetosphere in the noon-midnight merid-

ian plane, according to the solar wind coupling mechanism proposed by Dungey [1961].
(a) Magnetic reconnection at the magnetopause occurs near the subsolar point when
IMF is southward, directed opposite to geomagnetic field lines at the magnetopause.
This mechanism connects the IMF lines in the solar wind to previously closed geo-
magnetic field lines, which are then dragged into the magnetotail. The oppositely
aligned magunetic field lines in the magnetotail may then undergo further magnetic
reconnection transorming open field lines back to a closed topology. (b) When IMF
points northward reconnection may occur tailward of the magnetic cusp, as proposed
by Dungey [1963]. An IMF field line connecting to a magnetotail field line is trans-
formed into a closed field line on the dayside, while newly created lines unconnected
to the Earth are expelled out the magnetotail eventually joining the solar wind. [Both
from Dungey, 1963.]
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field component, however, must be continuous throughout the plane of Figure 1.7a
and across this boundary, as required by Maxwell’s equaiions. While ihe convective
electric field far from the diffusion region goes to zero in the diffusion region it is
assumed to be replaced by a resistive electric field. The effective resistivity in this
collisionless plasma may be “anomalous resistivity” produced by other microphysical
processes such as wave-particle interactions which substitute for the classical resis-
tivity produced by Coulomb collisions.

Equating the resistive and convective electric field along with Ampére’s law de-
termine the width of the diffusion region, through which all magnetic field must
diffuse before being reconnected and flowing away, giving a timescale for the diffu-
sion process. A steady state also requires total pressure throughout the system be
constant and determines that the outflow speed is close to the Alfvén velocity. The
outflow speed and diffusion region timescale thus effectively limit the inflow speed
of the plasma. The ratio of inflow to outflow speeds in this Parker-Sweet model of
reconnection is found to be inversely proportional to the square root of the magnetic
Reynolds number Ry of the plasma far from the reconnection site. Ry can be enor-
mous for space plasmas, so the inflow velocity and hence the reconnection rate can
be severely limited, which led Parker [1963] to question this model’s viability as a
mechanism for energizing the magnetosphere (and also solar flares).

A refinement of this theory by Petschek [1964] used a more realistic geometry and
also introduced standing shock waves across which plasma flows may be accelerated
without going through the diffusion region. The actual reconnection process still oc-
curs in the diffusion region, but this can be shrunk so that very little plasma actually
travels through it. This effectively removes the bottleneck in the Parker-Sweet model
in which all accelerated plasma was required to flow through the diffusion region. The
plasma still flows out of the system at close to the Alfvén velocity. The inflow velocity
is allowed to be much larger, however, with a (log Rar4)~! dependence which virtu-
ally makes the maximum reconnection rate independent of the magnetic Reynolds
number. Sonnerup [1970] further refined this “rapid reconnection” model by intro-
ducing another pair of shocks, which allows an inflow speed near the Alfvén velocity.
Priest and Forbes [1986] found that the ad hoc Petschek and Sonnerup solutions [felt
by some to be rather artificial, cf. Vasyliunas, 1975] were special cases of a general
solution to the steady-state MHD reconnection problem, putting these theories on
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Figure 1.7a: An idealized view of the magnetic reconnection process at an X line
on a current sheet separates the oppositely aligned magnetic field lines. Plasma and
magnetic field flow in from the top and bottom into a diffusion region where magnetic
field lines are reconnected, which flow out to the left and right at the Alfvén speed.
This symmetric situation represents reconnection that occurs in the magnetotail.
[From Kivelson and Russell, 1995

Figure 1.7b: The magnetic reconnection process at the magnetopause. Unlike (a), a
strong asymmetry exists in both the plasma and magnetic field on each side of the
magnetopause current sheet. This diagram represents the reconnection process that
occurs near the subsolar point when IMF is southward. Dense, weakly magnetized
plasma of the magnetosheath flows in from the left, while a tenuous, strongly magne-
tized plasma from the magnetosphere flow in from the right. Reconnected field lines
flow out of the X line on the top and bottom. [From Gosling et al., 1990.]
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a more solid mathematical foundation. These developments meant that the Dungey
{1961] mechanism couid be an effective mechanism for transporting mass, momentum
and energy into the magnetosphere. The reconnection rate is determined more by
external plasma conditions rather than being limited by a bottleneck at the recon-
nection site. Although fundamentally based on microphysics, magnetic reconnection
now becomes a macrophysical process which can be simulated by global models.

The ideal mathematical conditions of these MHD solutions are often not realized
in the magnetosphere. Flow at the magnetopause is very asymmetric, especially on
the dayside, bounded on one side by the dense, less magnetized magnetosheath and
the other by the tenuous, more magnetized magnetosphere, as shown in Figure 1.7b.
Reconnection produces an open magnetopause boundary which can be inferred in
spacecraft measurements by the presence of a non-zero magnetic field component nor-
mal to the magnetopause boundary. This and other physical signatures of magnetic
reconnection at the magnetopause are reviewed by Sonnerup [1984]. (The normal
magnetic field component By in Figure 1.4 can be seen to be negligible near the
boundary, consistent with the boundary expected for a closed magnetosphere and a
lack of vigorous reconnection at the magnetopause during magnetically quiet times.)

Finally, the IMF orientation is always changing, so that reconnection in the mag-
netosphere is a temporal process, instead of steady state, which will have an effect
on magnetosphere dynamics. Reconnection may not proceed at a uniform rate on
the magnetopause, but instead observed to occur in bursts that often last about 10
minutes or so [Russell and Elphic, 1978). These “flux transfer events” or FTE’s can
be observed with spacecraft due to their characteristic magnetic signature, and are
believed to send bundles of magnetic flux to the tail with diameters of about 1 R
from the dayside into the tail.

The magnetopause boundary is effective but not perfect; something like 1% of
the solar wind plasma may cross this boundary, becoming an important source of
magnetospheric plasma [cf. Kivelson and Russell, 1995]. Besides plasma that enters
through processes associated with reconnection or the viscous interaction, some of
the magnetosheath plasma can enter directly through a throat at high latitudes near
magnetic noon called the “polar cusp”. The cusp position can be identified at lower
altitudes by high fluxes of low energy particles (< 500 eV), with both the cusp
position and the “injection” rate highly dependent on the IMF conditions [Burch,
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1968; Frank and Ackerson, 1971]. Mathematically, a neutral point where the magnetic
field vanishes iz required to exist in each hemisphere by the topology of magnetic field
lines if they are to be totally confined inside a smooth surface [Grad and Hy, 1966).
While the magnetosphere may be open, a cusp is still expected from which magnetic
field lines fan out, connecting it to the rest of the magnetopause. These regions of
very weak magnetic field have been measured with satellites [Russell et al., 1971] for
both northward and southward IMF, and are located near the magnetopause above
and somewhat sunward of the magnetic poles.

1.2.6 The magnetotail

The magnetotail is composed of magnetic field lines from the polar areas of each
hemisphere, highly stretched out through the interaction with the solar wind [Ness et
al., 1964; Ness, 1965, 1969; Mihalov et al., 1968; Behannon, 1968, 1970]. Spacecraft
measurements show the tail on average has a roughly cylindrical shape with a radius
of 20 to 30 Rp that slowly increases with distance down the tail [Howe and Binsack,
1972]. Most of the tail is filled with two “lobes” of oppositely directed magnetic field
aligned with the flow direction of the solar wind. The area where the open field lines
of each lobe map to the surface of the Earth is called the polar cap, and is generally
believed to fill most of the area inside the auroral oval. The lobes have very uni-
form magnetic fields with a low level of turbulence, and also have the lowest plasma
densities (~ 0.01 per cm®) observed anywhere in the magnetosphere. The tempera-
ture (~ 300eV) is similar to the magnetosheath with very few particles over 5 keV,
indicating lobe plasma may originate by diffusion from the magnetosheath, but the
presence of singly ionized oxygen indicates an ionospheric source also [Eastman et
al., 1984]. Observation of low energy particles of solar wind origin in the lobes also
provides strong evidence that the lobe magnetic field actually are connected to the
solar wind and indeed open [Anderson and Lin, 1969; Mizera and Fennel, 1978]. The
magnetotail may extend downstream over several thousand Rg, as evidenced by in-
termittent plasma and magnetometer observations of the magnetotail near 1000 Rg
by Pioneer 7 [Ness et al., 1967; Wolfe et al., 1967) and near 500 Rg by Pioneer 8
[Mariani and Ness, 1969; Intriligator et al., 1969], followed by plasma observations
again near 3100 Rg by Pioneer 7 [Intriligator et al., 1979]. The disturbed plasma
environments that characterize these observations have been interpreted as a “geo-
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magnetic wake” by Siscoe et al. [1970], but the two-lobe structure of the magnetotail
has been seen by ISEE 3 at 240 Rg [ Tsurutani et ai. [{1984].

The lobes are surrounded by denser plasma populations. At high latitudes be-
tween the lobes and the magnetosheath lies the mantle which has high densities,
but similar temperatures, when compared to the lobes just inside [Rosenbauer et al.,
1975]. A plasma sheet usually several Rg thick lies between these lobes populated by
a hot plasma of a few keV with higher densities from 0.1 to 1 per cm® [Bame et al.,
1967]. Unlike the open field lines of the lobes which will not permit plasma to build
up, the plasma sheet is usually imagined to lie on closed field lines [cf. Kivelson and
Russell, 1995]. The plasma sheet thus maps to the areas equatorward of the polar
cap, and may be the source of many of the particles producing auroral precipitation
on the nightside. Oxygen ions form a significant fraction of this plasma, especially
during magnetically disturbed times. The outer portion of the plasma sheet, adjacent
to the lobes, is the plasma sheet boundary layer (PSBL), which not only has lower
densities and temperatures than the inner portion called the “central plasma sheet”,
but also often has high velocity ion streams (several hundred km/sec) toward and
away from the Earth as well [Eastman et al., 1984].

The viscous coupling mechanism of Azford and Hines [1961] is generally pictured
to be stronger near the equatorial plane where magnetic field lines are roughly per-
pendicular to the magnetosheath flow and weaker near the meridian plane where flow
will be roughly parallel (Figure 1.5). This viscous coupling is a possible mechanism
for creating a plasma boundary layer observed just inside the magnetopause near the
equatorial plane called the “low latitude boundary layer”, but other mechanisms have
also been suggested, including reconnection. The LLBL may stretch great distances
down the tail, filling in the gaps between the plasma sheet which extends to the
equatorial magnetopause and the mantle at higher latitudes. Thus, in a cross-section
through the tail these denser plasma populations surrounding the barren lobes will
have the appearance of the Greek letter theta (@), as illustrated in Figure 1.8.

Equatorward of the auroral oval the magnetic field lines are generally not severely
stretched. The geomagnetic field is mostly dipolar out to about 6 Rg, but gradually
transitions on the nightside to the tail field, which becomes dominant past about 10
Rg. Past about 20 Rg the field becomes totally tail-like, with the average observed
lobe field of 20 to 30 nT falling off very slowly with distance from the Earth. The
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Figure 1.8: Cross-sectional geometry of the magnetotail whose plasma populations
have the appearance of the Greek letter theta (©). The barren lobes are surrounded
by dense plasma of the plasma mantle, plasma sheet, and low latitude boundary layer.

The magnetopause and cross-tail current also outline a theta. [From Fastman et al.,
1984.]
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oppositely directed field lines of the lobes require a large sheet of electrical current,
the “cross-tail current”, which fiows in the dawn-to-dusk direction near the equatorial
plane [Azford et al., 1965]. At the center of the current sheet the magnetic field
can be imagined ideally to vanish at a “neutral sheet”. In fact, a small amount of
normal magnetic flux usually connects the two hemispheres so that the magnetic field
magnitude typically falls to minimum of a few nT [Fairfield and Ness, 1970; Fairfield,
1968, 1986].

Reconnection and the viscous interactions are also believed to contribute flux to
the magnetotail. Magnetic field lines opened by reconnection will be dragged onto
the nightside through magnetic tension resulting from the connection with the solar
wind (Figure 1.6a). These lines will travel primarily over the magnetic poles [ Dungey,
1961]. Momentum imparted to plasma on closed magnetic field lines by the viscous
mechanism will also stretch them, but this is believed to operate mostly along the
equatorial flanks [Azford and Hines, 1961]. Surface waves may also increase the drag
of the solar wind on the magnetosphere, and help increase tail flux.

If the magnetic field does drop to zero somewhere in the tail, the antiparallel
magnetic field lines may also undergo magnetic reconnecticn (Figure 1.6a) as at the
magnetopause, along an X line, also called a neutral line [Dungey, 1961; Russell and
McPherron, 1972; Schindler, 1974]. This will transform two open field lines into one
that is closed and another that is not connected to the Earth at all, but rather con-
nected to the solar wind on each end. The reconnection process will remove magnetic
flux from the magnetotail lobes. Inflow velocity and magnetic field magnitude of the
magnetotail lobes would be expected to be approximately symmetric, and thus the
idealized situation in Figure 1.7a should represent the magnetic reconnection process
in the magnetotail much better than at the magnetopause. Closed flux tubes on the
nightside are also thought to convect toward the Earth and can transport flux back
to the dayside, where it can replenish flux lost to the tail by reconnection and other
processes [Coroniti and Kennel, 1973; Holzer and Slavin, 1978].

This convection in the tail is driven by a dawn-to-dusk electric field that can also
be traced back to the solar wind interaction with the magnetosphere. A collisionless
plasma will drift in the direction given by E x B in a homogeneous magnetic field,
which on the nightside for closed (upwardly directed) field lines past the dipolar region
is generally in the Earthward direction. This drift produces a convection pattern in
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the equatorial plane which is directly linked with the magnetic reconnection and
viscous processes that drive if. One can just as well imagine the electric field being
created by the convection pattern, given by E = —v x B when it obeys the frozen-
in-field condition. By controlling the amount of magnetic flux in the tail, magnetic
reconnection and the resulting convection patterns can also produce changes in the
size and shape of the magnetopause.

1.2.7 Magnetospheric current systems

The cross-tail current in the magnetotail splits near the magnetopause with roughly
half going around each lobe. Thus in a cross section of the tail the current also resem-
bles a theta (Figure 1.8), much like the plasma populations, but the current layers
are generally observed to be much thinner (several hundred km) than the relatively
thick plasma layers (a few Rg). The mantle reaches further in from the magne-
topause while the plasma sheet reaches further out from the cross-tail current sheet.
The magnetopause current, shown in Figure 1.2, is thus comprised of two merged
components: (1) the Chapman-Ferraro current confined to the magnetopause which
circulates around the cusp and would be present even if there were no magnetotail,
and (2) the cross-tail closure (or return) currents [Azford et al., 1965].

Field-aligned (or Birkeland) currents are also observed to flow from the magne-
tosphere down into the auroral regions where they are closed through the resistive
ionosphere and flow back out into the magnetosphere. Such currents were hypoth-
esized early in the century by Birkeland to drive ionospheric currents observed to
create large magnetic perturbations on the ground associated with auroral activity,
but were not observed until 1966 with magnetometers on satellites [Zmuda et al.,
1966; Zmuda and Armstrong, 1974; Arnoldy, 1974).

The field-aligned currents can themselves be broken up into several constituent
parts, each of which presumably maps to a different place in the magnetosphere.
Statistical studies by lijima and Potemra [1976a, 1976b, 1978] show two currents
systems are generally present, as shown in Figure 1.9. Region 1 currents are on the
poleward edge and are downward on the dawn side of the oval and are upward on
the dusk side. Region 2 currents lie in the equatorward portion of the oval and are
oppositely directed. There are also currents systems located inside the oval and near
the cusp [Potemra, 1994]. .
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Figure 1.9: The average field-aligned current pattern in the ionosphere during mag-
netically quiet times. The figure is centered around the geomagnetic pole, with noon
at the top of figure, midnight at the bottom. These patterns represent the statistical
positions of field-aligned current sheets inferred from magnetometer measurements
made during satellite passes over the polar regions. The poleward (equatorward)
portions of the current on both the dawn (right side) and dusk (left side) flanks are
designated Region 1 (Region 2) currents. Cusp currents, also called Region 0, are
also present poleward of Region 1. [From fijima and Potemra, 1978.]
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This dissertation is concerned with studying the large scale configuration of the
magnetosphere, as just described, and its dependence on the solar wind. Global
magnetospheric simulations self-consistently produce many of these features, but as
of yet are not quantitatively related to solar wind conditions. The dissertation will
present a new application of global modeling which is used to construct self-consistent
quantitative models of the magnetosphere.

1.3 Changes in the Magnetospheric Configuration

The magnetosphere thus contains four large scale current systems outside of the
ionosphere: the ring, cross tail, magnetopause, and field-aligned currents, as shown
in Figure 1.2. The overall magnetic field configuration of the magnetosphere at any
time is determined by the superposition of the internal geomagnetic field with the
magnetic field generated by such external current systems. The magnetosphere is
not static, however, but constantly changes its configuration. This self-consistently
requires changes to the external current systems, which might be considered to define
“magnetospheric activity” in the most general sense.

1.3.1 Factors influencing magnetospheric configuration

Solar wind conditions are constantly changing, so that the magnetosphere is always
changing also. Increased dynamic pressure compresses the magnetosphere every-
where, reducing not only the subsolar distance but also the radius of the magnetotail
(Figure 1.10a). This essentially uniform compression mostly changes the size of the
magnetosphere, but does not greatly alter its shape. The north-south component
of the IMF called IMF By also has a direct effect on the overall configuration of
the magnetosphere. Not only do they both strongly influence the shape and size of
the magnetopause through direct effects, but they also cause magnetospheric activity
(described shortly) which leads to large scale reconfiguration of the magnetosphere.
Large scale, persistent magnetic reconnection on the dayside magnetopause is
believed to occur when IMF Bz is southward or negative for long periods. Such
reconnection is believed to drag enough magnetic flux to the nightside to significantly
reconfigure the magnetosphere in a process called flux erosion. This process enlarges
or “flares” the magnetotail which now contains more flux while the subsolar distance
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Figure 1.10a: Changes in the size and shape of the magnetopause induced by the solar
wind. Figures represent cross-sections of the magnetosphere in the noon-midnight
meridian plane. Compression from increased solar wind dynamic pressure. The
dashed line represents new equilibrium position of magnetopause for increased solar
wind dynamic pressure, with both the subsolar and flank distances decreasing.

Bow Shock - o= = -
/’ —-’ - ] netopae

Figure 1.10b: Flaring induced by enhancement of negative IMF Bz. The new equilib-
rium position has decreased subsolar distance but increased flank distances. [Adapted
from Kivelson and Russell, 1995.]
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will decrease since there is less magnetic flux on the dayside to resist magnetosheath
pressute (Figure 1.10b). The resuliing change of shape blunts the magnetopause,
and exposes the widened flanks to more magnetosheath pressure, which would be
expected to alter the magnetospheric interaction with the solar wind.

Dungey [1963] predicted that reconnection at the magnetopause may also occur
when IMF is northward, but in this case would occur tailward of the cusp where the
draped IMF lines would be anti-parallel to the magnetopause field (see Figure 1.6b).
This process undoes the effects of subsolar reconnection by transforming open field
lines that stretch into the tail and making them close on the dayside, thereby increas-
ing the flux on the dayside.

The dawn-to-dusk electric field in the tail will be strongly influenced by Bz, which
should change the magnetospheric convection patterns. This will influence the rate
at which magnetic flux is convected to the dayside and possibly result in a change
to the size and shape of the magnetosphere. Convection patterns in the ionosphere,
which are believed to mirror those in the magnetosphere, are observed to turn over
on a timescale of about 1 to 2 hours, the time it takes a magnetic field line frozen to
the plasma to be dragged across the polar cap (~ 2000 km) at several hundred m/sec.
Coroniti and Kennel [1973] showed that the timescale for changes in magnetospheric
convection is essentially determined by the resistivity of the ionosphere, and estimated
it at one hour, compatible with observations. Thus, convection is just as important
as reconnection in explaining changes to the magnetopause size and shape, since the
net effect of both combined processes is what determines these changes.

Since reconnected flux is convected over the poles, the flaring of the tail would be
expected to occur mostly near the noon-midnight meridian plane. If this additional
flux was not redistributed, the effect of flaring near the equatorial plane might be
minimal and the the tail may no longer be roughly circular in cross-section, as is usu-
ally assumed. Thus, magnetotail flaring may possibly create a strong asymmetry in
average shape of the magnetosphere. As previously mentioned, the viscous coupling
mechanism of Azford and Hines [1961] is generally pictured to be stronger near the
equatorial plane and weaker near the meridian plane, providing another mechanism
to generate this type of asymmetry. The magnetic cusp will also produce an asym-
metry between the magnetopause shape in the meridian and equatorial planes, if the
magnetopause is indented by magnetosheath pressure in this area of weak magnetic
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pressure. Through all of these mechanisms, we therefore expect an asymmetry be-
tween ihe noon-midnight meridian and equatorial pianes with the degree strongly
influenced by Bz.

The rotation of the Earth causes the dipole direction to constantly change, so
that it rarely is exactly perpendicular to the Sun-Earth line. Since the magnetotail
is aligned with the solar wind flow direction, but the inner magnetosphere is cen-
tered around the dipole axis, these two portions of the magnetosphere are “hinged”
together. Tilt of the geomagnetic dipole should produce further asymmetry in the
northern and southern hemispheres through this hinging, and also pushes one cusp
sunward and the other tailward. Changing tilt means the shape of the magnetosphere
is reconfigured on a daily basis, even in the absence of solar wind changes. The other
components of the IMF, By and By, also probably have a direct influence on the
shape of the magnetopause, since they will control the location of reconnection at
the magnetopause and may preferentially cause flux to be distributed differently be-
tween hemispheres. Despite these effects on shape, dipole tilt and IMF By and By
are believed to have a weaker affect on activity than Bz as has been ascertained by
numerous statistical studies.

In Chapter 4 we investigate the effect of some of these factors on the 3-D shape
of the magnetosphere.

1.3.2 Geomagnetic storms and magnetospheric substorms

Two types of intense magnetospheric activity, the geomagnetic storm and the mag-
netospheric substorm, involve large scale reconfiguration of the magnetosphere. Ge-
omagnetic storms cause the most intense perturbations to the geomagnetic field,
occurring several times per year. The strongest are often caused by strong interplan-
etary shock waves originating at the Sun. Such shocks can travel at > 1000 km/sec,
considerably faster than the average solar wind speed. They can strongly compress
the magnetosphere and enhance the magnetopause currents during the initial phase.
The ring current is also strongly enhanced on slower timescales, and is responsible
for the main phase. The magnetic signatures from both of these enhanced current
systems can be detected on the ground by magnetometers [see review by Gonzalez et
al., 1994].

There are also the smaller but more common “magnetospheric substorms”, which
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occur on almost a daily basis, creating the characteristic auroral displays in the
auroral oval, but often at moderate or weak levels. They typically occur in rapid
succession during a geomagnetic storm, giving them their name [Akasofu, 1964]. Much
of the activity can be described by large changes in the cross-tail current system and
field-aligned currents which are closed by large currents in the ionosphere in the
auroral oval. Again these changes can be detected on the ground, but the signatures
are more intense in the auroral zones, rather than worldwide as in geomagnetic storms.
In one popular model of the substorm, large scale reconnection occurs in the tail at
a “near Earth neutral line” and releases magnetic energy that has been stored in the
tail. Reconnection reconfigures the open magnetic field lines in the tail, producing
equal numbers of closed field lines and those disconnected from the Earth. A closed
field line points northward near the equatorial plane, and is said to have a “positive
Bz”. When created the disconnected line will point southward or have “negative
Bz”. Satellite measurements of negative Bz indicate that reconnection may indeed

occur in the magnetotail.

Global magnetospheric activity is believed to be adequately represented by the
K, index [Chapman and Bartels, 1940], which is produced by combining records of
the perturbations observed in mid-latitude magnetic field measurements. Both geo-
magnetic storms and magnetospheric substorms are known to be strongly influenced
by a high solar wind dynamic pressure Pp, which appears to be essential for the geo-
magnetic storm. However, the north-south component of the interplanetary magnetic
field, IMF Bz, is also important [Gonzalez et al., 1994]. Numerous case studies since
the 1960’s using data collected from ground-based and spacecraft-borne instruments
have established that the Pp and IMF Bz are also especially significant for substorm
production. Substorm activity tends to be high when IMF Bz is negative and low
when it is northward, but the relationship is not simple and not yet fully understood.
There is also more substorm activity when the dynamic pressure is high, but again
no simple pattern has yet been found. Nevertheless these correlations suggest there
may be a quantitative relationship between K, and solar wind conditions. A number
of other variables are also probably involved in determining K, but Pp and IMF Bz
are probably the most significant.

The magnetosphere is highly dynamic, as we have just seen, and quantitative
models for this ever changing system have yet to be developed. Changes such as
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those just described will also be self-consistently reflected in the current systems
generated in a giobal simulation, driven by the dynamic pressure and IMF Bjz input
into the simulations. Although the effects of dynamic pressure can be estimated well
by scaling, the net result of all of the effects due to Bz (reconnection, convection
patterns, internal current systems) are very difficult to calculate analytically. These
changes will easily be handled by the global simulation, however, and can be directly
related to the solar wind values. This dissertation will investigate how magnetospheric
activity and changes in the configuration associated with substorms depend on solar
wind conditions.

1.4 Empirical Descriptions of Magnetosphere

We have seen that the average configuration of the magnetosphere and the shape of
the magnetopause and their dependence on solar wind conditions is a global problem.
Another way to study the global configuration is to use large numbers of observations
gathered by many spacecraft. Statistical studies of such data have allowed a good
empirical description of many regions of the magnetosphere to be developed in recent
years, both in the form of large data sets and descriptive models derived from them.
The magnetotail has been explored by many spacecraft and large databases containing
many tens of thousands of magnetometer measurements have been assembled. While
a general picture of the magnetotail was developed within a few years, it is very
dynamic and can be drastically reconfigured by reconnection, especially during storms
and substorms [Fairfield and Ness, 1970).

The average configuration of the magnetospheric magnetic field is described by
several semi-empirical models [Olson and Pfitzer, 1974; Mead and Fairfield, 1975;
Tsyganenko and Usmanov, 1982; Tsyganenko, 1987; Tsyganenko, 1989; Tsyganenko,
1995a}, which fit the parameters of a limited physical description to measurements
producing a more realistic description than that given by earlier physical models, some
of which even lack a magnetotail [e.g., Mead and Beard, 1964]. For example, the T89
magnetic field model of Tsyganenko [1989] is derived from least squares fits to tens
of thousands of magnetic field measurements and provides a useful description of the
magnetosphere that can predict the average magnetic field at any given point within
~ 50% out to 70 R in the tail. Such models have been used in numerous studies, from
mapping auroral zones out to the megnetotail [Elphinstone et al., 1991] to studying
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particle kinetics in this global magnetic field [Ashour-Abdalla et al., 1993]. The model
depends on the X, index and not directly on solar wind parameters. The modei
assumes a closed configuration although it is produced from measurements during
both northward and southward IMF. The model also lacks a magnetopause and the
tail is stretched much more than observations suggest [Stern and Tsyganenko, 1992;
Tsyganenko, 1995b]. The more recent T95 model of Tsyganenko [1995a] addresses
these shortcomings and, for example, does include a magnetopause surface, but it
has a prescribed shape and is not self-consistently produced. Although simple to
use and fairly realistic, the lack of physics means such models cannot be used to
independently study the magnetospheric configuration, but rather their use must be
limited to applications using the derived model configuration.

Thousands of magnetopause crossings have also been collected in the last 30 years
[Fairfield, 1971; Formisano et al., 1979; Song et al., 1988; Sibeck et al., 1991]. An-
other global model derived from empirical data is the magnetopause model of Roelof
and Sibeck [1993], derived from correlating about a thousand observations of magne-
topause crossings with solar wind measurements. Given the solar wind conditions,
this model can predict the position of the magnetopause within ~ 1Rg on the day-
side and ~ 2Rg on the nightside. This is useful, for example, in determining if
a spacecraft will be inside or outside the magnetopause at a given time. Such a
magnetopause boundary can also be used as the inner boundary for the gasdynamic
simulations that have successfully modeled the flow of the shocked solar wind in the
magnetosheath [Spreiter et al., 1969; Stahara et al., 1989] or as the outer bound-
ary of a magnetospheric model, e.g. the aforementioned T95 model [Tsyganenko,
1995a]. Such models are necessary to predict “space weather” [Maynard, 1995] , the
immediate environment in near-Earth space, which directly affects radio communica-
tions through coupling to the jonosphere and electrical power systems on the ground
through induced currents. This forecasting is hoped to be accomplished in real time
using the solar wind parameters typically measured an hour upstream of the Earth.
The lack of physics in the empirical models, however, will severely limit the detail of
the forecast.

This empirical description of the magnetosphere represented by these and other
models is far from complete, bowever, since data sampling has been severely limited
by the numbers and orbits of these spacecraft. While an average description of some
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magnetospheric region can often be determined in the least squares sense, it is much
more difficuit to determine how this description depends on solar wind parameters.
Typically only about half of the measurements in a data set are accompanied by si-
multaneous solar wind measurements, which are required for magnetospheric behavior
or structures to be correlated with the controlling solar wind parameters. Such con-
straints prevent basic aspects of the magnetospheric configuration, such as the afore-
mentioned asymmetry of the magnetopause, from being resolved by such empirical
models at present, requiring the models instead to assume axisymmetry. Numerous
other processes and variations operating on vastly different size and timescales, such
as magnetospheric substorms, the ring current, the ever changing tilt of the geodipole,
coupling with the ionosphere, etc., create perturbations to the magnetosphere that
vastly complicate the global picture, often making such determinations very difficult,
if not impossible. The physics of the interaction of the solar wind with the magneto-
sphere is usually lacking in these empirical models, creating a fundamental limitation.
Despite these limitations this empirical description of the magnetosphere provides a
framework to guide the global modeling, which gains credibility if it can reproduce
empirical results.

1.5 Self-Consistent Models of the Magnetosphere

Self-consistent descriptions of the magnetosphere embodied in global models can pro-
vide another solution to the global problem. They necessarily are based to some de-
gree on the physics that describes the interaction of the solar wind with the Earth’s
magnetosphere, a fundamental advantage over the empirical approach. They also
automatically provide a global solution to a global problem, which is difficult if using
only localized measurements.

1.5.1 Global magnetospheric simulations

Global simulations of the magnetosphere using a fluid description of the plasma are
computationally feasible using the magnetohydrodynamics or MHD equations. In
MHD the plasma is assumed to be quasi-neutral, i.e. the electron and proton densi-
ties are assumed to be equal everywhere, and the displacement current is ignored in
Maxwell’s equations. As shown in the next chapter, these assumptions lead to many
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simplifications, but they also fundamentally restrict the physics making it impossi-

ie to describe micropbysicai processes. Equai proton and electron densities means
this is a “single fluid” description of the plasma with a single independent density,
temperature, etc., at each point in space, which cats the number of fluid variables
in half. More importantly, these assumptions greatly increase the time and length
scales that can be resolved in the fluid making computation vastly easier.

Lebouef et al. [1978] and Lyon et al. [1980, 1981] constructed the first 2-D
global simulations of the magnetosphere, and were able to produce a bow shock, a
magnetospheric cavity, and magnetosheath flow. Global model development rapidly
followed the call for a three-dimensional analysis of magnetospheric magnetic fields
by several authors [Akasofu et al., 1978; Fairfield, 1979a; Coroniti et al., 1980], who
recognized a need for analysis to escape the noon-midnight meridian plane of Dungey
[1961] and the equatorial plane of Azford and Hines [1961]. The 2-D simulations were
immediately followed by the 3-D global simulations of three groups [Lebouef et al.,
1981; Brecht et al., 1981, 1982; Wu et al., 1981, 1983)].

In global MHD simulations of the magnetosphere a solar wind plasma is blown into
a simulation box containing a magnetic dipole which interacts with the flowing solar
wind as the simulation is allowed to evolve in time. Internal physical boundaries,
such as the bow shock or magnetopause, are self-consistently calculated based on
the physics involved, and a magnetospheric cavity is generated surrounded by flow
in the magnetosheath (see Figure 1.11). Magnetic reconnection is very apparent
in these simulations, producing magnetic field topology with both open and closed
configurations, with reconnection occurring both at the dayside magnetopause and
in the tail. Viscous processes can also be present, so global simulations can be used
to study the solar wind-magnetosphere interaction. The resulting magnetospheric
configuration is very sensitive to the solar wind conditions, especially the orientation
of the introduced IMF. An inner model boundary representing the ionosphere was
introduced [Wu et al., 1983; Ogino and Walker, 1984], and then coupled with a
separate jonospheric model by Fedder and Lyon [1987]. Many of these early global
magnetospheric simulations are reviewed by Brecht [1985], and the differences in
methodology discussed. The mechanics of global MHD simulations are described
further in Chapter 2.

Global simulations have successfully produced many other qualitative features of
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Figure 1.11: Plasma pressure contours clearly outline the bow shock and magne-
topause, which are formed self-consistently in global magnetospheric simulations.
This 3-D MHD simulation of Watanabe and Sato [1990] employs a quarter space
using symmetry boundary conditions across the equatorial (horizontal) and noon-
midnight meridian (vertical) planes. Uniform low pressure in the solar wind, which
blows in from the left, gives way across the bow shock to high pressure plasma of the
magnetosheath, then across the magnetopause to low uniform pressure in the mag-
netospheric lobes. High pressure of the plasma sheet is seen tailward of the Earth,
especially in the equatorial plane. High pressure also fills an indentation at the mag-
netic cusp. The magnetospheric configuration produced by the model can be studied
looking also at density, velocity, magnetic field, electric current, etc.
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the global magnetosphere, described in Section 1.2. These include (1) the structures
of the magnetotail, i.e. cross-tail current sheet, plasma sheet, iobes, and mantle; (2)
additional aspects of the magnetic topology, such as the cusp, neutral lines, and the
draping of magnetic field lines in the magnetosheath, and (3) field-aligned currents
concentrated in an oval at auroral latitudes qualitatively displaying many of the
statistical patterns compiled by observers. The qualitative configuration produced by
global models, especially the dependence of the magnetic topology on IMF orientation
(Figure 1.12) and the generation of field-aligned currents (Figure 1.13), has been
extensively studied with several models for over a decade now with more mature
global models, an application we call “case studies”. The models used to perform
these case studies include: (1) the “Wu” model [ Wu, 1983, 1984, 1985], (2) the “Ogino
and Walker” model [Ogino and Walker, 1984; Ogino et al., 1985, 1986, 1989, 1990,
1992, 1994, 1996; Ogino, 1986; Walker and Ogino, 1988, 1989, 1996; Walker et al.,
1987, 1989, 1993; Chen et al., 1993], (3) the “Fedder and Lyon” model [Fedder and
Lyon, 1987, 1995; Fedder et al., 1991, 1995a; Slinker et al., 1995; Chen et al., 1995],
(4) the “Watanabe and Sato” model [Watanabe and Sato, 1990; Watanabe et al.,
1992; Kageyama et al., 1992; Usadi et al.,, 1993], (5) the “Raeder” model [Raeder,
1994; Raeder et al., 1995; Berchem et al., 19952, 1995b], and (6) the “Winglee” model
[ Winglee, 1995).

1.5.2 New applications of global magnetospheric modeling

In the last few years two other applications of global fluid models have emerged. In
“event studies” the idealized solar wind input is replaced with that actually mea-
sured by an interplanetary monitor during a specific period which is used to drive
the simulation with three of these models [Frank et al., 1995; Fedder et al., 1995b;
Winglee et al., 1996]. Unlike these idealized steady-state mathematical models of
magnetic reconnection discussed in Section 1.2.5, temporal and spatial variations in
the reconnection rate produced by a varying solar wind interacting with a dynami-
cally changing magnetopause are automatically handled by a 3-D global simulation.
The resulting time-dependent magnetospheric configuration is studied in order to
understand an event of interest and can provide information about regions not ob-
served during the event. Measurements taken by other spacecraft located at various
places within the magnetosphere can be directly compared to synthetic data from the
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Figure 1.12: Magnetic field lines traced from the northern polar cap of the Earth in
a global MHD magnetospheric simulation by Ogino et al. [1992] for northward IMF
and are seen to fill up the magnetospheric cavity. These field lines indicate a closed
magnetic topology of the magnetosphere for this symmetric case, in which all lines
intersect the equatorial plane and will close in the southern polar cap. The limit
of the footpoints of these field lines in the equatorial plane marks the approximate
position of the magnetopause. The cusp lies near the point dividing dayside lines
from magnetotail lines. Reconnection just tailward of this point is occurring (C) and
has just created a new field line on the dayside.
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BIRKELAND CURRENT

Figure 1.13: The pattern of mapped field-aligned (or Birkeland) currents in the iono-
sphere generated in the global MHD magnetospheric simulation of Fedder and Lyon
[1995], presented as in Figure 1.9 with noon at the top. Solid (dashed) lines indicate
currents away from (toward) the ionosphere. Strong Region 1 currents are present,
in addition to oppositely directed Region 0 currents, while the most equatorward
current system (Region 2) is relatively weak. There is a general correspondence with
the average empirical pattern determined by fijima and Potemra [1978.]
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corresponding time and location of the simulation. Comparisons can also be made
with ground or ionospheric measurements as well, if the simulation parameters are
mapped down to these altitudes.

Large scale kinetics (LSK) examines particle motion in the magnetic and electric
field produced by the global model, and is able to determine some kinetic effects
such as transport of particles from one region to another or the composition of the
plasma pressure tensor [ Walker and Ashour-Abdalla, 1995]. Studies of particle orbits
in a prescribed magnetospheric magnetic field have progressed from simple physical
models [ Williams and Mead, 1965; Taylor and Hones, 1965; Roederer, 1969] to the
more realistic empirical models [Ashour-Abdalla et al., 1993]. These studies are now
using a snapshot of the global magnetospheric field at an instant in time [Richard et
al., 1994], but soon may be done using a magnetospheric configuration evolving in
time [ Walker and Ashour-Abdalla, 1995].

The resulting magnetospheric configuration, which depends directly on the solar
wind input, can also be parametrically studied by running a large number of simula-
tions so the direct dependence of the magnetospheric configuration upon solar wind
parameters can be quantified. This is a new application of global MHD simulations,
which we may call “quantitative studies” or “parametric studies”. A literature search
shows that the direct quantitative determination of any magnetospheric structure
with a range of solar wind conditions has not been previously attempted. Large scale
magnetospheric structures such as the magnetopause can be studied and quantified.
The quantitative effect of additional variables on the magnetospheric configuration,
e.g. dipole tilt, can potentially be addressed as well.

The comparison with empirical models and averaged spacecraft data also has rel-
atively little precedent, consisting at present of only a few published studies using
four of the global models [ Walker and Ogino, 1988; Walker et al., 1989; Kaymaz et
al., 1995; Khurana et al., 1996; Elsen and Winglee, 1996a (presented in Chapter 3)].
Walker and Ogino [1988] studied how the pattern of field-aligned currents mapped to
the ionosphere changes with IMF orientation and compared these results to current
patterns inferred from spacecraft passes over the polar cap. Walker et al. [1989]
studied how the shape of the curved neutral sheet in the tail changes with dipole
tilt; the neutral sheet generated by a global code at different dipole tilt angles was
compared to the empirical models of Fairfield [1980] and Gosling et al. [1986]. Kay-



maz et al. [1995] compared averages of magnetic field measurements by IMP 8 in the
magnetotail with those generaied by a 3-D global MHD model. Khurana et al. {1996]
compared the ionospheric electric potential from the empirical model of Heppner and
Maynard [1987] with that generated by a 3-D global MHD model. The empirical
comparisons in the first four studies, however, are still essentially qualitative in na-
ture, while the empirical comparisons performed for this dissertation (and the latter
study) are much more quantitative in nature.

1.6 Scope of Research

This dissertation describes 2-D and 3-D global simulations of the magnetosphere that
quantitatively determine the average state of the magnetosphere as a function of solar
wind conditions. These studies are essentially self-contained and so the specific moti-
vation for each study is contained within the chapter along with any background ma-
terial necessary to understand it. Predicted variations of magnetospheric regions are
then compared to various empirical descriptions of the magnetosphere. This second
phase is critically important, since it allows us to test and calibrate the simulations
and also to establish credibility for the results.

Chapter 2 contains more technical material on the MHD equations and the me-
chanics of global simulations. Chapter 3 is a 2-D study which uses a modified
MHD formulation to study the magnetic field and field-aligned currents in the noon-
midnight meridian. A new methodology of time averaging the simulation output is
introduced which produces more representative measurements, which may provide a
better comparison to empirical data than a snapshot at a single time. Comparisons
are made with an empirical magnetic field model to study mapping and the position
of the neutral line is compared to ensemble averages of satellite data.

Chapter 4 studies the 3-D shape of the magnetopause generated by a 3-D global
MHD simulation. The global model output is again studied in a new way, this time by
generating a mathematically simple magnetopause model that predicts how the aver-
age three-dimensional shape of the magnetopause depends on the solar wind dynamic
pressure and IMF Bz. Extensive comparisons are made with empirical magnetopause
models and good agreement is found. The asymmetry between the noon-midnight
and equatorial planes is also studied and quantified, which the empirical models can-
not provide. Chapter 5 summarizes the results, presents ideas on how they can be
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refined, and suggests several similar “quantitative studies” of the magnetosphere for
future work. :



Chapter 2
MHD AND GLOBAL SIMULATION METHODOLOGY

This chapter develops the MHD equations used in the global simulations from the
two-fluid equations. The limitations of the MHD approximation are discussed, along
with the conditions that permit certain terms in the equations to be ignored. The
methodology used in the global simulations is described in detail and previous results
from global simulations are briefly discussed.

2.1 Macroscopic Fluid Equations

2.1.1 Conservation laws

By integrating the plasma kinetic equation for each plasma species over velocity
space, macroscopic fluid equations can be derived [cf. Parks, 1991]. The zeroth
moment gives a continuity equation for each species

On,
‘?t" +V. (navc) = 8a, (2'1)

where n, is the number density and V,, is the mean velocity for species a. Sources
and sinks are represented by s, but this term is only significant in the ionosphere,
so we set it to zero. Multiplying by and integrating over velocity gives a momentum
equation

mana%g' + mana(V, . V)V =-V. ﬁa +q¢na(E + Vq X B) + Ka, (22)

where m, is the mass and g, is the electric charge for species a, E and B are the
macroscopic (spatially averaged) electric and magnetic fields, K, represents the effects
of particle collisions, and l?a is the pressure tensor of each species given by

Pa= name [(v = Va)(v =~ Va)fu dv, (2.3)

where f, is the distribution function for that species and the integral is performed
over all velocities v. The second moment integration gives an energy relation for
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each species (not shown) [cf. Boyd and Senderson, 1969]. When we assume a fully
ionized piasma wiih oniy protons and elecirons, these equaiions provide a “two-fiuid”
description.

We obtain a single fluid description by combining the two-fluid equations. Mul-
tiplying the continuity equations for each species by m, and adding them together
gives a conservation of mass relation

8pm/8t + V - (pm V) =0, (2.4)

where pn = myn; + m.n. is the mass density of the fluid and V = (m;n;V; +
men.V.)/pm is the center of mass fluid velocity. The net charge density is p, = gin; +
g.n. = e(n; — n.) and the current density is J = ¢;n;V; + ¢.n.V, = e(n;V; — n.V.),
where e is the elementary unit of charge. Multiplying the continuity equations by g,
and adding gives a conservation of charge relation

Bpe/Ot+V -J =0. (2.5)

Adding the momentum equations gives the single-fluid equation of motion:

av -
pmw + p,,.(V . V)V =-V.p +pqE +J x B. (2.6)
The collision terms have cancelled out since K; = —K, as required by Newton’s

o oCM  ~CM
third law. The pressure tensor P=P; + P, , where each pressure component is

calculated in the center of mass frame, i.e. relative to the mean fluid velocity V. An
electric body force p,E and a magnetic body force J x B result from the Lorentz
force.

This equation can be more generally put into “conservative form™:

gt-(p+g)+V-(ﬁ+'i")=0- (2.7)

Here p = pV is the fluid momentum, g = E x B/uoc? is the momentum carried
by the electromagnetic field, M is the fluid momentum flux density tensor given by
Oje = pV;Vi + Pj, and T is the Maxwell or electromagnetic stress tensor given by
Tix = €o(E*851/2 — E;E,) + (B*8;4/2 — B;Be)/uo, where §;, is the Kronecker delta.
This equation just says that the rate of change in the total momentum (fluid plus
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electromagnetic) in a volume equals the rate at which momentum is transferred across
the boundaries by the fluid and electromagnetic field.

This method also gives an energy conservation relation in its most general form:
8 [pV? pV? -
5(7+U+uzu)+V~[(T+U)V+p-v+s+q =0. (2.8)
Here U = P;;/2 is the fluid internal energy demsity and ugy = (&E?/2 + B2/2u,)
is the electromagnetic energy density. The Poynting vector S = E x B/uo gives
the transport rate of electromagnetic energy. Additional heat flux is represented by
Q, which in general can be due to a number of dissipative processes, e.g. viscosity,
thermal conduction, diffusion, and electrical resistivity, which all increase the entropy
density of the fluid and are represented by scalar coefficients. The left hand term
represents the rate of change of the total energy density (bulk kinetic, internal, and
electromagnetic) in a volume, while the right hand term gives the flux of energy out of
this volume. The additional term P -V represents the flux of work done by pressure
forces on the fluid [Landau and Lifshitz, 1987].

Poynting’s theorem in its differential form, dugy/0t+V-S = J-E, can be used to
simplify this equation. The increase in fluid energy is represented by Joule heating,
J - E, which includes both adiabatic (reversible) heating as well energy dissipation
due to electrical resistivity, an irreversible process we may call ohmic heating. While
other dissipative processes such as viscosity and thermal conduction are often in-
cluded in ordinary fluid mechanics, we shall neglect them, since this is usually a good
approximation in a collisionless plasma. Compression of collisionless plasma is usu-
ally nearly adiabatic, with the major exception of collisionless shock waves, which are
thermodyna.mica.llj irreversible and produce large increases in entropy. Introducing
€ = pV?/2 + U to represent the total fluid energy density, we have:

O¢

§+v-(ev+§-V)=J-E. (2.9)

2.1.2 Closing the fluid equations

The moment equations described are not closed, i.e. there are more variables than
equations, a problem cannot be remedied by taking higher order moments [cf. Boyd
and Sanderson, 1969]. The equations must be closed by assuming relations among
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the existing variables, e.g. a relation for the electric field in Ohm’s law. Multiplying
the momentum equations by q,/m, and subtracting them gives a “generaiized Ohm’s

law”,
8y e3n; e3n,
78—t-+V-(VJ+JV+quV) = (;'-{- — )E+
en, e

2 g [ d Lo
VixB+ 2V, x B+ 5V. B, -5V. B, + (— + i) Ki, (2.10)
m; me my m m;

e L4

which can be simplified as follows. The V, x B terms can be expressed in terms
of their average and their difference, i.e. the bulk velocity V and the current J.
Furthermore, m; > m, allows us to drop several terms. The terms on the left
hand side, the “inertial term” involving 8J /8¢ and the three “quadratic terms” are
negligible for low frequencies, i.e. when w = V/L <« wp.V/c [cf. Boyd and Sanderson,
1969] or equivalently over large distances L 3> c/w,. This “electron inertial length”
¢/wpe < 50 km everywhere in the magnetosphere since the electron plasma frequency
fee 2 10° Hz (for n > .01 cm™3). Thus neglecting these terms is justified in a
global magnetospheric simulation, where we require L > 1000 km for the simulation
to be computationally feasible. The collision term is assumed proportional to the
difference in velocities and hence proportional to the current, i.e. —5J. This is an
accurate approximation for a collisional plasma described by a perturbed Maxwellian
distribution function, but may not necessarily be true for a collisionless plasma [cf.
Boyd and Sanderson, 1969)]. For a collisional plasma 7 is the reciprocal of the classical
" or Spitzer conductivity, n = 1/0 = vm,/ne?, resulting from the collision frequency v.
This leaves five terms in the Ohm’s law:

E+VxB+nJ=—“JxB+—=V.P,. (2.11)

pme pme
These one-fluid equations are combined with two of Maxwell’s equations:

6B dE
VXE:—-a—t and VXle‘O(J'*'eOE), (2.12).
where o and € are the permeability and permittivity of free space, respectively. The
divergence free condition V - B = 0 is not an independent equation, since it can be

derived from Faraday’s law, but is retained as an initial condition. Poisson’s equation
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V-E = py/¢g is also not independent and is not used in one-fluid equations. We thus
have 14 variables (E, B, V,3, g4, pm) and 14 equations if we assume that pressure can
be represented by a single (scalar) quantity P = P, + P., as is customary.

The symmetric pressure tensor has six independent quantities, whose calculation
would require 5 more independent equations. Fluid pressure is usually assumed to
be isotropic Pjx = P&z, which holds in a collisional plasma for timescales > 1/v
[f. Boyd and Sanderson, 1969]. This assumption is mathematically convenient, but
often not justified in a space plasma which may have very large collision timescales.
Fortunately, the magnetic field in a collisionless plasma will produce gyromotion
which will restrict particle motion perpendicular to the magnetic field, making the
fluid description valid over a perpendicular length scale L, >> p;. Particles are free
to travel parallel to the magnetic field, however, so that the pressure tensor can be
written in terms of only two pressures, P, and B, the components perpendicular and
parallel to the magnetic field, respectively [cf. Boyd and Sanderson, 1969]. Closure
requires two energy relations, so the distribution of thermal energy between P, and
B must be somewhat arbitrarily imposed [Hesse and Birn, 1992], if they are assumed
to be coupled.

Therefore, we shall henceforth treat pressure as isotropic, recognizing this as-
sumption has only limited validity in space simulations. This scalar pressure P sim-
plifies the pressure force to —VP. The internal fluid energy density U becomes
P/(y — 1), which from classical (collisional) thermodynamics is also U = NnkgT/2,
where N is the number of degrees of freedom. The total fluid energy density becomes
e=pv?/2+ P[(y-1).

2.1.8 Further simplifications

Unfortunately these equations still need further simplification to become tractable
for simulations, which require large length and time scales, L and r. This “MHD
approximation” is achieved by assuming quasi-neutrality, i.e. n; ~ n, = n and
by neglecting the displacement current in Ampére’s law (discussed in Section 2.2).
Quasi-neutrality is a good approximation for length scales much longer than the Debye
length, the distance in which charges are electrically screened out in the plasma:

2w 12 ccksT _ kgT
> = ne?  mewl,’

(2.13)
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where kp is Boltzmann’s constant, T' is the plasma temperature (assuming 7T; = T.),
and wp, is the plasma frequency. This criterion is easily met in the magnetosphere
and solar wind where everywhere A\p < 1 km [cf. Kivelson and Russell, 1995, but
L > 1000 km.

Often the two left hand terms still remaining in the generalized Ohm’s law (Eq. 2.11)
can be neglected. The “Hall term” involving J X B can be ignored when the current
is small enough compared to the bulk velocity, i.e.

. J
VxBaVBS> MIxBa1l,  orJ < neV. (2.14)

Pme ne

The pressure gradient term is negligible when temperatures are low enough, i.e.

VxBaVB» Tiyp, n kel ksl
Pme nmie L el

or kgT « LeVB. (2.15)

Neglecting the Hall term and the pressure gradient terms are not always justified
in the magnetosphere. For example, in some parts of the tail current sheet J =
1 ~6 x 10~ A/m? [Tsyganenko, 1990], the same magnitude as neV using n = 0.4
cm~* and V = 100 km/sec, typical values in the plasma sheet. Likewise, the thermal
energy in the hot plasma sheet (kpT =~ 1 — 5 keV) can be similar to the electrostatic
potential energy difference across the length scale of the current sheet LeV B for
L =1Rg,V =100 km/sec, and B = 5 nT.

However, neglecting these terms leaves E + V x B — nJ = 0, the simpler form of
Ohm’s law that is usually used in MHD, and which has a mathematical form that
necessarily makes the electric field orthogonal to B. The Hall and pressure gradient
terms that we have just shown are often significant in some regions of the magne-
tosphere will give a separation of electrons and ions, which produces an additional
ambipolar electric field that may have a non-zero electric field component parallel to
the magnetic field, Ej. This can produce additional field-aligned currents absent in
MHD and may also have a significant effect on the global magnetospheric configura-
tion. We shall come back to these terms in Chapter 3 where we use a modified fluid
approximation developed by Winglee [1994] to perform global 2-D simulations.

Finite Larmor radius effects will come into play if the length scale is on the order
of a gyroradius or smaller (see above), so the gridspacing must be chosen such that
L > pe = m;v;/eB, where v; is the ion velocity perpendicular to the magnetic field in
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order for the MHD approximation to be valid. In the magnetosphere the largest ion
gyroradius might be found near ihe neutiral sheet with a magnitude of several hundred
km or ~ 0.1Rg, for a keV plasma when B < 5 nT, which serves as a practical lower
limit to the gridspacing in global simulations.

Poisson’s equation does not become identically V - E = 0 under quasi-neutrality,
because (n; — n.) is allowed to have small perturbed values. The electrostatic field
calculated by a one-fluid simulation will not be divergence-free and so this small
density perturbation can be estimated through An = n; —n. = V- E/ee [cf. Krall
and Trivelpiece, 1986)].

2.2 The MHD Approximation

Quasi-neutrality by itself does not produce the MHD approximation, which requires
also that the displacement current be ignored in the Ampére-Maxwell law. High-
frequency electromagnetic waves, whose generation explicitly requires the displace-
ment current are not allowed in MHD, so that electromagnetic waves are restricted
to low frequency hydromagnetic waves. Fluid velocities are required to be much less
than the speed of light when the displacement current is neglected [cf. Parks, 1991].
This also means that the energy carried by the electromagnetic field is overwhelm-
ingly magnetic (B%/2u0) and electrical energy (€pE?/2) can be ignored. Similarly,
the momentum of the electromagnetic field g is also negligible compared to the fluid
momentum p [Landau et al., 1984], which simplifies the momentum equation. The
electric force is also negligible in the momentum equation [Boyd and Sanderson, 1969],
since
PE  (0E/L)E  Elcouo _ v:gr1 v?
IJxB (B/uI)B B* ~ B & @&

<1 (2.16)

The Maxwell stress tensor retains only the magnetic terms, so the electromagnetic
force has only two significant components. These are the magnetic pressure force
—~V(B?/2p0) and the magnetic tension or curvature force (B - V)B/uo, which com-
bined give the J x B force (missing the contribution from the displacement current).

2.2.1 The MHD equations

The MHD equations with both of these assumptions incorporated become:
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Oo . .

a.,.V.(,,v) =0 (2.17)
2(gtl)ﬂ'z.(pvw-_--vp+.1><13+f (2.18)
V. [e+PV]=T-E+£.V (2.19)

éB '
E—:-—VxE:Vx(VxB)+Vx(VmVxB) (2.20)
V:B=0 (2.21)
j-YXxB (2.22)

Ho
E+VxB=1J (2.23)

Here p is the fluid mass density (since we shall no longer deal with net charge
density), v is the polytropic index, % is the electrical resistivity, and vy, = 1/(po0o) is
the magnetic diffusivity. The MHD equations listed above express the conservation of
mass, momentum, and energy in the MHD fluid. The continuity equation (Eq. 2.17)
is not altered from ordinary fluid dynamics. The equation of motion (Eq. 2.18) is very
similar to the Euler equation of fluid dynamics, except that a magnetic body force
(¥ x B) has been added. Gravitational or other conservative body forces represented
by a scalar potential, f = pV% can easily be added, but often can be neglected, as in
our magnetospheric simulations. The energy equation (Eq. 2.19) also contains Joule
heating (J - E) as a source, but otherwise looks like the isentropic energy conservation
relation for an ideal (inviscid) fluid [Landau and Lifshitz, 1987]. If additional body
forces are included, an energy term f - V must be present in the energy equation
to account for work done on the fluid by these forces. Sometimes a simpler energy
relation, such as the adiabatic or isothermal condition, is assumed instead of the
energy conservation equation, reducing the number of free thermodynamic variables
by one.



52

2.2.2 Closure of MHD equations

These fluid equations are joined with three of Maxwell’s equations, as in two-fluid
theory. Faraday’s equation (Eq. 2.20) gives the electromagnetic induction. Current
is not independently calculated by 3 nqg,Va, as in two-fluid theory, but rather deter-
mined through Ampere’s law in (Eq. 2.22), where the displacement current has been
dropped. No continuity equation is needed for charge, since V - J = 0 because J has
zero divergence from its solenoidal form guaranteed by Ampére’s equation. This also
means that currents are automatically closed in MHD and current closure does not
have to be enforced, as in two-fluid theory. Closure of equations is achieved in the
case of MHD by assuming a simplified form Ohm’s law, which gives a relation for E.

The resistivity 7 is usually given by a uniform value over the simulation or some-
times determined through an assumed relation, e.g. 7 « J?. In a 3-D system the
polytropic index v = (N + 2)/N = 5/3, which is generally used in simulations, al-
though measurements show that « often differs from this ideal value. Nevertheless,
both 7 and 7 are prescribed because they cannot be independently calculated with
MHD. Pressure P and fluid energy ¢ are not both independent, and one of them can
be expressed in terms of the other variables. For a 3-D situation there are 15 variables
(V, B, E, J, p, ¢, p) and 2 (prescribed) coefficients (7, 7) given in (2.17) - (2.23).
However, E, J, and P can be expressed in terms of V,B, p, and ¢, which reduces the
number of independent variables and equations to 8.

2.2.83 Ohm’s law and dissipation

The simplest form of Ohm'’s law (Eq. 2.23) permits only a “convective electric field”
(=V x B) if resistivity is set to zero. Electrical conductivity is then infinite, giving
“ideal MHD”, where the magnetic field is frozen into the plasma. A non-zero 7
allows diffusion of the magnetic field. Resistivity can be ignored when the convective
timescale is much less than the diffusive timescale. The ratio of these timescales
defines the Lundquist or magnetic Reynolds number

_Vx(VxB)  VB/L VL

By vmVZB VmB/L? ~ v,

= pooVL (2.24)

Because the magnetic field specifies a direction at every point in the plasma,
the description of electrical resistivity, even in the simplified MHD approximation,
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requires several parameters [Landau et al., 1984]. In a uniform, isotropic medium re-
sistivity is gauged by a singie scalar dissipative parameter (). Assuming conduciivity
is independent of the magnetic field implies that the mean free path of the current
carriers is much greater than the gyroradius, or equivalently the collision frequency
is much greater than the gyrofrequency, conditions that often are not satisfied by
tenuous space plasmas. Plasma resistivity ordinarily is due to Coulomb collisions,
but in a collisionless plasma is derived from other microphysical processes such as
wave-particle interactions, which provides a substitute for Coulomb collisions. Such
microphysical processes may be approximated in MHD by imposing an “anomalous
resistivity”, which cannot be self-consistently generated in MHD because the neces-
sary physics is missing. The additional terms in Ohm’s law, however, are used in
the study of Chapter 3 to estimate an effective plasma resistivity 5, which otherwise
must be imposed somewhat arbitrarily.

2.3 General Methodology for Global Simulations

In general fluid simulations, the variables that describe the fluid are specified at
each gridpoint that fills a simulation box. The spacing between these gridpoints
determines the spatial resolution of the simulation, so the value of a fluid variable
can be thought of as an average over the portion of space represented by the gridpoint.
The simulations used for this dissertation were all done on uniformly spaced Cartesian
grids. The desired fluid equations are solved numerically as an initial value problem
(and can subsequently be driven by boundary conditions, as in our simulations), using
finite differencing methods. Asimplied by its name, finite differencing replaces spatial
derivatives with an algebraic difference taken across gridspaces and thus converts
differential equations into algebraic equations, which are then straightforward to solve.
These methods generally only operate on internal grid points where derivatives are
clearly defined, so that gridpoints on any inner or outer boundary must be determined
by other means. When these boundary conditions are also specified, this set of
typically hyperbolic partial differential equations is allowed to evolve in time, using
a finite time step to approximate time derivatives.

First we describe more general properties of the simulations, followed by more
specific details of the simulations used for this dissertation in Section 2.4 . In global
fluid simulations of the magnetosphere, the initial state consists of a stationary ge-
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omagnetic dipole surrounded by plasma that generally is at rest (Figure 2.1). The
inner boundazy ideally would be a conducting sphere of radius i Rg, but in practice
is usually set at a radius of 3 to 5 Rg for computational reasons described below.
The outer boundary conditions are the faces of the simulation box, whose X axis is
customarily aligned with the solar wind flow direction with the magnetic dipole is
located in the X — Z plane. The X axis also points toward the sun, Y points in
the dusk direction, and Z points northward in this geocentric solar magnetospheric
(GSM) coordinate system [Russell, 1971]. The magnetic dipole axis is aligned with
the Z axis when there is no dipole tilt and constrained to be in the X plane when tilt
is non-zero. The solar wind plasma and IMF properties are fixed on the sunward face,
so that the solar wind blows down the length of the box as the simulation evolves.

At the beginning of the simulation, the entering solar wind plasma immediately
begins to form a shock wave when it collides with the stationary plasma filling the
box. This shock wave progresses down the box and after some time the solar wind
encounters the dipole, first setting up a standing bow shock and later a magneto-
spheric cavity (Figure 2.2). The other faces ideally would be those at infinity, which
is usually approximated by a uniform fluid value or a uniform gradient at a suitably
large distance from the dipole. If the simulation box is too small these outer bound-
aries will interfere with the simulation, for example, by allowing fluid to reflect off
the boundaries. This problem is alleviated by covering more space, but this requires
more gridpoints or greater gridspacing, making a tradeoff that must be decided by
considering computational limitations.

2.5.1 Algorithms and numerical stability

The numerical algorithm used for the simulations performed for this dissertation is the
“Two-step Lax-Wendroff” method, which has been extensively used in many global
magnetospheric simulations [Ogino and Walker, 1984; Ogino et al., 1985, 1986, 1989,
1990; Ogino, 1986; Walker and Ogino, 1988, 1989; Walker et al., 1987, 1989; Winglee,
1994, 1995; Winglee et al., 1996]. Two-step Lax-Wendroff [Laz and Wendroff, 1960]
is a general purpose method recommended for sets of hyberbolic partial differential
equations that are cast as initial value problems in flux conservative form [Richtmyer
and Morton, 1967; Sod, 1978; Press et al., 1986]. The MHD equations are easily put
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Figure 2.1: The global magnetospheric simulation box is a 3-D gridspace on which
the MHD (or other fluid) equations are solved by finite differencing methods. A
dipole magnetic field aligned with the Z axis is centered at the position of the Earth,
which is surrounded by an inner boundary usually set at about 3 Rgz. The solar
wind plasma blows in from the left, traveling in the negative X direction, carrying
the IMF, which generally can have any orientation. The MHD values of the solar
wind are used as boundary conditions on the front face of the box (on left), while
free or symmetry boundary conditions are used on the other faces. The bottom face
is the equatorial (X — Y') plane) in this example, while the noon-midnight meridian
plane (X — Z) plane lies at the center of the box. The approximate position of
magnetospheric structures, such as the bow shock, magnetopause, and plasma sheet,
which are self-consistently generated within the box, are indicated. [From Ogino et
al., 1986.]
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Figure 2.2: Time sequence showing the formation of a magnetospheric cavity during
the evolution of the global MHD magnetospheric simulation of Watanabe and Sato
(1990]. Magnetic field lines (heavy lines) are shown in the noon-midnight meridian
plane and plasma flow streamlines (light lines) are shown in both the noon-midnight
and equatorial planes. Solar wind enters from the left at time ¢ = 0, and compresses
of the geomagnetic field into a cavity by end of this sequence, which introduces no
IMF. Solar wind plasma flows in straight along streamlines, and does not penetrate
the magnetopause (white space in equatorial plane), but is deflected around it in the
magnetosheath which eventually reaches the back of the box. Initially the plasma
in the portion of box displayed is at rest and the geomagnetic field is given by the
superposition of a dipole and an image dipole, as described in Figure 1.1, so it has
no component perpendicular to the solar wind flow direction at the front of the box.
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into this form,
2 4 V-F(u) = S(a), (2:25)

where u is the conserved independent variable, F is the conserved flux function, and
S is a source term, which is generally desired to be as small as possible [Press et al.,
1986).

The first step of the Lax-Wendroff method is to estimate fluid values % at half
gridspaces z;.,/; and a half timestep in the future t,.;/; using the existing fluid
values on the grid u? and the existing fluxes of this fluid variable Fi,

Wl = 3 (un +4]) ~ sae (F - B7) (2.26)

The first term on the left is just a spatial average, shown here only for one dimension,
but easily generalized to two or three dimensions, while the second term gives the
change due to fluxes in and out of the grid cell. The fluxes at the half timestep and
half gridspace Fj.,/,n + 1/2 are calculated with these updated fluid quantities, which
are used in the second step to calculate the fluid quantities on the gridspace after a
whole timestep

u?“ = u] — % (F;:_';l/: - ::1//22) (2.27)
The intermediate fluid values “::11 //,2 are then discarded. Since the second step used
fluxes centered on the half gridspace (j +:1/2) and centered in the total time interval
(n+1/2), a more accurate estimate of the final fluid values u}** results. This method
has second-order accuracy in time and space, i.e. the errors are on the order of the
square of the finite differencing gridspace and timestep, since the first order errors
cancel out [Press et al., 1986].

The most challenging aspect of finding approximate solutions to these types of
equations is avoiding numerical instability, which is achieved in Lax-based schemes
[Laz, 1954] by the addition of spatial averaging in the first step. The price paid
for this stability is a numerical error in the simulations over the length scale of a
gridspace due to this spatial averaging. This error is called numerical diffusiveness
or numerical viscosity, because it is numerically equivalent to introducing a diffusion
term in each of the equations. The Lax-Wendroff method overcomes these stability
problems fairly well, being numerically robust with a good level of accuracy. It is also
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easy to program, requires relatively little memory, and is computationally efficient,
bat has also relatively little diffusiveness for a Lax-based scheme {Press et al., 1986].

The limit of stability for this method (and many other numerical methods as well)
is the Courant-Friedrichs-Lewy stability criterion [Courant et al., 1928],

|v|At<

Az -_— 1’ (2-28)

where v is a wave mode velocity, At is the finite differencing timestep, and Az is
the finite differencing spatial step (or gridspace) [Press et al., 1986]. Physically, this
“Courant condition” just says that all wave modes permitted by the equations must
be resolved in space and time as they propagate across the grid. If this condition is
violated at some location in the simulation, short wavelength waves will be unstable
at this point, grow exponentially and quickly contaminate the simulation. In practice
this becomes At = SAt/ | Umaz |, Where Vs, is the maximum wavespeed anywhere
in the simulation and S is a step-size coefficient, 0 < S < 1.

For many problems, such as those involving shock waves, as in our simulations,
the numerical viscosity of the Lax-Wendroff method alone is inadequate to prevent
instability. These nonlinear equations can produce a “nonlinear instability” when
fluid quantities have large gradients, which again are most effectively damped out at
the shortest wavelength by using “artificial viscosity” [von Neumann and Richtmyer,
1950] and other smoothing methods. This additional artificial viscosity has the same
numerical form as the numerical diffusion inherent in the Lax-Wendroff algorithm,
and in practice is very apparent in the simulations, blurring the simulation features,
such as shock waves and current sheets, so they have a minimum thickness of 3 to
5 gridspaces. Other smoothing methods, e.g. Lapidus smoothing [Lapidus, 1967] or
“flux correction” smoothing [Boris and Book, 1973], can also be used in the simula-
tions in combination with artificial diffusion. The advantage of the Lapidus method
is that it applies more smoothing at large velocity gradients, exactly where it is most
needed, but has very little effect on other portions of the simulation. Unlike diffusion,
however, this smoothing operation does not have a simple physical interpretation.

Numerical and artificial diffusion produces an equivalent magnetic diffusivity in
the induction equation, which is physically equivalent to a finite electrical conduc-
tivity. Smoothing also produces an artificial viscosity in the momentum equation
that has the same effect as a physical fluid viscosity. Thus, numerical and artificial
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diffusion mimics that produced by physical processes, e.g. providing resistivity that
allows magnetic reconnection to occur and viscosity that transports momentum, and
so can successfully simulate macroscopic processes of microphysical origin that are
believed to have a strong effect on the global magnetospheric configuration (Chapter
1). Artificial mass diffusion also occurs in the continuity equation, while fluid energy
diffusion occurs in the energy equation, but these side effects do not produce any
desirable behavior in the simulations.

Other numerical methods can be used that are not as diffusive and produce sharper
boundaries, but they have other drawbacks, generally requiring more computer mem-
ory or computational steps. For example, the global simulation of Watanabe and Sato
[1990] (shown in Figures 1.11 and 2.2) used a fourth-order Runge-Kutta-Gill method
[Press et al., 1986), which is less diffusive than the traditional Lax-Wendroff method.
They claim that no mass, momentum or energy are observed to cross the magne-
topause in their simulation. This method uses four computational steps rather than
two, so it requires twice as much data storage as Lax-Wendroff, which in practice
means that for a given memory allocation only half as many gridpoints can be used
to define the system. Furthermore, the more complicated algorithm will also be
slower, decreasing the amount of physical time that can be simulated for a given
amount of CPU time.

2.4 Specifics of Global Magnetospheric Simulations

We now discuss more specific aspects of the simulations performed for this disserta-
tion, with these comments pertaining to the 3-D simulations unless otherwise spec-
ified. First we consider the size of the simulation box. The dipole position must
be far enough from the front of the box so that the bow shock can stand freely up-
stream, 50 Xyf,on: > 15Rz. Since the bow shock is so blunt, even a very wide box,
say ~ 60Rg, will not capture all of it. Fluid entering the box must be allowed to
leave, so the simulation must be wide enough to allow the high speed flow of the
magnetosheath, in practice > 20 — 24Rg. The tail length is less critical - short tail
simulations have been successfully performed (e.g., ~ 24Rg in Walker et al. [1987]
and also in the development of the simulations used in this dissertation), but while
numerically stable they may not be physically realistic. The longer the tail the more
realistic the tail dynamics will be, because the interference from back of the simula-
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tion box will be minimized. This usually involves making the tail from 60 — 120Rg
in most recent simulations, e.g. Watanade and Saio {1990], Waiker and Ogino {1993],
Berchem et al. [1995a], and Winglee et al. [1996]. A few simulations with extremely
long tails (> 300Rg) have been recently performed [Fedder and Lyon, 1995; Raeder
et al., 1995], but unless dynamics are being studied very deep in the tail this extreme
length shows little difference from a simulation with a tail length of 100 Rg [Berchem
et al., 1995a).

The simulation box is set up to exploit symmetry when the noon-midnight merid-
ian plane of the magnetosphere is collocated with an X —Z plane in the simulation box
and the equatorial plane is collocated with an X — Y plane. A symmetry boundary
condition can be used at the noon-midnight meridian plane when the dawn hemi-
sphere is a mirror image of the dusk hemisphere. A necessary, but not sufficient
condition for this symmetry to occur, is when IMF By is set to zero. Symmetry
also requires that the incoming plasma velocity has only an X component and the
transverse components are set to zero, unlike the real situation which generally has
small V¥ and Vz components. Furthermore, IMF By must be set to zero to have
symmetry, again contrary to the observed solar wind which generally has an IMF By
component. Likewise, the northern and southern hemispheres may be mirror images
of each other across the equatorial plane when the dipole tilt is zero. If there is no
dipole tilt and the IMF has only a Z component, again with the other necessary
ideal conditions, then symmetry exists at both planes and only one quadrant needs
to be simulated, as in Figure 1.11. This requires only a fourth as many gridpoints or
alternatively allows four times as many gridpoints to define the quadrant. The 3-D
simulations performed in Chapter 4 exploited this symmetry.

An Earth-centered dipole magnetic field B#? is most conveniently expressed in
Cartesian coordinates [Russell, 1971] for our simulations:

ds; 3XZBE
BY¥r = 1Y 1 2 (2.29)
: 3YZB
dip __ E
B = ey vie g (2.30)
. 2 _ Y2 _ v2

(X2 + Y2+ 2252
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where X, Y, and Z are the dimensionless distance components from the center of the
Earth expressed in /g, and Bg is the magnetic field on the surface of the Earth at
the magnetic equator. These expressions are for an untilted dipole, which will point
in the Z direction. A tilted dipole is easily handled through a rotation of coordinates.

2.4.1 Inner boundary conditions

We now discuss the inner boundary conditions, which are usually set at a radius
r > 3Rg out of computational necessity. The finite differencing time step At is
inversely proportional to the maximum wavespeed in the simulation box, which in a
global magnetospheric simulation turns out to be the Alfvén velocity (B/,/kep) in
the highly magnetized inner region, which is filled with the high density plasma of
the plasmasphere (out to 3—5Rg). The Alfvén speed decreases rapidly with B ~ 73
for a plasmaspheric density that changes slowly with r, so if the simulations have an
inner boundary r > 3Rg, the time step (for a fixed density and gridspacing) is at
least 30 times larger than if the boundary were set at 1 Rg. Gridspacing is typically
larger than 0.5 Rg, a choice which will generally result in large finite differencing
errors near the Earth where there are large magnetic gradients. Minimizing these
finite differencing errors could involve finer gridspacing (say 0.1 Rg) near the Earth,
but this then gives an even smaller time step (proportional to Az) and also could
result in more gridpoints near the Earth than in the rest of the simulation box [since
gridspace density is proportional to (Az)~%]. Surrounding the Earth by a finer grid
and using physically realistic values for the magnetic field and plasma easily results
in a simulation that is not computationally feasible.

Fortunately, this computationally convenient choice of inner boundary (r > 3Rg)
is physically justified in several ways and gives conditions that determine the MHD
boundary conditions. The MHD equations are not simulated inside this boundary,
but rather this region is approximated by a static dipole magnetic field and a plasma
with a fixed density and pressure that is either static or corotates with the Earth
like the plasmasphere. Three things need to be achieved by the inner boundary: (1)
currents must close somewhere outside the Earth as in the ionosphere, (2) the plasma
density and temperature (and hence the pressure) must be set, and (3) the dawn-dusk
electric field must be shielded out at low latitudes and plasma velocities limited. We
treat each in turn.
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At 3—5Rg the magnetic field is still overwhelmingly dipolar and the external field
ouly comstituies a small fraction of the total field. The mapping of magnetic field
lines inside this radius will not be significantly affected by external magnetic field,
80 its absence in this region does not produce significant mapping errors. Currents
automatically close everywhere in MHD, since V - J = 0 identically, but must be
excluded from the Earth as achieved by the highly conducting ionosphere and the
underlying electrically insulating neutral atmosphere. Field-aligned currents close in
the ionosphere, so this is simulated by treating the inner boundary as an electri-
cally conducting shell which will prevent currents from crossing the boundary. This
gives conditions for setting the boundary conditions for the perturbed portion of the
magnetic field, since the background dipole field is fixed. Zeroing out the perturbed
magnetic field tangential to the boundary is equivalent to infinite conductivity at the
boundary, which induces a surface current that shields out the perturbed magnetic
field from the interior. The normal component must be continuous from Maxwell’s
equations for any surface, so setting this term to zero prevents perturbed flux from
entering inside the boundary. Even if ideal MHD is used, however, finite differencing
methods will create a numerical resistivity which is particularly large near the inner
boundary where there are large gradients in the magnetic field. This resistivity per-
mits currents to close in a shell of finite thickness out from the boundary rather than
only at the surface of the boundary. A further refinement to global models determines
the inner boundary conditions by coupling with a separate ionospheric model [Fedder
and Lyon, 1987] and is discussed in Chapter 5.

The plasmaspheric density is several orders of magnitude higher than in the outer
magnetosphere, but within the plasmasphere the density often is fairly uniform over
a distance of a few Rg. This higher plasma density means the Alfvén speed is
significantly lower due to the presence of the plasmasphere, which helps the simulation
significantly by permitting larger time steps. This higher density also provides mass
loading of the magnetic field lines and for a given momentum density gives a lower
bulk plasma speed. Our simulations generally use a density profile near this boundary,
which falls off as r=3 to r~¢, a choice which makes the Alfvén speed increase less near
the inner boundary and permits larger time steps. The thermodynamic state of
the plasma at the inner boundary is determined by setting two variables, e.g. the
density and temperature, which then determines thermal pressure of the plasma. The
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simulations generally use number densities from 100 to 1000 per cm® and temperatures
near 1 eV, as in the coid plasma of the real plasmasphere. This ignores the pressure
contribution from the less numerous energetic particles, which can be accounted for
by increasing the average plasma temperature without increasing the number density.
This method is employed in the simulations of Chapter 4, which utilizes an enhanced
pressurization near the inner boundary.

Another important property of the plasmasphere is its electric shielding, which
can be accomplished by setting the plasma velocity at the inner boundary to zero.
Inside the plasmapause the electric field is mostly corotational, while far outside it
is in the dawn-to-dusk direction. If the dawn-dusk electric field suddenly increases,
charges will build up near the plasmapause over a period of a few hours to shield
out the electric field from the inner magnetosphere [Kelley, 1989]. The corotational
speed at 3R is actually near 1 km/sec, much less than the plasma flow speeds in the
outer magnetosphere which are generally many tens of km/sec and sometimes several
hundred km/sec. Magnetospheric forcing near the inner boundary can produce speeds
in the simulation of tens of km/sec, which greatly exceed the corotational velocity.
Mass loading near the inner boundary helps slow these speeds, but by itself is generally
inadequate to constrain plasma velocities. The velocity at the boundary can be set to
the corotational speed, but this is really mostly just a refinement to the main purpose
of this boundary condition, i.e. shielding out the electric field and keeping velocities
low near the boundary of the simulation.

2.5 Conclusion

This chapter has shown how the MHD equations relate to the general two-fluid equa-
tions for plasma. The limitations and conditions for validity of MHD has been dis-
cussed, as well as the methodology used to perform global magnetospheric simula-
tions. The possible importance of several terms that are conventionally neglected in
MHD, e.g. in Ohm’s law, has been demonstrated, and will be pursued further in the
next chapter. Both MHD and these modified fluid equations will be used to perform
global magnetospheric simulations in the following chapters.



Chapter 3

MAPPING AND CURRENTS IN THE
NOON-MIDNIGHT MERIDIAN

3.1 Introduction

3.1.1 Outline of chapter

In this chapter, a 2-D magnetospheric simulation in the noon-midnight meridian
plane is performed using a modified fluid approximation. This fluid formulation is
based on keeping the Hall term and electron pressure gradient term in the Ohm’s
law, which were shown in Chapter 2 to often be significant in the magnetosphere.
This modified fluid approximation incorporates additional field-aligned currents not
included in MHD but which are shown to be a vital component to the auroral current
system in the noon and midnight sectors. A representative static magnetospheric
configuration is prepared by time-averaging the dynamic magnetic field generated by
the global model. Time-averaging provides a new way to study the output of this
global magnetospheric model and permits meaningful comparisons with ensemble-
averaged satellite data and empirical magnetospheric models.

The model produces a cyclical substorm while the IMF is southward, with a
growth phase, an expansion phase, and a recovery phase. The resulting time-averaged
configurations are studied parametrically using two series of runs that vary the so-
lar wind dynamic ram pressure and the southward component of the interplanetary
magnetic field, respectively. Although the time-dependent position of the X line can
be as small as 13 Rg, the average position of the X line exceeds 42 Rg in all the
cases studied. The auroral currents map to magnetic latitudes near 70° at midnight
and move equatorward and intensify both for increased dynamic pressure and IMF
Bz. These static magnetic configurations are compared with the T89M empirical
magnetospheric magnetic field model of Tsyganenko [1989]. The peak tail current
shows & variation similar to that in the T89M model but is about 30% less. Reducing
the tail magnetic field of T8IM to 70% of its original value gives more realistic values
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for Bz in the near-Earth tail and improves equatorial mapping of closed field lines in
the tail. Increased activity causes a fixed point in the tail to map to a position more
equatorward in the ionosphere within the simulations but to a position more pole-
ward in T8IM. The results of this chapter have been published in Elsen and Winglee
[1996a).

3.1.2 Motivation for study

Recent MHD global magnetospheric simulations [e.g., Walker et al., 1993; Ogino et
al., 1994; Fedder and Lyon, 1995; Raeder et al., 1995; Watanabe and Sato, 1990;
Usadi et al., 1993] have been mostly case studies, usually for some specified IMF
conditions. These models have successfully produced the overall morphology of the
magnetosphere and provide strong support for the near-Earth neutral line substorm
model [Hones, 1984; Kan, 1990]. Some of these three-dimensional (3-D) MHD sim-
ulations have incorporated a resistive ionosphere and have produced field-aligned
currents, which are mostly confined to the dawn and dusk sectors and are relatively
weak near midnight [e.g., Ogino, 1986; Fedder and Lyon, 1987; Hesse and Birn, 1991).
However, there is a need to relate the results of these global models to not only a
specific observation, as in a case study, but also to large groups of observations to
determine the average behavior of the magnetosphere as a function of solar wind
conditions. The problem is that even a single case study requires considerable com-
putational resources and that unless the dynamic configuration approaches some kind
of equilibrium, one only has a “snapshot” of the magnetosphere at a particular time.

Semiempirical magnetosphere models fitted to large databases of satellite measure-
ments, as exemplified by the models of Tsyganenko [1987, 1989], provide an average
value of the global magnetic field. Although these models are static, they indicate
changes in the magnetospheric magnetic field with the K, index. By time-averaging a
dynamic model over a considerable period of time, i.e., an hour or more, the resulting
average global magnetospheric configuration can be compared more easily with time-
averaged measurements and thereby provide a link between static configurations and
global dynamics. For example, a 3-hour average of the fluid model can be prepared
and then compared with data sorted by the K, index or to hourly averaged satellite
data of the kind used to fit the semiempirical models. »

A modified fluid approximation has been developed by Winglee [1994]. It has been



66

used for a 2-D global simulation in the noon-midnight meridian plane [ Winglee, 1994],
as well as 3-D simulations | Winglee, 1395; Winglee et al., 1996]. This methodology,
called magnetoplasma dynamics (MPD), incorporates to a limited degree some of
the particle effects not present in standard MHD. The fluid resistivity needed to
drive magnetic reconnection is calculated rather than arbitrarily imposed. Besides
the convective electric field, the modified fluid approximation allows for an ambipolar
electric field in the plane of the plasma flow and magnetic field, which is particularly
strong at the boundary layers of the magnetopause and magnetotail current sheets,
where differential penetration of incoming electrons and ions is large. In addition
to the MHD current system, this electric field along with a modified Ohm’s law
then produces field-aligned currents which divert some of the magnetopause and
magnetotail currents into the dayside and nightside auroral sectors. This diversion
also produces an effective resistivity in the magnetopause and magnetotail current
sheets, enabling reconnection to occur without the need for an anomalous resistivity.

Dynamic pressure has been used as a predictor of both magnetopause location and
magnetospheric activity since the 1960s, and IMF By since the early 1970s [Aubry et
al., 1970; Fairfield, 1971; Holzer and Slavin, 1978; Petrinec et al., 1991; Roelof and
Stbeck, 1993]. We produced a wide range of magnetospheric activity and configura-

tions by varying just these two parameters in our simulations.

The simulation performed for this chapter is two dimensional (2-D), yet most
recent simulations are 3-D. To date, 3-D simulations have only provided a limited
number of isolated case studies, while the present study is a systematic study of the
magnetospheric response to a large range of solar wind conditions. Two-dimensional
studies have the disadvantage that they may not exhibit the proper geometry, and the
results must be viewed with caution [Lyon et al., 1986]. However, most of the flows in
the noon-midnight meridian plane are restricted to remain in the plane, particularly
for southward IMF. The magnetic fields in the tail and at the magnetopause scale
to the right magnitudes and are very similar to 3-D results [ Winglee, 1995]. We also
find that converting the latitudes of high-latitude field lines and auroral currents to
their equivalent 3-D latitudes results in fairly realistic mapping of these field lines
and currents. The 2-D results more often than not compare favorably with empirical
models, ensemble-averaged data, and 3-D models. We do find some notable excep-
tions, such as the magnetopause shape where the ratio of polar to subsolar distance
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is significantly higher than in 3-D, but demonstrate in general that 2-D is a better
approximation in the noon-midnight meridian than might be expected.

Three-dimensional simulations are presented in the next chapter. Based on these
results and other work performed with 3-D codes, we do not see substantial differences
between the present 2-D results and features in the noon-midnight meridian derived
from 3-D results, except where noted. It is vitally important to establish the accuracy
of the modeling against the known average behavior of the magnetosphere. The
time-averaging methodology developed in this paper represents one of the first such
comparisons of global model results with both averaged satellite measurements and
a semiempirical global model.

3.1.83 Scope of this chapter

The MPD model and other methodology used for the present parametric study are
described in Section 3.2. The dynamic behavior of a representative MPD run dur-
ing southward IMF is discussed in Section 3.3, showing a moderately strong sub-
storm with distinct growth, expansion, and recovery phases. A comparison with the
corresponding time-averaged static configuration is made in Section 3.4. This time-
averaged MPD configuration is tested in Section 3.5 by comparison with T89M, an
updated version of T89, the semiempirical magnetic field model by Tsyganenko [1989].
Parametric studies of the location of the neutral point and auroral MPD currents are
presented in Sections 3.6 and 3.7. Conclusions are presented in Section 3.8.

3.2 Magnetoplasmadynamics (MPD)

3.2.1 The modified fluid approzimation

The modified fluid equations that form the basis for the 2-D magnetospheric model
are derived by Winglee [1994] and are briefly described here. The derivation starts
with the more general form of Ohm’s law derived in Chapter 2, in which the Hall
term and the electron pressure gradient term have been retained, but now m;/p,, has
been approximated by 1/n and P, is a scalar rather than a tensor.

JxB VPF

E+VxB=xnJ+
en en

(3.1)
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As described in Chapter 2, these terms can produce an additional ambipolar electric
field that will produce additional currents (and their associated magneiic field). Such
currents are shown to be present in particle simulations, also performed by Winglee
[1994], but are absent from MHD. This new class of currents are called “surface
currents” and distinguished from the “body currents” of MHD.

The MPD formulation accounts roughly for some effects seen in the particle simu-
lations, and which are also expected from the more general Ohm’s law from two-fluid
theory, hence the name “modified fluid approximation”. Mathematically, MPD is a
perturbed MHD, with the same length and time scales as MHD, which is necessary
to keep the simulations computationally feasible. (A full two-fluid treatment must
resolve much shorter length and time scales, including high-frequency Langmuir oscil-
lations, and so cannot be used for a global magnetospheric simulation, since it would
far exceed the practical limits for computation.)

To obtain an explicit solution the Ohm’s law is first decomposed into body and
surface components, denoted by subscripts b and s, respectively.

E,+V xB, = nJdy + I, :an (3.2)
E +VxB,=2XB VP (3.3)
en en

For a 2-D system, equation 3.2 contains components perpendicular to the noon-
midnight meridian plane, and except for the final Hall term is identical to the MHD
Ohm’s law. If this Hall term is equated to 7.s;J; and the ordinary resistive term
neglected, since fausica is very small for a collisionless plasma, the effective plasma

resistivity is given by
| J s X Bb I

TT (3.4)

Neff =

The components within the noon-midnight plane are used in equation 3.3, and are
perturbative terms totally absent from MHD. Since this is a perturbation, the J, x B,
term is second order and therefore neglected, while J; x B, is zero since the vectors
are parallel by definition.

An expression is needed for the electrostatic field E,, which is assumed to be given
by a potential that depends on the energy of the plasma

~ L 2
E,~ —V(oV" + P). (3.5)
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By further assuming that VP ~ J x B and making some other simplifications, an
explicit representation for the surface magnetic fieid and currents is produced in ierms
of known MHD quantities:

_ (V-Bs)ds
AN 6)
J, = VxB, (3.7
Ho
This also gives a revised Ohm’s law:
E,+VxBy,= xJ': B, + 7ads, (3.8)

where x is the MPD resistive parameter and 7, is an anomalous MHD resistivity,
either or both of which may be used for a simulation. The addition of | V-V, | in
the denominator of (3.6), where Vj is the local Alfvén velocity, is to avoid numerical
problems near gridpoints where V is very small, but otherwise this has little effect on
the simulations. These three equations are then used with equations (2-17) through
(2-22) to perform the simulation. The strictly MPD simulations performed for this
study set x ~ 1 and 7, = 0. The scale length at which the surface currents are a
significant fraction of body currents is shown to be L = c/w,:, where wy; is the ion
plasma frequency. This means the surface currents are strong in thin structures such
as current sheets and relatively insignificant at most other locations.

3.2.2 The global model

These MPD equations are solved using a two-step Lax-Wendroff method with artifi-
cial diffusion and additional flux correction smoothing [Boris and Book, 1973]. The
Earth’s dipole is aligned with the Z direction, giving north-south symmetry. The
simulation grid is 375 x 125, with the grid spacing equivalent to 2000 km. The
simulation box ranges from 34 Rz on the dayside to -78 Rg on the nightside, and
from 0 to 37 Rg in the Z direction. The incoming solar wind is blown in with a
specified velocity, southward IMF, density, and temperature. The resulting activity
in the magnetosphere is then studied parametrically as a function of the solar wind
dynamic pressure p and IMF Bjz.
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The model must use a 2-D magnetic dipole that falls off as =2 in order to have
zere divergence of B in the simulation plane. The sirengih of the dipole was chosen
so that the magnetopause was generated near 10 Rg. The inner model boundary is
set at 3.0 R and has infinite conductivity and tangential flow. The radius of the
inner boundary is similar to that seen in most 3-D global simulations [e.g., Fedder
and Lyon, 1995]. An increased plasma density that falls off as »~3 limits the Alfvén
speed and hence prevents the finite differencing time step from being too small at low
radial distances. The Alfvén speed at the inner radius is set to 1300 km/s, close to
that observed in the ionosphere and our 3-D simulations. The model currents close
at this inner boundary with the magnetic field inside an unperturbed dipole field.
Auroral currents are strong near the inner boundary but map much too poleward
using this 2-D dipole field. Instead, the equivalent latitude that these points would
map to with a 3-D dipole field inside the inner boundary was estimated and found to
correspond roughly with the statistical auroral oval.

Incoming solar wind velocity is kept constant at 450 km/s in all the simulation
runs, a speed slightly higher than average solar wind value. The solar wind dynamic
pressure is varied by changing the solar wind particle density from 1.2 to 20 per cm3,
which is slightly more than the 20 range of observed solar wind number densities
[Feldman et al., 1977). An unmagnetized fluid is blown at the dipole for the equivalent
of 3 hours to achieve a fluid equilibrium. Incoming solar wind IMF with only a Bz
component is then ramped up linearly for a period of 40 min and held constant
for a period of 160 min. For each case, a time-averaged magnetic field and current
configuration is computed by linearly averaging each magnetic field component from
50 uniformly spaced snapshots from the final 200 min of the run.

Northward IMF cannot be run for an extended period of 3 hours in our 2-D
model, owing to the pileup of the magnetic field lines at the magnetopause, limiting
this study to southward IMF Bz. Two sequences of the MPD model were executed:
(1) a “pressure” sequence with variable dynamic pressure and constant IMF B
and (2) a “Bz” sequence with variable IMF Bz and constant dynamic pressure.
These solar wind parameters were stepped by a factor of 2 to cover a large range
of observed solar wind conditions and hence magnetospheric activity. The scaled
dynamic pressure levels in the pressure sequence varied from 0.56 to 9.0 nPa, which
corresponds roughly to the 20 range of measured values [Roelof and Sibeck, 1993].
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IMF Bz ranged from -0.35 to -4.2 nT, from close to the mean value (0 nT) down to
a little past the 1o vaiue for southward IMF Bz of -3.5 nT |Roeiof and Sibeck, 1993].

3.3 Dymnamic Behavior of the MPD Model

Magnetic field lines, calculated with a stream function, are shown for the entire sim-
ulation box in Figure 3.1 for the final hour of a 200-min MPD run with a moderately
strong southward IMF Bz of -2.8 nT and moderate dynamic pressure p of 2.2 nPa.
These solar wind input values produce a fairly high level of magnetospheric activity
(to be shortly defined). Figure 3.1a depicts a time 140 min after IMF has entered the
simulation box.

There is an X line in the tail at X,,, = —39 Rg, which had formed earlier in
the middle tail at 28 Rg. The neutral point continues to move outward, while the
tail current sheet continues to thin (Figures 3.1b and 3.1c). Another neutral line
has formed in Figure 3.1d but now is much closer to the Earth at 13 R, forming a
true plasmoid (with locally closed magnetic field lines). This new X line soon moves
tailward and reaches 32 Rg by the end of the simulation (Figure 3.1f), with the
magnetic configuration approaching that seen an hour earlier in Figure 3.1a.

Closeups of the corresponding MPD currents that map into the auroral zone are
shown in Figure 3.2 by combining an arrow plot with stream function contours. The
arrow lengths are scaled to the square root of the current magnitude for a larger
dynamic range. The contours of the stream function for the auroral current indicate
the mapping of the currents as well as magnitude. On the dayside, these MPD
currents are downward at the cusp and upward on each side of the cusp. The upward
currents equatorward of the cusp map to a large circulatory feature near the subsolar
magnetopause, while the poleward current maps to the outer edge of the plasma
mantle.

The nightside currents mapped to the Earth are concentrated in a fairly narrow
range of latitude around 70°, consistent with the typical position of the auroral oval.
The poleward edge of the auroral current is upward and has the sense of region 1
current on the dusk side of the auroral oval, while the equatorward edge of this
current is directed downward. These auroral currents are seen to intensify and move
equatorward and then poleward, respectively, in association with the formation and
subsequent tailward motion of the near-Earth neutral line seen in Figure 3.1. The
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Figure 3.1: Snapshots of magnetic field lines as indicated by a stream function in the
noon-midnight meridian plane at six times during an hour-long substorm cycle ending
a 200-min MPD simulation. To enhance the plots, the magnetic field was zeroed out

inside the larger circle at 6 Rg and reflected around the simulation symmetry line (at
Z = 0). The small inner circle is the Earth.
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global magnetospheric configuration varies cyclically, roughly reproducing the events
of Figures 3.1 and 3.2 afler an hour or more.

Time histories of quantities characterizing the auroral and magnetospheric cur-
rents are shown in Figure 3.3. The positions of magnetic neutral points on the
Sun-Earth line (Bz = 0) in Figure 3.3a show the traces of both the initial and the
second X line. After moving earthward or remaining stationary for a short time, both
are ejected tailward at a steady velocity of about 100 km/s. The formation of our
second X line is delayed about an hour until the first X line has reached 55 Rg.

Peak cross-tail (MHD) currents are shown in Figure 3.3b and are well correlated
with the tailward motion of the X line. The solid line shows the maximum value
of current along the nightside X axis, while the dotted line shows the value at 18
Rg. The largest currents are seen when the plasmoid is ejected, rather than during
the earlier disconnection event. The current begins growing just 8 min before the
formation of the second X line and rises rapidly by a factor of more than 3 in 28 min,
and is followed by a sharp decline. The current at 18 Rz shows an even sharper rise
and fall, dropping by a factor of 10 in 8 min.

The time history of the central auroral latitude, i.e., the latitude separating the
upward and downward MPD currents on the nightside, is plotted in Figure 3.3c.
Turning the IMF southward drives the auroral latitude equatorward from the quies-
cent value near 80° to a minimum below 70° at the time the first X line is ejected
tailward. The latitude then increases, but decreases again when the second X line
forms, and reaches a minimum of 68° when plasmoid ejection commences.

The strong modulation of the cross-tail currents by a factor of 3 produced by
the MPD model also drives similar modulations in the auroral currents, as shown by
the integrated upward auroral current on the nightside versus time in Figure 3.3d.
Auroral current starts at very low values but begins to increase by the time of the
first X line formation. It continues to grow in a ragged fashion for an hour, then
declines slowly until the second X line forms, and finally rapidly increases threefold
in magnitude. The rise time of 28 min is the same as for the cross-tail current, but
the times for the minimum and maximum auroral current are delayed 12 min relative
to the cross-tail current.

This sequence of events after tail disconnection is generally consistent with the
phenomenology of a magnetospheric substorm, i.e., it displays five of the twelve (ob-



75

80 ———————— T l 8 . — .
L @ ] [ @ :
6ol - T s/ Peakfrom-3to0-78 Re !
3 | ; 2 'E
€ ¢ : £ ;
E static - 2 :
® 40+ averaae """ Wit X a4l i
& average B 8 ]
x [ h 8 | ,
- - € ]
A ] . s
200 e . =2 static [/ 1 V/ @ !
3 an® g r average ; 3 '_‘ W ‘l
r P~ - » <
. Postion of X-line 0 | Atx=-18Re = !
o s - i i i : i i ko i o : T L : . P PR N i
40 _80 120 160 200 0 40 _80 120 160 200
Time (minutes) ~ Time (minutes)
90 e, 1.0~ — ,
L b pi
- (e) . - (d) 1
-t ] - 1
§ | E 0.8 - ]
& gal < - ]
Dot E | :
3 ¢t =06} 4
° 5 I ]
b~} (4 L
2  static 5. .0 1
| "average " =4 ]
= 70} 8 | +
8 (- PNy Al S
5 | 5 ]
s & 02f static average -
3 <+
“ ’ ]
r i
60 . —— 0.0 — — T~ '
0 40 0 200 0 40 0 200

80 120 16 80 120 16
Time (minutes) Time (minutes)

Figure 3.3: Time histories of four dynamic quantities during the entire 3 hours of
the MPD simulation shown in Figures 3.1 and 3.3, with the time-averaged value of
each quantity shown by a dashed horizontal line. (a) The position of X lines in the
tail. (b) The peak cross-tail current along the tail axis (solid line) and the value at
X = —18 R (dotted line). (c) The mapped latitude of the center of nightside auroral
current. (d) The integrated upward nightside auroral current.
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served) ionospheric and magnetospheric signatures of a substorm listed by Kan [1990].
The most obvious features are the ones similar to the near-Earth neutral line substorm
mode] [Hones, 1984], i.e., the creation of an X line near the Earth, the formation and
ejection of a plasmoid down the tail, and the generation of field-aligned currents in the
tail. As previously described, producing field-aligned currents in the noon-midnight
plane is unique to the MPD model. There are also some ionospheric substorm signa-
tures, such as the equatorward and poleward motions of auroral currents associated
with modulations in current magnitude.

Each cycle of activity roughly corresponds to a magnetospheric substorm, but the
first period of activity involving tail disconnection does not produce a true plasmoid
and might be considered to represent pseudo-breakup. From 140 to 168 min, auroral
currents decreased but mapped to increasingly lower latitudes. Although the peak
cross-tail current along the entire axis decreased and then increased during this in-
terval, the current at 18 Rg began to increase by 140 min and increased during this
entire 30-min interval, as shown by the dotted curve in Figure 3.3b. This is consis-
tent with current sheet thinning in the near-Earth region and allows us to identify
the time period from 140 to 168 min as a growth phase. Substorm onset can be
identified as occurring at 168 min, if we use the creation of the neutral line at 13 Rg
as the criterion, or about 8 min later, if we wait for a significant increase in auroral
current, corresponding to the brightening of the first auroral arc. From 168 to 196
min, auroral currents move poleward and increase in magnitude, so we can label this
the expansion phase. Finally, with tail current peaking at 184 min and auroral cur-
rents peaking 12 min later at 196 min, we can identify the beginning of the recovery
phase. The X line has reached 32 Rg by 200 min so there is no longer a neutral line
near the Earth (less than about 20 to 30 Rg).

Although the scaled strength of the auroral (MPD) currents are shown to be con-
siderably less than the measured field-aligned currents in Section 3.7, the modulation
of the auroral currents displays the magnetospheric activity of model (Figures 3.3c
and 3.3d), in concert with the X line motion and cross-tail current modulation.
Furthermore, the effective (local) resistivity of the plasma is determined from these
currents, as discussed by Winglee [1994], and is important in driving the substorm
cycle. This cycle is characterized by the time required after the disconnection of the
magnetotail for the plasmoid to form along with the associated buildup and relax-
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ation of the tail current sheet and surges of auroral (MPD) currents to and from the
ionosphere. Thus a small local parameier based on mesoscaie physics is driving the
global behavior seen in the model rather than being arbitrarily imposed.

These events representing magnetospheric activity occurred sooner for stronger
IMF Bz and/or dynamic pressure. All cases studied, except that with the weakest
IMF Bz (-0.35 nT), had formed a near-Earth neutral line within 3 hours after IMF
introduction. More than half of the simulations, those with IMF By stronger than
-1.4 nT and/or pressure greater than 2.2 nPa, had formed a true plasmoid by the end
of the simulation. The strongest IMF Bz case of -4.2 nT (not shown) had expelled
most of the plasmoid by 3 hours, and the current sheet was starting to thin again,
indicating repetition on a timescale of roughly an hour for the most active cases.
Thus the magnetospheric activity as gauged by the repetition frequency of the X
line formation and the associated modulation and magnitude of both tail (MHD)
currents and auroral (MPD) currents was strongly tied to the strength of the solar
wind dynamic pressure and IMF Bj.

3.4 The Equivalent Static Magnetosphere

An “equivalent static magnetosphere” was prepared using the method of linear aver-
aging previously described in Section 3.2 and is shown in Figure 3.4a. The magnetic
field lines are calculated with a stream function and show a much simpler magnetic
configuration. The dynamic behavior of plasmoid formation and ejection is averaged
out, because at any given point a plasmoid produces alternate swings in Bz that can-
cel out in the time average. The averaged X line position is 42 Rg, significantly more
tailward than the actual formation distances of 27 and 13 Ry (Figure 3.3a). The
heavy line on the dayside marks the center of the magnetopause current layer and
also corresponds to the division between open and closed magnetic field lines. The
overlaid contours on the nightside mark the regions with strong MHD currents (Jy)
perpendicular to the simulation plane. The solid line shows where the tail current
sheet is intense, while the dashed line outlines intense regions of return current. The
MPD plasma mantle currents are embedded within this contour, and the outer edge of
the return current shows the approximate outer edge of the nightside magnetopause.

Numerical errors in front of the subsolar magnetopause where the field is very
weak cause some distortion of the field lines, and the hooks in some of the high-
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Figure 3.4: (a) The static time-averaged configuration produced by averaging the
magnetic field in Figure 3.2 over the 3 hours of the MPD simulation. The magnetic
field is shown as in Figure 3.2 with overlying current structures added. The bold
solid line on the dayside is the calculated elliptical magnetopause passing through
the center of the Chapman-Ferraro current layer at the subsolar point. The solid
line on the nightside outlines the cross-tail current sheet, while the dashed line shows
the current from the nightside magnetopause and plasma mantle. (b) A closeup of
the static time-averaged auroral currents, as in Figure 3.2, with the magnetopause
surface again indicated by the bold line.
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latitude magnetic field lines are accentuated by this averaging process. The prongs
seen in this negative (return) current contour deep in the tail are aiso an artifact of
the averaging process and indicate two long-term positions of the magnetopause. The
inner prong lies approximately at the magnetopause position before the disconnection
event, while the outer prong shows the return current at later times blurred out to
some degree. The outer portion of the return current profile shows the approximate
position of the outer edge of the nightside magnetopause during the portion of the

simulation with active reconnection and attendant magnetospheric activity.

Figure 3.4b shows a closeup of the auroral currents in the time-averaged static
configuration. Both the peak cross-tail current and the integrated auroral current
of the averaged configuration are considerably less than the corresponding peak sub-
storm values, by factors of more than 3 (cf. Figures 3.3b and 3.3d). The auroral
latitude of the static configuration is 72°, near the value at the beginning of the
growth phase (Figure 3.3c). The circulatory MPD current on the dayside is mostly
located inside the center of the MHD current layer (heavy curve), but a substantial
amount of MPD current threads its surface.

Figure 3.5 shows three more static average MPD configurations constructed from
our studies. This sequence displays increasing levels of magnetospheric activity (Fig-
ures 3.5a, 3.5c, and 3.5e) along with the corresponding closeups of auroral MPD
current (Figures 3.5b, 3.5d, and 3.5f). The first jump in magnetospheric activity,
from Figure 3.5a to 3.5¢c, is produced by quadrupling the dynamic pressure while
leaving Bz unchanged. The lobe magnetic field is stronger, as indicated by closer
spacing of magnetic flux lines in the tail, but the total number of flux lines in the tail
is relatively unchanged. The second jump in activity, from Figure 3.5¢c to 3.5e, is
produced by leaving dynamic pressure set at the higher level and tripling the strength
of the southward IMF Bz. The number of flux lines in the tail now shows a signif-
icant increase, indicative of a higher average rate of magnetic reconnection at the
subsolar point, which leads to the transport of magnetic lux from the dayside to
the nightside. Although there is more flux on the nightside, the magnetic field in
Figure 3.5¢, as shown by the spacing of the lobe field lines, is not much stronger
than that in Figure 3.5¢, because the flux is spread out in a thicker tail. When the
distance to the flanks of the magnetosphere is larger for a given subsolar distance
(Figure 3.5e), the magnetopause is termed “flared,” while the opposite situation is
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Figure 3.5: Increasing magnetospheric activity. (a) and (b) show the time-averaged
magnetic configuration and a closeup of the associated auroral MPD currents for the
lowest pressure case of the MPD pressure sequence. (c) and (d) show the same when
solar wind dynamic pressure is increased by a factor of 4, while (e) and (f) show when
IMF Bgz is increased by a factor of 3 over the second case.
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termed “compressed” (Figure 3.5¢).

The magnetopause surface passing through the center of the Chapman-Ferraro
current layer is shown on the dayside, similar to that in Figure 3.4, while the outer
edge of the return current is a good indicator of the magnetopause position on the
nightside. Together these outline an approximate shape for the magnetopause which
exhibits the same trends just described for nightside magnetic flux. We see that
the flanks, now as indicated by the current layers rather than magnetic field lines,
are again compressed by the pressure jump (Figures 3.5a to 3.5c), then flared (Fig-
ures 3.5c to 3.5e) by the stronger Bz, all while subsolar distance decreases.

These qualitative trends for increased pressure and IMF By, i.e., compression
and flaring, are in good agreement with recent empirical models of the magnetopause
[Sibeck et al., 1991; Roelof and Sibeck, 1993; Sibeck, 1995; Petrinec et al., 1991;
Petrinec and Russell, 1993, 1995]. There are, however, some very significant quanti-
tative differences between our 2-D simulations and the empirical models and our 3-D
simulations [ Winglee, 1995]. First, the flank distance to the magnetopause in this 2-D
simulation is greater than in the 3-D simulations, because magnetic flux is forced to
be draped over the poles rather than convecting around the equatorial flanks. The
ratio of the polar to subsolar distance varies around 1.5 in both the empirical models
and our 3-D simulations but has an average value between 1.8 and 2.0 in our 2-D
simulations.

The subsolar distances also do not scale the same as the empirical models and 3-D
models. This is due to the use of a 2-D dipole in the simulation, which falls off as r~2.
We do see some qualitative similarities to the empirical models, such as power law
scaling for dynamic pressure that produces roughly self-similar magnetopause shapes
with a fairly constant flank to subsolar ratio at all pressures. The subsolar distance
decreases monotonically with Bz, roughly consistent with the linear decrease seen in
the empirical models, but the average gradient is about twice that in the 3-D and
empirical models.

The average X line position ranges from 42 to 60 Rg and will be discussed more
in Section 3.6. The associated auroral MPD currents in Figures 3.5b, 3.5d, and 3.5f
grow significantly on both the dayside and nightside for these increases in IMF By
and p, while the center of the auroral currents moves equatorward, again consistent
with the general phenomenology of substorms. These currents are discussed further
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in Section 3.7. The cross-tail current and return current through the plasma mantle
also increase with both IMF Bz and p. All three current sysiems are good indicators
of a general level of magnetospheric activity. Cross-tail current is examined more in
Section 3.5 and used as the starting point for a comparison with the empirical T89M
magnetic field model.

3.5 Comparisons with the T89M Model

3.5.1 The T89 magnetospheric magnetic field model

The T89 magnetospheric magnetic field model of Tsyganenko [1989] is briefly de-
scribed here before analyzing the tail currents in more detail. The model gives the
average magnetic field out to a distance of 70 Rg in the tail for different values of
the K, index and dipole tilt angles. This is an average (static) field description that
matches time-dependent observed values to within about 50% on average. The T89
magnetic field is modular, combining an internal field model with an external field
model described by three modules that give the magnetic field contribution from the
ring current, the cross-tail current, and the magnetopause current, all of which are
described by 34 parameters. This empirical model is based on least squares fitting of
these parameters to over 36,000 data points in a large data base that is constructed
from measurements taken within the magnetosphere at radial distances between 4
and 70 Rg by a large number of spacecraft. The data base is sorted by six bins of the
K, index, so that the separate least squares fits provides an average magnetic field
description for each bin. (This was increased to 7 bins in the T89M model, which
also has 2 more model parameters and a somewhat larger data base.) The criterion
for least squares fitting was simply minimizing the magnitude of the vector difference
between the measured and model magnetic field.

The magnetic field measurements used to construct the data base are averaged
in the manner used by Mead and Fairfield [1975], in which space is divided into a
Cartesian lattice of cubes 1 Rg on a side in the GSM coordinate system. All of
the magnetic field measurements taken by a satellite during the traversal through
one of these cubes, which typically might take up to about an hour, are linearly
averaged. The average magnetic field, average spacecraft position, and dipole tilt
for the traversal then becomes a single data point to be used for fitting and it is
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correlated with the 3-hour K, index during this interval.

The ring and tail current modules contain mathematical functions that are physi-
cally realistic, although not strictly derived from physics. The curl of the ring current
module produce a torus of current centered around the magnetic dipole axis, while
the tail current module produces a cross-tail current sheet of finite thickness. This
current sheet is hinged in the X direction by dipole tilt and also limited and warped
in the dawn-dusk direction, in agreement with observations [Fairfield, 1980]. The
magnetopause module, however, is much less realistic and is really just a general
polynomial that accounts for everything other than the ring and tail current fields,
i.e. primarily the magnetopause current fields, but also to some extent the fields
from field-aligned currents. While the magnetopause polynomial estimates the con-
tribution from magnetopause currents at specified points within the magnetosphere,

it does not have a representation for the magnetopause surface.

3.5.2 Cross-tail current

Returning to the analysis of the cross-tail currents, the average cross-tail current along
the tail axis is plotted in Figure 3.6 for the two parametric simulation sequences.
In Figure 3.6a, the pressure is kept constant at 2.2 nPa, while the magnitude of
southward IMF increases from -0.35 to -4.2 nT, from weak to moderate southward
values. This gives the variation of the average tail current for changes only in IMF
Bz with a typical dynamic pressure. The cross-tail current is a good overall indicator
of magnetospheric activity, being well correlated with X line dynamics and auroral
currents, as we have seen. The peak values increase for stronger values of IMF by a
factor of almost 4, while the IMF strengthens by 12. The position of the peak value
moves toward the Earth, while the profile grows sharper. There is some intersection
of the curves, i.e., Jy does not always increase at every X for an increase in IMF
strength. Conversely, in Figure 3.6b, the IMF Bz was kept constant at -1.4 nT
while dynamic pressure varied from 0.56 to 9.0 nPa, corresponding roughly to the 2o
variation in the solar wind dynamic pressure [Sibeck et al., 1991). In this sequence,
each increase in the pressure produces an increase in Jy at all values of X in the tail,
in contrast to the previous case. The position of the peak current shows no consistent
trend toward or away from the Earth, while the peak value increases by almost 3 for
a dynamic pressure increase by 16.
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Figure 3.6: Comparing the static average cross-tail current Jy along the tail axis.
(a) The current profiles for five MPD simulations with increasing southward IMF B,
and constant solar wind dynamic pressure. (b) The same for five MPD simulations
with increasing dynamic pressure and constant IMF Bj. Increasing magnitude of the
solar wind input corresponds to increased peak current values. (c) The tail-current
profiles calculated with T89M for K, = 0, 1, 2, 3, and 4 with no dipole tilt and with
the contribution from the ring current deleted.
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The average tail current sheet profiles as a function of X in the pressure sequence
have a shape quite similar {o those in the T8SM model. Figure 3.6¢c shows the curreni
profiles derived from the T89M model along the Sun-Earth line for zero dipole tilt
at the five lowest levels of activity as given by the K, index. These are K, = 0, 0%;
K,=1",1,1%, K,=27,2,2%; K, =37, 3, 3%; and K, = 47, 4, 4%, which we shall
simply now call K, = 0, 1, 2, 3, and 4, respectively. Since the equivalent of a ring
current is missing in a 2-D fluid model and the ring current magnetic field in T89M
has a totally different scale and shape than the tail magnetic field, the ring current
field has been deleted from the T89M tail fields when calculating Jy current profiles
in the tail to facilitate comparison.

The value of Jy in T8IM increases at all values of X, i.e., none of the curves
intersect, for this range of K, similar to the MPD pressure sequence in Figure 3.6b.
The position of the peak current, however, moves slightly tailward as activity in-
creases, in contrast to the Bz sequence, which moved earthward, and the pressure
sequence, which moved back and forth with no clear trend. Despite these differences,
the general shape of the family of curves given by T89M is very similar to those in
both the pressure and Bz sequences, as can seen by inspection, but the magnitudes
are about 40% higher. The relative increase in T8IM peak tail current as the level of
activity increases from 0 to 4 by a factor of about 3 is also similar to the MPD simu-
lation results. This difference is cross-tail current magnitudes is related to previously
documented discrepancies in the T89 model.

3.5.3 Stretching of the magnetotail

Although the parameters in the Tsyganenko models (T87, T89, and their derivatives)
are least squares fitted to large data sets of satellite measurements, the T89 model
has recently been found to have significant discrepancies in particular regions of the
magnetosphere [Huang et al., 1990; Huang et al., 1991; Donovan et al., 1992; Stern
and Tsyganenko, 1992; Peredo et al., 1993; Huang and Frank, 1994]. When compared
with ISEE 1 data measurements for low K, (less than or equal to 2), the Bz com-
ponent near the plasma sheet (Z = +£2 Rg, Y = £10 Rg) for near-Earth distances
(X = —10 to —22 Rg) was found to be consistently too low by a factor of about 2.
This indicates that the tail current is too strong and is canceling out too much of the
dipole field.
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The dashed outline in Figure 3.7 contains the great majority of the ISEE 1 data
points for such conditions, drawn from Figure 1 of Siern and Tsyganenko [1992]. The
Bz component along the tail axis is plotted for K, = 0, 1, and 2 using the T89M
model and is seen to lie below the box containing most of the ISEE data points.
The T89M model, although fitted to a larger data set than T89, still exhibits similar
behavior, i.e., the tail magnetic field is excessively stretched in this region. To reduce
the stretching, we tried multiplying magnetic field modules of the Tsyganenko models
by scalar factors, a procedure similar to that used by Pulkkinen [1991] and Pulkki-
nen et al. [1991]. Those studies, however, constructed a time-dependent magneto-
spheric configuration that matched dynamic measurements during a substorm, while
this exercise is attempting to reproduce a static configuration that better matches
ensemble-averaged data in a critical region. If the tail magnetic field with negative
B3 is weakened by multiplying it by a factor of 0.70, the total value of By is increased
in the near-Earth region, by a factor of as much as 3 in some places. The resulting
curves for this reduced tail T89M are plotted in Figure 3.7 with heavy lines and lie
in the middle of the box of data points. Thus the reduced tail T89M gives more
realistic values of Bz and is not excessively stretched in the equatorial region. When
the average MPD By values for low activity levels are plotted (dashed lines), we see
that they also predict realistic values for Bz in this region, about 5 nT at 16 Rg,
right in the center of the ISEE data.

As demonstrated by Winglee [1995], our 3-D code produced a quiet, closed config-
uration for a dynamic pressure of 1 nPa and northward IMF Bz of 3.6 nT. Magnetic
field lines drawn from a latitude of 70° reach out to about 15 Rg on the nightside.
Similar lines traced using T8IM with K, = 0 reach out to about 55 Rg in the tail, a
symptom of the excessive tail stretching. When reduced tail T89M is used, the same
lines reach only to 14 Rg, within a few Rg of the 3-D simulation, indicating that the
tail may be stretched about the right amount.

Although this modification to T89M has improved the accuracy of Bz in the near-
Earth tail, it has made another problem with T89M worse. Pulkkinen et al. [1995]
have shown that T89 (and hence T89M) significantly underestimates the strength
of the magnetic field in the lobes. Reducing the tail current of T89M will further
decrease the lobe magnetic field. The problem with the lobe fields can be seen in
Figure 3.8, which shows the magnitude of the magnetic field along a vertical cut at
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Figure 3.7: A comparison of Bz values in the tail of three models versus time-averaged
satellite measurements of Bz during quiet times. The dashed outline contains the
great majority of the ISEE 1 data points from Figure 1 of Stern and Tsyganenko
[1992]. The light solid lines show the values from T89IM for K, = 0, 1, and 2,
while the bold solid lines show the equivalent values obtained by multiplying the tail
magnetic field by a factor of 0.70. The bold dashed lines indicate the scaled values
of Bz from the time-averaged configurations for the three lowest activity runs of the

MPD pressure sequence.
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X = —40 Rg for the MPD and T89M models. The MPD field magnitude (solid
line) reaches a peak value over 20 nT at about Z = 12 Ry, but then drops off as
it approaches the magnetopause, and finally drops to very low values outside the
magnetopause (past ~30 Rg). Case studies using our 3-D code have similar profiles
and peak values (not shown).

The magnetic field magnitude along the same vertical cut in T89M for K, =3
(dashed line) quickly reaches 10 nT just a few Rg above the tail axis, but at the
center of the lobe, say, 10 to 15 Rz, has a magnitude not much more than half that
of the MPD simulation. Instead of leveling off or peaking, as might be expected, it
continues to grow with Z, reaching above 20 nT when it is outside the magnetopause.
The growth in field magnitude at large values of Z is due to the magnetopause
polynomial portion of the T89M magnetic field, used to contain the T89M magnetic
field within a cavity.

We can also gauge the strength of the lobe magnetic field by the integrated tail
current profile along the X axis, although this is an underestimate in T89M at large
values of Z. The Jy profiles along the tail axis of both the simulations and T89M
(Figure 3.6) decrease rapidly with distance, suggesting small integrated values deep
in the tail. The integrated tail current in T89M for K, < 3 is ~30 mA/m near the
Earth (~12 Rg), drops to ~5 mA/m at 50 Rg, and keeps dropping with distance [cf.
Pulkkinen et al., 1995]. The drop in current density seen in the simulations, however,
is compensated by a broadening of the current sheet and actually causes the integrated
current to level off by the end of the simulation box. The peak integrated tail current
in the MPD simulation (not shown) near the Earth (12 Rg) is about 30 mA /m, drops
to 22 mA/m at 30 Rg, but levels off at about 15 mA/m (78 Rg). Values inferred
from observations by Slavin et al. [1985)] give about 33 mA/m at 30 Rg, leveling off
at about 15 mA/m tailward of 120 Rg. The integrated tail current of MPD matches
T89M fairly well near the Earth, but matches observations well in the deep tail, being
slightly underestimated in the middle tail.

3.5.4 Magnetic field line mapping in the magnetotail

The MPD model, despite being 2-D, predicts magnetic field values in the far tail better
than T89IM, both the Bz component in the equatorial plane and the By component
that dominates the lobe. The magnetic field strength of the case shown in Figure 3.4
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Figure 3.8: The magnetic field magnitude along a vertical cut from X = —40 Rg on
the tail axis for several magnetospheric configurations. The solid line shows the MPD
case of Figure 3.4, while the dashed line shows the same using T89M with K, = 3.
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scales to 53 nT just inside the subsolar magnetopause, on the low end of typically
observed values. Hence we have fairly realistic {(even if siightly underestimated) values
for the magnetic field everywhere in the magnetota:il outside the region dominated
by the dipole and the ring current. The magnitude of Bz in the equatorial plane
and By in the lobe both strongly affect the mapping of high-latitude field lines. This
leads us to find a significant qualitative difference in this mapping as magnetospheric
activity increases when MPD is compared with T89M.

We examined the distance that magnetic field lines in the noon-midnight meridian
lie above the equatorial plane at various positions down the magnetotail. Figure 3.9a
shows this vertical distance at 60 Rg plotted as a function of the colatitude of the
field line for five K, levels of the T89M model. The horizontal line corresponds to
a fixed point deep in the tail (X = —60 Rg, Y = 0, and Z = 20 Rg). The five
solid squares show the mapped colatitude at the Earth’s surface of the field line that
passes through this fixed point for the different K, levels. This colatitude decreases
as the magnetospheric activity increases, i.e., a fixed point in the tail maps to higher
latitudes as K, increases. This trend in the T89M mapping of high-latitude field lines
is contrary to that given by Pulkkinen [1991], who simulated the increased stretching
of the magnetotail during the substorm growth phase by enhancing the tail current
of T89, reflecting a time-dependent increase in magnetospheric activity. When the
T89 tail current was multiplied by a factor of 1.3 for a fixed K, tail lines became
more stretched near the equatorial plane, while the lobe lines were compressed. This
modification gives field lines that map to lower latitudes when magnetospheric activity
increases.

Figure 3.9b shows the mapping of high-latitude magnetic field lines for the three
cases illustrated in Figure 3.5, with increasing levels of magnetospheric activity la-
beled 1, 2, and 3. The first jump in dynamic pressure by a factor of 4 pushes the curve
to the right by a few degrees, while the second jump when IMF B was additionally
tripled also pushes the curve to the right by a similar amount. The Bz sequence
produced about twice as much equatorward motion overall as the pressure sequence,
but this trend of equatorward mapping for increased magnetospheric activity is quite
general. Similar behavior is seen in the mapping of high-latitude field lines in our
3-D models as well, especially for changes in IMF Bz. A fixed point in the tail maps
increasingly equatorward as magnetospheric activity increases, similar to Pulkkinen
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Figure 3.9: A comparison of magnetic field line mapping for high-latitude magnetic
field lines in the tail. (a) The colatitude at the Earth’s surface of these field lines in
the noon-midnight meridian plane, with positive values on the nightside. Each cross
or circle gives the Z value where the field line intersects the X = —60 Rg plane. The
mapping was done for the five lowest K, levels of the T89M model. The solid squares
indicate the colatitude where a field line passing through X = —60, Z = 20 Rp will
strike the Earth’s surface. (b) The mapping of field lines from the three MPD cases
shown in Figure 3.5. (c) The same mapping as (a) using reduced tail T89M.
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[1991] but opposite what is seen in Figure 3.9a when K, was increased in the T89M

model,

This change in mapping is what one would expect from substorm phenomenology,
so we shall call this “regular mapping.” Since the mapping of tail field lines that
originate from high latitudes in T89M moves in the opposite direction with increasing
activity, we shall call this “reversed mapping.” While ionospheric footpoints clearly
move equatorward when magnetospheric activity rises, the motion of field lines in the
tail is not well understood and there is no standard to gauge it against, except the
global simulations and empirical models themselves. We have seen, however, that the
magnetic field values in the tail of the simulation are fairly realistic, while the T89M
model is excessively stretched and has weak lobes.

Reversed mapping is significantly reduced in reduced tail T89M, but not quite
canceled out (Figure 3.9c). The mapping for K, of 1 is actually slightly equatorward
of that for 0, and 3 is also slightly equatorward of 2, but the overall trend is still
poleward. The poleward motion of 15° seen in T89M as K, increases from 0 to
4 reduces to about 4° (bold points). Further decreasing the tail current, to 50%
of its original value, actually causes overall equatorward motion by about 2° (not
shown). While reductions in tail current cause all mapped positions on the tail axis
to move earthward (less stretching), it also flares the lines in the lobe, the opposite
of effects produced by Pulkkinen [1991]. This causes the slope to the traces seen in
Figure 3.9a to become steeper, so that poleward changes seen on the tail axis are
weaker (or even equatorward) at high values of Z. The reversal of the mapping trend
occurs because the lowest K, cases move the most poleward and overtake the higher
K, cases. Increasing the magnetopause polynomial in T89M can also reverse the
mapping in much the same fashion by pushing lower K, cases more poleward. While
this increases the undervalued lobe field strength somewhat, it also causes significant
problems, such as large changes in the subsolar magnetopause distance (over 1 Rg).

The closed magnetospheric cavity of the T89M model is increasingly compressed
as the K, index rises, while the MPD magnetospheric flanks can compress or flare
when pressure or By is increased, respectively. Increasing either of these solar wind
parameters, however, raises magnetospheric activity (e.g., increases tail current), so
the T89M model lacks a degree of freedom that our model has. In fact, the mag-
netopause surfaces of the T8IM model for increasing K, (not shown) match the
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magnetopause surfaces of Sibeck et al. [1991] for increases in dynamic pressure fairly
well. This indicates that the effect of p is much stronger on the magnetospheric con-
figurations of T89M, while the effect of Bz has been canceled out to some extent,
presumably by averaging cases of both positive and negative IMF By in each K, bin.

Although the resulting field departs from a least squares fit to the satellite data
set, the changes to T8IM are of the same magnitude as that used in the studies
by Pulkkinen [1991] and Pulkkinen et al. [1991]. Reduced tail T8IM successfully
produces mapping for a less stretched tail that is similar to the mapping of equatorial
field lines in 3-D codes, especially when magnetospheric activity is low. While the
lobe magnetic field is further underestimated, changes to other areas of the model are
relatively minor. The subsolar magnetopause shifts by only about 0.1 Rg, the cusp
latitude changes by less than 1°, and low-latitude lines do not change much because
they are dominated by the dipole field.

3.6 Average X Line Position and Resistive MHD

Despite the violent plasmoid formation and ejection in the dynamic sequence of Fig-
ure 3.1, all that remains after time-averaging is a single X line located at 60 Rg, as
seen in Figure 3.4a. The average X line position was found to vary more in the Bz
sequence than in the pressure sequence. For the strongest southward IMF of -4.2 nT,
the X line came in to 42 Rg, while for the weakest IMF of -0.35 nT, there was no X
line at all (the simulation box goes out to 78 Rg). Average X line position decreased
monotonically as IMF Bz was strengthened and shifted large distances (over 36 Rg),
suggesting that Bz is very important for predicting the average X line position. For
changes in only the solar wind dynamic pressure, however, the X line position ranged
from 42 to 60 Rg and did not vary monotonically, suggesting that dynamic pressure
is much less important as a predictor for X line position. Most significant, the aver-
age X line position was 42 Rg or deeper in the tail for all the MPD simulation cases
studied.

Satellite magnetometer data have been averaged over periods ranging from a few
minutes up to 3 hours for statistical studies of magnetic field [cf. Behannon 1970;
Mihalov et al., 1968]. These studies show that the average value of Bz in the equato-
rial plane of the magnetotail is more likely to be negative on short timescales of a few
minutes, compared with timescales of a few hours. Behannon [1970] found that about
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25% of the tail measurements from 20 to 70 Rg within 8 Rg of the neutral sheet with
unrestricted Y, had negative Bz when averaged over 1 hour. Fairfield [1986] also
found that a significant fraction of the Bz measurements (2.5-min averages) near the
noon-midnight meridian (~9 Rg < Yyom < +7 Rg) in the plasma sheet were negative
(1Zgsm| < 3RE). When conditions were mildly disturbed (AE > 50 nT), 29% of the
measurements between 10 and 20 Rz and 15% between 20 and 40 Ry were negative.
Alternatively, all of the data at a particular position can be averaged to produce a
long-term average value [cf. Fairfield, 1986]. When all the measurements were aver:
aged over the sectors, i.e., with no timescale, Bz was always positive out to 40 Rg.
Fairfield [1986] does not, however, provide averages of Bz in the midtail on longer
timescales (e.g., 1 to 3 hours) that can be directly compared with our simulation
results.

Although we had transient negative values of Bz due to X line formation near
the Earth as close as 13 Rg, similar to the measurements given by Fairfield [1986],
when the configuration is time-averaged, there are significant qualitative differences in
the magnetospheric configuration which agree with long-term averages of data. The
presence of a positive value of Bz out to 40 Rg in our 3-hour averages is similar to the
positive overall (long term) averages given by Fairfield [1986]. The tendency of our
code to produce positive Bz on a timescale as short as 3 hours is related to the ease
with which substorm recovery is achieved in a 2-D simulation. Preliminary results
with 3-D codes suggest that Bz may be negative in midtail regions near the noon-
midnight meridian for periods longer than 1 hour, owing to continuous convection
of magnetic flux around the flanks. This may be consistent with some negative Bz
measurements in 1-hour averages seen in the magnetotail by Behannon [1970].

We ran several resistive MHD simulations with otherwise identical input condi-
tions to investigate the time history and average position of the X line compared
with MPD. The MHD behavior was generally consistent with the findings of Lyon et
al. [1986], who studied the effect of resistivity on the magnetotail dynamics of a 2-D
MHD global magnetosphere model. A uniform magnetic Reynolds number of 5600
produced dynamics and time histories (not shown) with the same qualitative behavior
as the MPD run described in Figures 3.1 to 3.4. Cross-tail currents were somewhat
weaker and there was less modulation in current intensity, but plasmoid formation
and ejection were much the same, except on a slightly slower timescale. The average
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X line position (43 Rg) was close to the MPD value, but the subsolar distance to
the magnetopause was about 1 R larger, indicating a lower average recommection
rate at the subsolar point. Despite these differences, the similarity in global behavior
means the equivalent magnetic Reynolds number for the entire MPD configuration
is near 5600, although the resistivity and hence the magnetic Reynolds number are
determined locally.

Another highly resistive MHD run (also not shown) with a magnetic Reynolds
number of 1100 displayed radically different behavior after the X line formed, giving
an average X line position of only 27 Rg. Although the X line initially formed at
28 Rg and then moved earthward, much like the other simulations, the subsequent
tailward motion of the X line was considerably slower. By 200 min the X line had only
reached 33 Rg, and a second X line nearer the Earth (and a true plasmoid) had never
formed. Instead of cyclical modulation of the cross-tail current, the current rises after
disconnection and then drops and flattens out. Negative Bz beyond 27 Rg over a 3-
hour period means this more resistive configuration is less like the long-term average
produced by Fairfield [1986], the MPD configurations, or the less resistive MHD
configurations. While a high anomalous resistivity may produce a higher reconnection
rate, most critically in the magnetotail for southward IMF, it also prevents the tail
from recovering through continuous dissipation of energy [cf. Lyon et al., 1986).

The X line time history in both Figure 3.3a and our less resistive MHD case is
qualitatively quite similar to the X line motion of the 3-D MHD magnetotail simula-
tion shown in Figure 4 of Birn and Hones [1981]. That less resistive MHD simulation
had higher velocities for plasmoid ejection, and subsequent X line reformation oc-
curred very quickly. If time-averaged, this less resistive configuration would also have
an average X line position significantly earthward of 40 Rr and also would repeat on
a timescale much less than 1 hour. We find that the effective resistivity that mod-
ulates tail and auroral currents on a substorm timescale (1 to 3 hours) in our 2-D
simulations also produces a higher value for the average position of the X line, con-
sistent with long-term averages of observations. Higher (lower) resistivity lengthens
(shortens) the timescale for magnetospheric activity, but in either case produces X
line positions that are inconsistent with observations, i.e., too close to the Earth.

The MPD prescription can have a high reconnection rate at the subsolar point and
at certain locations in the magnetotail, owing to a high local value of the effective re-
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sistivity, while having a relatively low effective resistivity in other areas. MPD drives
a substorm with sirong curreni modulation, permits the tail to recover, the plasmoid
to be ejected, and gives a relatively high value of the average X line location consis-
tent with observations. Matching substorm timescales with the simulations provides
another means of assuring that the overall resistivity of the global configuration is
approximately correct.

3.7 Current Magnitudes and Variation

Although field-aligned currents can have a peak magnitude from 1 to 20 zA/m? in an
auroral arc [Lyons and Williams, 1984; Fukunishi et al., 1993], they are considerably
weaker at several Earth radii. Field-aligned currents measured by satellites at about 3
R have average densities up to about 0.05 to 0.10 zA/m?. The average field-aligned
current density, calculated from Plate 2 of Winglee et al. [1988), is 0.053 pA/m? over
a width of 2100 km and can be taken as typical during moderately active times. The
integrated current across this structure is 110 mA /m.

The largest time-averaged current density in the auroral zone close to 3 Rg in the
simulations scales to about 0.5 nA/m?, smaller by a factor of 100 than the observed
current density values. The instantaneous current density values can be as large as
1.2 nA/m?, still smaller by a factor of 50. The integrated nightside auroral current,
calculated using the difference in the scaled stream function, is about 1.4 mA /m for
the time-averaged case, again less than the observed integrated current by a factor of
about 80. Thus the auroral currents in the present simulation are smaller than the
observed field-aligned currents by a factor of 50 to 100. This discrepancy in magnitude
is probably due to the limited latitudinal resolution of the fluid model, which is about
2000 km. This distance is comparable to the typical width of field-aligned currents
seen by polar-orbiting spacecraft at 3 Rg [Winglee et al., 1988]. Since the strength
of the surface currents is expected to be inversely proportional to the square of the
grid spacing [Winglee, 1994], the present work underestimates the strength of these
currents. However, global simulation with grid spacing of a few hundred kilometers
is presently beyond computational capability.

The strongest By perturbations, which are ignored in the simulations, rise at most
to a few percent of the magnetopause magnetic field and only significantly affect the
mapping of field lines in the vicinity of neutral points. The MPD field-aligned currents
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close in the plane of the simulation, while MHD field-aligned currents largely close
azimuthally. The MPD currents constitute the entire field-aligned current system in
our 2-D model, but in our 3-D model the MPD currents are only one component of
the total field-aligned current system. Our 3-D model does produce the typical dawn
and dusk patterns of region 1 current [ Winglee, 1995], but it also produces additional
currents strong at the cusp and at midnight, similar to those in our 2-D model. These
additional, non-MHD currents look much like those reported by Potemnra [1994], who
has broken down the typical observed field-aligned current patterns into constituent
elements. In addition to the well-known region 1 and 2 currents, field-aligned currents
are observed near the cusp and at the midnight portion of the auroral oval. Such
current patterns are missing from MHD simulations, such as those of Ogino [1986] and
Fedder and Lyon [1995]. In fact, in a dawn-dusk symmetric situation, which occurs
when IMF By = 0, MHD field-aligned currents are explicitly required to be zero
in the noon-midnight meridian from symmetry arguments, contrary to observations
[Potemra, 1994, and references therein; Kamide, 1991; Friis-Christensen and Lassen,
1991].

The average auroral latitude (Figures 3.5b, 3.5d, and 3.5f) moves equatorward
by ~7° (from 77° to 70°) for the Bz sequence but only ~2° for the pressure sequence.
While these latitudes are somewhat higher than the statistical auroral oval at the
midnight meridian (64° to 72°) [Feldstein, 1973], field-aligned currents centered on the
auroral oval are produced in our 3-D code [ Winglee, 1995]. The change in latitudes,
however, seen in the 2-D MPD simulations is similar to observations. Furthermore,
the time-dependent latitude of the nightside auroral currents (Figure 3.2) varied by
a similar amount (~8°) after tail disconnection (Figure 3.3).

The cusp maps to a latitude near 76° for all cases of the pressure sequence, varying
by only about a degree. This latitude is close to but a few degrees less than that in our
3-D model (~80° to 82°), which matches observed cusp latitudes well [cf. Potemrq,
1994]. This invariance of cusp latitude with the dynamic pressure is related to the
approximately self-similar scaling of the magnetopause shape in the simulation. The
cusp latitude, however, moves strongly equatorward for the Bz sequence, but the
movement is much stronger than in our 3-D model, by a factor of at least 3. We
find that Bz governs both nightside auroral latitude and cusp latitude more strongly
than p in our 2-D model. While the predicted auroral and cusp latitudes are not as
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accurate as those in our 3-D simulations, converting latitudes with a 3-D dipole can
give fairly realistic values. More importani, boih ihe time-dependent variation and
the parametric variation due to p and Bz have been shown to be qualitatively right.

3.8 Conclusions

The MPD model is a fundamentally new fluid treatment that can incorporate some
particle kinetic effects not included in MHD. This modified fluid algorithm can pro-
duce auroral currents near noon and midnight consistent with observations, some-
thing the standard MHD codes have difficulty doing. While these current densities
are smaller than what is inferred from observations, high grid resolution may fully
resolve these currents. These currents map to the ionosphere much like the observed
field-aligned currents, and their mapped latitude varies much as expected with the
phases of the simulated substorm, which repeats itself on a timescale of a little more
than an hour for the most active cases studied. Following disconnection, the simu-
lation exhibited growth and expansion phases, each lasting about 30 min. This was
followed by a recovery, with the IMF still pointing southward; thus northward IMF
was not required to produce a substorm recovery. This realistic timing of substorm
phenomena (1) makes the time-averaging over a 3-hour simulation period meaningful
and (2) facilitates comparison with a static semiempirical model based on the same
timescale (3-hour K, index).

Resistive MHD can produce a similar timescale for such a sequence of events when
the resistivity is low enough, with modulation in the cross-tail current, although field-
aligned currents are absent from the noon-midnight meridian plane. The reconnection
rates at the subsolar point and in the tail, however, are lower than in MPD, which
can have regions of high effective resistivity. Stronger reconnection can be driven in
the tail with a higher anomalous resistivity, but this makes it difficult to produce a
recovery of the tail due to continuing ohmic dissipation, giving an average position
of the X line much nearer the Earth. In a highly resistive MHD case, the average X
line position was 27 Rg, which is less similar to the long term averages of Fairfield
[1986], who predicts that the long-term average position of the X line lies beyond 40
Rg. Because our MPD model predicts positive average values of Bz out to 42 Rz in
all cases studied, accompanied by transient negative values of Bz as close as 13 Rg,
we have connected the results of fluid simulations with ensemble-averaged satellite
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data in a meaningful way.

The observed magnetic fields in the tail are well represented by 2-D simulations.
The equatorial value of Bz matches observations, as do both the lobe magnetic field
and the integrated tail current. Comparisons with a limited number of 3-D simula-
tions show similar results. This is because these fields are produced self-consistently
by convection of plasma and magnetic field in the noon-midnight meridian in regions
where the dipole field is very weak. The average profile of the tail current is similar
in shape but has somewhat lower magnitudes than that given by the T89M model.
The peak current also showed similar growth by a factor of 3 as magnetospheric
activity increased. Reduced tail T8IM produces Bz values that agree better with
ISEE observations but unfortunately produces a weaker lobe magnetic field, which
is already known to be underestimated by T89M. The mapping of high latitude field
lines to the ionosphere from a fixed point in the tail maps to higher latitudes as K,
increases in T8SM, while MPD maps equatorward. This reversed mapping in T89M
is due to both the excessively stretched tail and the weak magnetic field in the lobes.
While magnetopause shape exhibits some qualitative trends (flaring and compression)
seen in recent empirical models, as does subsolar distance, there can be significant
quantitative differences.

The methodology used in this study provides a new (and sometimes easier) way
to study the global properties of the simulation, i.e., preparing a time-averaged static
representation of the time-dependent configuration. We have seen that the time-
aireraged values of some quantities, such as the position of the X line, are very dif-
ferent from the instantaneous values. Presently most fluid simulations are compared
at a specific time step with observations. If the observations are instantaneous, that
comparison is valid; but when data are averaged, averaging the model measurements
provides a better comparison. The 2-D model also facilitated parametric study of
simulation results, for example, with two solar wind parameters in the present study,
as opposed to studying a limited number of 3-D case studies. Both the time-averaging
methodology and their parametric variation can be easily extended to 3-D to produce
time-averaged, static magnetospheric configurations which can be connected with ob-
servations and empirical models in a meaningful way. A global set of such synthesized
data providing uniform coverage and consistent variation of the parameters permits
discovery of magnetospheric relationships, some of which may be more difficult to
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discover by data analysis of real observations due to nonuniform coverage and other
nonideal conditions.



Chapter 4

THE THREE-DIMENSIONAL SHAPE OF THE
MAGNETOPAUSE

4.1 Introduction

4.1.1 Odutline of chapter

In this chapter the results from 3-D global MHD simulations of the magnetosphere are
presented, focusing on the shape and size of the magnetopause. A predictive model
of the magnetopause is constructed from these simulations over a range in solar wind
dynamic pressure and the north-south component of the interplanetary magnetic field
(IMF Bz). The magnetopause is identified in the simulations using electric current
intensity, thermal pressure, and magnetic field line mapping. The magnetopause is
fitted by least squares to an ellipse in each plane, and a fully 3-D magnetopause
surface is constructed by assuming an elliptical cross-section at intermediate clock
angles. There is considerable flaring of the magnetopause dependent on Bz in the
noon-midnight meridian plane due to reconnection, but virtually no flaring in the
equatorial plane.

Despite this asymmetry, when averaged over clock angle, the model shows a gen-
eral agreement with recent (axisymmetric) empirical magnetopause models and pre-
dicts observed magnetopause crossings with about the same accuracy as the em-
pirical models. Unlike these empirical models, our model can directly investigate
asymmetries between the meridian and equatorial planes. The subsolar distance, di-
rectly measured from the simulations, varies linearly with Bz for both northward and
southward IMF, as do distances to the magnetopause on the flanks. Magnetospheric
plasma pressure causes these distances to scale with dynamic pressure by a power
law whose exponent is a bit less than —1/6 on the dayside, but little deviation from
this ideal Chapman-Ferraro value is seen in the magnetotail. These uniform changes
with Bz lead to approximate conservation of (1) magnetopause shape in the dayside
equatorial plane, (2) projected area in the dayside meridian plane, and (3) magne-
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topause cross-sectional area in the dawn-dusk plane. The dawn-dusk magnetopause
cross-seciion is nearly circular on average, but cross-sections in the tail are eiongated
in the Z direction on average. The results of this chapter are contained in Elsen and
Winglee [1996b).

4.1.2 Motivation for study

When large numbers of observed magnetopause crossings are correlated with solar
wind and terrestrial conditions, much of the transient variation cancels out and the
average position for a given set of conditions can be determined. The two solar wind
variables most important for determining the average magnetopause position are
believed to be the dynamic pressure (momentum density flux) of the solar wind and
the northward/southward component of the interplanetary magnetic field (IMF Bz)
[Fairfield, 1991, 1995; Sibeck et al., 1991; Roelof and Sibeck, 1993]. The average shape
of the magnetopause as a function of these variables has recently been determined by
two groups [Sibeck et al., 1991; Roelof and Sibeck, 1993, 1994, 1995; Petrinec et al.,
1991; Petrinec and Russell, 1993a, 1993b, 1995a, 1996a, 1996¢]. Both of these models
have root mean square (rms) errors near one earth radius (Rg) on the dayside and 2
Rg on the nightside.

These models are in substantial quantitative agreement where they are well con-
strained by a large number of observations; significant differences between the models
occurring at low dynamic pressures and IMF Bz strongly northward or southward
are due mostly to the small number of observations for these conditions [Sibeck, 1995).
While subsolar distance and magnetopause shape change continuously in both models
with southward IMF, these quantities are constant for northward IMF in the dayside
magnetopause model of Petrinec and Russell [1995a]. These quantities vary contin-
uously in the model of Roelof and Sibeck [1993], however, pointing to a significant
qualitative difference between these models for northward IMF.

In the seventies, the effect of IMF Bz on magnetopause size and shape was real-
ized, with this change attributed to flux erosion, the large-scale transfer of magnetic
flux from the dayside to the nightside [Aubry et al., 1970, 1971; Meng, 1970; Fair-
field, 1971, 1979; Coroniti and Kennel, 1972; Burch, 1974; Maezawa, 1974; Holzer
and Slavin, 1978; Formisano et al., 1979). In this scheme, persistent southward IMF
is expected to lead to flaring of the magnetopause, i.e., the flank distances to the
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magnetopause increase near the meridian plane while the subsolar distance decreases
and the equatorial distances change little. This changes the shape of the magne-
topause, especially in the meridian plane, so that self-similar scaling of the dayside
magnetopause with dynamic pressure [Sibeck et al., 1991] also breaks down. Magnetic
reconnection behind the cusp may also operate when IMF is northward, giving rise
to an opposite process where magnetic flux is transferred from the nightside to the
dayside. Convection will return magnetic flux to the dayside, so the movement of the
dayside magnetopause will depend on the net flux transfer due to both reconnection
and convection [Coroniti and Kennel, 1973; Holzer and Slavin, 1978]. The resulting
changes to the magnetopause may be markedly different in the noon-midnight and
equatorial planes, creating an asymmetry in magnetopause shape dependent on Bz
that may be especially strong on the nightside.

Virtually any magnetopause model can be scaled by the dynamic pressure, but
the inclusion of flaring due to IMF Bz is much more difficult. Currently, the only
models that can successfully predict the position of the magnetopause for IMF Bz in
addition to Pp are the aforementioned empirically based models [Roelof and Sibeck,
1993, hereafter called RS93; and the updated hybrid dayside and nightside models of
Petrinec and Russell, 1995a, 1996a, hereafter called PR95 and PR96, respectively].
Flaring due to IMF Bj is present in these axisymmetric models, but only in an average
sense, with no difference between the meridian and equatorial planes. These mag-
netopause data bases date back to early statistical studies of magnetopause position
[Fairfield, 1971; Holzer and Slavin, 1978; Formisano et al., 1979]. Their limited size,
however, makes it difficult to investigate the expected differences in magnetopause
shape between the equatorial and noon-midnight meridian planes due to flaring, as
well as other influences on the average magnetopause shape [Roelof and Sibeck, 1993).

One way around the limitations of the empirical models is to use 3-D global
MHD models of the magnetosphere as the foundation for a magnetopause model.
Although global MHD modeling of the Earth’s magnetosphere [e.g., Fedder and Lyon,
1987, 1995; Fedder et al., 1995; Ogino, 1986; Walker et al., 1993; Ogino et al., 1994;
Raeder et al., 1995; Watanabe and Sato, 1990; Usadi et al., 1993] produces the overall
morphology of the magnetosphere, the simulations to date have usually been limited
to case studies, and have not been used to quantitatively determine the average
shape and position of the magnetopause. Global models self-consistently produce a
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magnetopause for any given solar wind input, permitting direct incorporation of not
oaly IMF Bg, but other variables such as IMF By or dipole tili, if desired. A sieady-
state solution will show the average position for steady solar wind conditions, and
any resulting asymmetry between the noon-midnight meridian and equatorial planes
is easily studied.

A predictive magnetopause model is developed in this chapter by using about
30 3-D global fluid simulations that cover a significant range of solar wind dynamic
pressures and IMF Bz. The magnetopause positions are then measured for each
of these simulated cases. We approximate the magnetopause from the simulations
by fitting ellipses in both the meridian and equatorial planes. Differences between
these planes can be significant, especially in the magnetotail when IMF is southward.
Interpolating between the two planes using the clock angle of the observation point
produces a three-dimensional, non-axisymmetric model of the magnetopause surface
that directly shows the effects of flaring due to IMF Bj.

4.1.8 Scope of this chapter

Observational evidence for asymmetry is summarized briefly in Section 4.2. The
global magnetospheric model is described in Section 4.3. The magnetopause from
the simulations is described in Section 4.4 along with methods used for measurement.
Fitting these measurements to ellipses is described in Section 4.5. The 3-D shape
of our magnetopause and how this shape varies with Bz is described in Section
4.6. Families of ellipses representing magnetopause cross-sections for the various
dynamic pressures and IMF Bz are presented in Section 4.7 and compared with
empirical model curves. We test the model in Section 4.8 by calculating a predicted
magnetopause position for observed magnetopause crossings paired with simultaneous
solar wind data, and find that our model and the recent empirical models all have
about the same accuracy as measured by the root mean square of the errors. The
variation of magnetopause size and shape with dynamic pressure and IMF By are
presented in Sections 4.9 and 4.10, respectively, and more comparisons are made
with the empirical models. The asymmetry of our model is explored in more detail
in Section 4.11. Conclusions are presented in Section 4.12.
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4.2 Observational Evidence for Asymmetry

There are some indications of asymmetry from empirical studies which do not assume
symmetry. Fits of magnetopause crossing data to conic sections near the equatorial
plane [Fairfield, 1971; Holzer and Slavin, 1978] found that the subsolar point differs
by ~ 1Rg for average northward and southward IMF conditions, consistent with the
flux erosion estimates of Aubry et al. [1970]. This change in the subsolar distance
produces relatively little change of average magnetopause shape in the equatorial
plane, as indicated by the ratio of the flank distance (at X = 0 in the geocentric solar
magnetospheric (GSM) coordinate system) to the subsolar distance, which stays near
1.4 for all solar wind conditions [Holzer and Slavin, 1978]. In fits near the meridian
plane Formisano et al. [1979] found that the polar distance to the magnetopause
was larger for southward IMF, indicating a significant change in average shape of
the dayside magnetopause in this plane. Formisano et al. [1979] also found larger
polar distances for increased solar wind density using data normalized to dynamic
pressure, and attributed this difference to higher internal plasma pressures from the
penetration of solar wind plasma in the “entry layer”. Since solar wind dynamic
pressure (and density) has been found to vary with solar cycle [Fairfield, 1979, 1995),
the average asymmetry of the magnetopause may also vary with the solar cycle.

Such distance variations produce magnetopause cross-sections in the dawn-dusk
plane that are more elongated in the Z direction for southward IMF than northward
IMF'. Despite this possible change of shape with IMF Bz, when the data is averaged
over IMF Bjz, the average magnetopause shape has been shown to be nearly circular
near the dawn-dusk plane [Stahara et al., 1989; Formisano et al., 1979]. While these
empirical studies indicate that there is little net asymmetry near the dawn-dusk plane,
separate fittings to ellipses using crossing points near the equatorial and meridian
planes [Sibeck et al., 1991] indicate that on average the dayside is oblate (or flattened),
i.e., the mean equatorial distance exceeds the mean meridian plane distance. Such
dayside asymmetry has recently also been inferred from analysis of ISEE observations
[Petrinec and Russell, 1995b, 1996b] and detected in observations using high-latitude
‘magnetopause crossings by HAWKEYE [Zhou and Russell, 1995].

The smaller number of observations tailward of ~ 20Rg and their higher scatter
means that the shape of the magnetotail is less well constrained than the dayside
magnetopause. The magnetotail is often assumed to be axisymmetric on average
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[e-g., Howe and Binsack, 1972], an assumption supported by Hammond et al. [1994],
who found a nearly circular cross-section at 25 R when dipole tilt was small. Par-
ticle data from IMP 7 and 8 led Meng et al. [1981] to infer a moderate flaring in
the middle tail (30-40 Rg), while Ohtani and Kokubun [1990] inferred the opposite
asymmetry (a moderate flattening) in the same region using high-latitude magnetic
data from IMP 8. These and other studies indicate that the degree of possible asym-
metry in the middle tail (out to ~ 40Rg) is probably not more than ~ 20 — 25%
on average [cf. Table 1 of Sibeck et al., 1986]. Observations in the deep tail have
led some investigators [ Behannon, 1970; Tsurutani et al., 1984] to speculate that the
magnetotail becomes more strongly flared with distance, while theory and observa-
tions lead others to predict severe flattening very deep in the tail [Michel and Dessler,
1970; Sibeck et al., 1986 and references therein; Fairfield, 1992].

The magnetic cusp will also produce an asymmetry between the meridian and
equatorial planes. The cusp is seen as a distinct indentation in early 3-D magne-
topause surfaces calculated by balancing solar wind dynamic pressure against the
magnetic pressure of a vacuum dipole field [e.g., Mead and Beard, 1964; Midgely and
Davis, 1963]. The magnitude of this dayside asymmetry (up to 1 Rg), however, is
much smaller than that due to magnetotail flaring by IMF Bj (often 5-10 Rg, as
we shall see). Tilt of the geomagnetic dipole and IMF By should produce further
asymmetry in the northern/southern and dawn/dusk hemispheres, respectively. The
expected asymmetry due to tilt (~ 1 — 2Ry sunward of X = —30Rz) [Hammond et
al., 1994; Sotirelis, 1995], is much smaller than that due to flaring. IMF By shifts the
cusp position and twists the magnetotail, and so may redistribute any asymmetry
due to flaring from IMF B.

4.3 The Three-Dimensional Global MHD Magnetospheric Simulations

4.3.1 The 3-D global model

The 3-D global fluid model comprising the foundation of this work use the standard
MHD equations in the conservative form derived in Chapter 2. This model has also
been used for the other 3-D studies of the magnetosphere, but with the MPD modified
fluid approximation [Winglee, 1995; Winglee et al., 1996]. The MPD perturbation
is neglected in this chapter, because it was found to have very little effect on the
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size and shape of the magnetopause, which is essentially determined by the MHD
pressure balance. In the simuiations performed for this chapter, the fiuid equations
in the ideal MHD limit are used, obtained in the model by setting the both the
anomalous resistivity 7, and MPD resistive parameter x in Equation 3.8 to zero.

The MHD equations were solved as an initial value problem using the two-step
Lax-Wendroff method, much the same as in the simulations of Chapter 3, except
(1) the simulation was now in three dimensions rather than two, and (2) additional
smoothing was provided by Lapidus smoothing [Lapidus, 1967] instead of flux cor-
rection smoothing. The Cartesian grid spacing was uniform and set at 0.84 Rg in all
three dimensions. Incoming solar wind was blown at a magnetic dipole, and nearly
steady-state solutions were produced for about 30 combinations of steady dynamic
pressure (Pp) and IMF Bz. The Earth’s magnetic dipole had no tilt and the IMF
had no By or Bx component in these simulations. The symmetry of the magnetic
field under these conditions means that only one quadrant of the magnetosphere need
be simulated. The simulation box reached to 90 Rg in the tail, 28 Rg on the dayside,
and 41 Rg in the equatorial and meridian planes. The inner boundary was set at 4.2
Rg; the ionosphere was approximated by a conducting shell and the plasma velocity

was zeroed out at the boundary.

The density and temperature of the plasma at the inner boundary were modified
to approximate the effects of the ring current, which is virtually absent in MHD
simulations [Pulkkinen et al., 1995]. The ring current was mimicked by increasing
the plasma pressure at the inner boundary of the simulation, equivalent to a mixture
of cold and hot plasma populations of the plasmasphere and ring current regions.
Without the ring current, MHD simulations underestimate the subsolar distance by
about 1 Rg. Our artificial ring current significantly increases the subsolar distance
producing a value of 10.3 Re for average solar wind conditions (2.0 nPa pressure
and 0 IMF Bgz), which is consistent with observations. Our results are consistent
with the estimates of Schield [1969] that the total disappearance of the quiet-time
ring current would cause a 10% decrease in subsolar distance. Petrinec and Russell
[1993a], however, found relatively little effect from the ring current (as gauged by
Dst) on the average subsolar distance inferred with their model. '

An example of two of the 3-D magnetospheric simulations used for this study
is shown in Figure 4.1a (for northward IMF), and Figure 4.1b (for southward IMF).
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Thermal pressure (contours) and electric current (arrows) are shown in perspective in
the noon-midnight plane, equatorial plane, and cross-tail planes. The inner boundary
near 4 Rg is clearly seen in the pressure contours, along with the bow shock near
the front of the closeup portion of the simulation box. The magnetospheric lobes
are seen to have a uniform low pressure and a pressure indentation can be seen near
the cusp. Higher pressure in the plasma sheet is seen near the equatorial plane,
where the large duskward cross-tail current is also seen. Large current arrows show
the approximate position of the magnetopause with the high thermal pressures of
the magnetosheath between the bow shock and magnetopause. The magnetotail for
southward IMF is more flared than the northward case, as expected, indicated by the
larger lobe cross-section at X = —15Rg.

Figure 4.2a and 4.2b show the same simulations from a different angle. Thermal
pressure contours are the same, but arrows show the plasma bulk flow or convection
velocity. The solar wind plasma enters from the left and is deflected around the
magnetopause in the magnetosheath, as can be discerned in the flow vectors. The
flaring of the magnetotail by southward IMF is clearly seen in the noon-midnight
meridian when the lobe and magnetosheath flow in (b) is compared to (a). Convection
on the nightside for northward IMF is tailward in most of the noon-midnight plane,
and earthward between this plane and the magnetosheath. When IMF is southward a
strong earthward flow onto the dayside is seen in the equatorial plane. Flows further
down the tail are tailward with the bifurcation occurring near the neutral line shown
in Figure 4.3c. While much of the flow in the noon-midnight plane is still tailward,
some earthward convection is seen just above the equatorial plane tailward of the flow

bifurcation. The three-dimensional convection patterns are much more complicated

still.

The dynamic pressures in our simulated cases ranged from 0.5 to 4.0 nPa and IMF
Bz ranged from -5.0 to +5.0 nT. Observed solar wind values from both magnetopause
data bases fall within these bounds about 65% of the time. The average observed
solar wind dynamic pressure is near 2.0 nPa and the standard deviation (o) is close to
a factor of 2 [Roelof and Sibeck, 1993], so our coverage corresponds to +10 and —2¢
levels of dynamic pressure. The o for IMF By is near 3.5 nT [Roelof and Sibeck, 1993],
so we are covering slightly more than 10 of this parameter. The two dimensional
parameter space was spanned with linear increments in Bz of 1.25 nT and geometric
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Figure 4.1: Closeup perspective view of global MHD simulations for a dynamic pres-
sure of 1.0 nPa and (a) northward IMF Bz of +2.5 uT and (b) southward IMF Bz of
-2.5 nT. This closeup ranges from +17 to -35 Rg in X, 0 to 20 Rg in both Y and Z,
much smaller than the actual simulation gridspace. Contours show thermal pressure
in the noon-midnight plane, equatorial plane, and cross-tail plane at X = ~15Rg,
but displayed at X = —~35Rg. The pressure contours are scaled by their square root
values to give a greater range to the plot contour values to highlight details. The
arrows show the electric current vector in the noon-midnight plane and equatorial
planes.
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Figure 4.2: Another closeup perspective view of global MHD simulations showing
plasma flow for the same solar wind conditions shown in Figure 4.1. The closeup of
the simulation box has the same dimensions as before, but is viewed from a different
angle. Contours are again the square root of the thermal pressure in each of the three
planes. Arrows show the plasma bulk velocity vector in the noon-midnight plane and
equatorial planes.
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increases in Pp by a factor of 2.

4.3.2 Magnetic field line mapping

The magnetosphere in our simulations is totally closed for the moderately large north-
ward IMF Bz cases presented here, similar to that produced in Fedder and Lyon
[1995] with northward IMF for several hours or that produced by Ogino et al. [1992]
(Figure 1.12). Although the magnetosphere is stable for stronger northward IMF, the
tail steadily shrinks (as in the simulations of Usadi et al. [1993]) and a steady-state
magnetopause was not obtained. The X line (located near 20 Rg) in the simulations
increased in width with southward IMF, reaching across the entire magnetosphere
for the moderately large southward IMF cases presented here. For larger values of
southward IMF Bz, reconnection in the tail was vigorous, leading to the continual
formation and expulsion of plasmoids down the magnetotail. Again, with this contin-
uously changing magnetospheric configuration, a suitable steady-state position of the
magnetopause could not be measured. For dynamic pressures between these upper
and lower IMF thresholds quasi-steady state solutions amenable to accurate mag-
netopause measurement were obtained. These upper and lower thresholds are near
+2.5 nT for low pressures of 0.5 nPa. The magnitudes of both thresholds increase
with dynamic pressure up to about 5 nT for high dynamic pressures of 4 nPa.
Figure 4.3 shows magnetic field line mapping for three cases in this stable solution
parameter region at a dynamic pressure of 1.0 nPa with IMF Bz set to +2.5 nT
(Figure 4.3a), no IMF or 0 nT (Figure 4.3b), and -2.5 nT (Figure 4.3c). Magnetic
field lines are mapped from regularly spaced points in the equatorial plane. Lines
which strike the inner boundary are closed. Open geomagnetic field lines anchored in
the polar cap do not intersect the equatorial plane in a symmetric simulation such as
this and so are missed by such mapping. Vertical lines in front of the bow shock show
IMF field lines in the solar wind while those in the magnetosheath are also connected
to the solar wind. Many such lines are seen for the northward IMF case (Figure 4.3a)
and lesser numbers can seen for the other two cases. Most of the field lines are in the
magnetotail are closed for northward IMF, and the number of closed lines decreases
as IMF Bz decreases. A narrow region of field lines not connected to the Earth are
seen in the noon-midnight plane in Figure 4.3a indicating that the magnetosphere is
not quite closed, which also indicates the presence of a narrow neutral line only a
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few Rp wide. These unconnected lines may connect to the solar wind or possibly to
themselves forming a magnetic island or plasmoid as was seen in the 2-D simulations
shown in Chapter 3. For no IMF (Figure 4.3b) the region of unconnected lines has
widened considerably, but closed lines still are seen on the flanks down to -60 Rg.
The half width of the neutral line is about 12 R, roughly half the total tail width,
while for -2.5 nT (Figure 4.3c) the neutral line stretches almost entirely across the
magnetotail. Closed field lines are not seen tailward of X = —20Rg and are limited
to the region nearer the Earth. Interestingly, the position of the neutral line on the X
axis is nearly the same for all three cases and the difference in the number of closed
field lines in the magnetotail is governed chiefly by the width of the neutral line.

Open magnetic field lines can be studied by tracing lines outward from the high
latitudes on the surface of the Earth. Closed field lines reach the equatorial plane
in a symmetric simulation, while open lines do not. This mapping method will miss
solar wind field lines unconnected to the Earth. Figure 4.4 shows magnetic field lines
mapped from the Earth for the northward IMF case shown in Figure 4.3a. Field
lines traced from increasingly higher latitudes reach the equatorial plane further from
the Earth at all longitudes. A single open field line can be seen in Figure 4.4a at
the midnight longitude reaching past -73 Rg under which lie the unconnected (solar
wind) field lines seen in Figure 4.3a. Field lines traced from the noon longitude close
on the dayside for latitudes of 80° and below (Figure 4.4a to c), but map instead to
the tail from a latitude of 84°. This indicates that the longitude of the magnetic cusp
(where the mapping changes discontinuously) lies between 80° and 84° for this case.
The number of open field lines increases with latitude, so that several can be seen
in Figure 4.4d. At still higher latitudes (not shown) most of the magnetic field lines
were found to be open. Such mapping of open field can indicate the size and shape
of the polar cap and the amount of open magnetic flux can be quantified.

Figure 4.5 shows magnetic field lines mapped from the Earth for the southward
IMF case shown in Figure 4.3¢c, where all the simulation conditions except IMF Bz
were identical. Many more open field lines can be seen relative to the northward
IMF case (Figure 4.4), as expected from the vigorous reconnection that occurs in the
simulations along the dayside equatorial magnetopause creating a large amount of
open magnetic flux and flaring the magnetotail. Again the number of open field lines
increases with latitude until all of the field lines are open at a latitude of 77°. This
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Figure 4.3: Magnetic field line mapping is shown for a dynamic pressure of 1.0 nPa
with varying IMF By set to (a) +2.5 nT, (b) 0 nT, and (c) -2.5 nT. The portion of
the simulation box shown is larger than in Figures 4.1 and 4.2, ranging from +20 to
-60 Rg in X and 0 to 30 R in Y. The top portion of each plot shows the mapping
of magnetic field lines traced from the equatorial plane. The sphere in the top panel
(circle in the bottom panel) indicates the 4.2 Rg radius of the inner boundary of
the simulation. Contours of the square root of the plasma thermal pressure in the
equatorial plane are shown in the lower portion of each plot.
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Figure 4.4: Mapped magnetic field lines in global MHD simulations for the northward
IMF case shown in Figure 4.3a. Field lines are traced from the surface of the Earth
at latitudes of (a) 70°, (b) 75°, (c) 80°, and (d) 84°. The portion of the simulation
box shown is still bigger than previously shown, ranging from +20 to -73 Rg in X
and 0 to 36 Rg in Y and Z. Contours again show the square root of the plasma
pressure in the equatorial plane. A pressure trough (heavy dashed line) is marked by
the sharp turn in the pressure contours and is seen to lie near the footpoints of the
highest latitude field lines in (d).
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indicates the polar cap for this southward IMF case is considerably larger than the
nerthward IMF case and contains several times more magnetic fux. The latitude of
the magnetic cusp lies below 77° and has moved equatorward by several degrees rela-
tive to the northward IMF case (Figure 4.4). This trend is consistent with empirical
results of Burch 1972, 1973], who measured the cusp longitude through the precipi-
tation of low energy particles. This equatorward movement of the cusp as IMF By
decreased was also seen in Chapter 3 using the 2-D global model (but for southward
IMF only).

Most of the magnetic field lines mapped from a latitude of 66° reach the equatorial
plane close to the Earth (Figure 4.52), but a single field line mapped from the midnight
longitude travels very deep into the tail to about 65 Rg. This field line actually travels
around the region of magnetic field lines unconnected to the Earth seen in Figure 4.3c,
as do several other lines near midnight traced from 66° (Figure 4.5b). This indicates
that these unconnected field lines lying between -20 and -60 Ry close upon themselves
and form a plasmoid. Several truly open field lines are seen to originate from a latitude
of 68° (Figure 4.5b), but from longitudes away from midnight. These open lines and
those traveling around the plasmoid originate from latitudes statistically associated
with the auroral oval near midnight (64° to 72°) [Feldstein, 1973]. They also get close
to the neutral line lying near -20 Rpg, indicating that magnetic reconnection in the
magnetotail may be closely connected with nightside auroral currents, as was seen
with the 2-D model of Chapter 3. The present 3-D model generates field-aligned
currents with a pattern (not shown) that resembles that shown in Figure 1.13. The
quantitative study of field-aligned currents and magnetotail reconnection, as well as
polar cap size and the cusp position, was not performed for this dissertation, but
these possible projects are discussed more in Chapter 5.

4.4 The MHD Magnetopause

4.4.1 Measuring the magnetopause position

The magnetopause in the measured simulations was stationary when quasi-steady
state equilibrium solutions were reached. Although the grid spacing used in these
simulations was fairly large (0.84Rg), the variations due to the solar wind were large
enough that systematic variations could be measured from one case to the next. The
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Figure 4.5: Mapped magnetic field lines in global MHD simulations for the southward
IMF case shown in Figure 4.3c. The style is the same as Figure 4.4, except the field
lines are traced from the surface of the Earth at latitudes of (a) 66°, (b) 68°, (c) 77°,
and (d) 81°.
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magnetopause was measured at the subsolar point, and at X = 0, -10, -20, and -40 Rg
in both the noon-midnight and the equatorial pianes. Measurements at X = +7.5Kg

were also made in the equatorial plane for some low pressure cases.

A combination of three diagnostics {magnetopause current intensity, plasma ther-
mal pressure, and mapping of magnetic field lines) was needed to properly identify
the magnetopause in these positions for all solar wind combinations studied. Al-
though the Chapman-Ferraro current layer is several grid spaces wide in our fluid
simulations, the peak current is well defined near the subsolar point. This peak in
the Chapman-Ferraro current layer was found to coincide closely with the last closed
magnetic field line on the dayside near the subsolar point, giving a good indication of
the magnetopause position. Furthermore, a steep gradient in thermal pressure from
the stagnation point in the magnetosheath to just inside the magnetosphere over-
lapped both the current peak and the outer limit of closed field line mapping. The
region of high thermal pressure in the nose of the magnetosheath indicates the stag-
nation point and can be seen to lie just outside the closed field lines traced from 80°
in Figure 4.4c. A pressure minimum within the magnetosphere lies just inside these
field lines, creating a steep pressure gradient (across 5 contour line levels) centered on
the subsolar magnetopause. The stagnation point and pressure minimum are more
sharply outlined in Figure 4.5, where the pressure gradient traverses 7 contour lines.
This consistency of all three types of magnetopause diagnostics facilitated interpo-
lation between gridpoints, giving a measurement accuracy down to half a gridspace
(0.4 Rg).

In the noon-midnight meridian plane, the peak of the Chapman-Ferraro current
matched up with the gradient in pressure between the magnetosheath and magne-
tosphere (seen in Figures 4.1 and 4.2), providing unambiguous identification of the
magnetopause. Mapping from high latitudes does not clearly mark an open mag-
netopause, since it is often difficult to differentiate between those field lines strictly
within the lobes and those that enter the magnetosheath at large distances down the
tail, especially when IMF is southward (see Figure 4.5). The mapping of magnetic
field lines only clearly delineates the magnetopause in the noon-midnight meridian
for a totally closed magnetosphere, as in Figure 1.12. This situation did not exist
for almost all the simulations being measured (a few cases were just barely closed),
and so mapping was not used as a diagnostic for measurements in the noon-midnight
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meridian.

Although the current layer and pressure gradient both have a thickness of 5 or
more gridspaces (or several Rg) in the simulations, the peak of the current layer can
be easily determined and provides a measurement down to one gridspace. Figure 4.6
shows a cross-section of the tail at X = —20Rg taken from a symmetric simulation
with no dipole tilt or IMF. The left panel shows a contour plot of By, which clearly
outlines the magnetotail lobes. Flux toward the Earth in the northern lobe has
positive By values, while flux away from the Earth in the southern lobe has negative
Bx values. The interior of the lobes is fairly uniform (consistent with observations,
Chapter 1) with most of the gradient occurring near the outer edge. The transition
from positive to negative at the equatorial plane marks the neutral sheet position.

The right panel of Figure 4.6 shows a contour plot of electric current magnitude,
which clearly shows the theta pattern expected for the magnetosphere (Chapter 1,
Figure 1.8). The cross-tail current sheet is centered around the equatorial plane
while the return current is clearly seen and is most distinct near the noon-midnight
meridian plane. Both current sheets have a thickness of only about 5 gridspaces, but
the cross-tail current is more heavily concentrated. The peak of the current layer
in the noon-midnight meridian represents the magnetopause position and was the
primary diagnostic used in the noon-midnight meridian plane. The center of this
current layer can be seen to match up well with the center of the outer gradient in
Bx. The cross-tail current bifurcates and merges with the return current to create
the theta, but it can be seen that this merging is spread out over large distances in
the simulation. Thus, the magnitude of the electric current by itself was inadequate
to diagnose the magnetopause position in the nightside equatorial plane.

Magnetic field line mapping and thermal pressure contours were used instead in
the equatorial plane, since they provided a better indication of the magnetopause
position. A trough in plasma pressure (a local minimum) can be seen in the contours
of Figure 4.4, with the center of the trough marked by a sharp angle in the contour
lines. This pressure trough lies between the higher pressures in the plasma sheet and
the magnetosheath and roughly corresponds to the outer edge of the plasma sheet.
This pressure trough coincides well with the limit of closed magnetic field lines in
these cases, as can be seen in Figure 4.4. The pressure trough also can be seen for
moderate southward IMF values (Figure 4.5), but this feature disappears for strongly
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Figure 4.6: Magnetotail lobes and current in cross-tail plane at X = —20Rg. The
left side is a contour plot of Bx, which clearly outlines the magnetotail lobes. Solid
lines show positive Bx, dashed lines negative Bx. The right side is a contour plot of
electric current magnitude, which clearly shows the theta pattern. The peak of the
current layer in the noon-midnight meridian is marked with a large dot and represents
the magnetopause position. The bifurcation of the current in the equatorial plane
prevents easy identification of the magnetopause with the current.
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southward IMF cases, which were found to be unstable and expel plasmoids down the
tail in a cyclical manner similar to the behavior seen in the 2-D model of Chapter 3.
This plasmoid expulsion also flushes plasma out of the plasma sheet and presumably
prevents thermal pressures within the plasma sheet from building up to the levels
necessary to produce a discernable trough.

While the trough is less distinct for southward IMF than northward IMF (compare
Figure 4.3a to Figure 4.3c), it can still be recognized by the sudden change in the
direction of the contours. The pressure trough was found to provide a simple and
relatively accurate indicator of the magnetopause on the nightside equatorial plane
from X = —10Rg tailward for all the simulation cases measured. Using these 2-D
pressure plots provided an automatic method to measure the magnetopause, since
finding the outer limit of closed magnetic field lines requires mapping from many
positions. At the terminator (X = 0) in the equatorial plane, however, the mapping
of magnetic field lines indicated that the trough, which extends a bit past X =0 in
Figure 4.4, lies somewhat inside the outer limit of mapped field lines. Thus magnetic
field line mapping provided the only reliable indication of the magnetopause position
at the equatorial terminator. The measurement errors for these points is estimated

to be about one gridspace (0.84 Rg).

4.4.2 The subsolar distance

A contour plot of the measured subsolar distances from our simulations is shown in
Figure 4.7a. The circles indicate the quasi-steady state simulations which could be
used to construct a predictive model, while the asterisks indicate simulations which
did not provide accurate measurements and hence were ignored for the predictive
model. Our simulations produced less variation with Bz at high pressure cases (4
nPa), allowing us to obtain these measurements (marked with an X over the circle)
by interpolation. The measured subsolar distance varies from 8.9 to 14.4 Rgp over
the parameter space of our model, with a mean subsolar distance of 10.3 Rg for the
average solar wind conditions of ~ 2 nPa and ~ 0 IMF Bz. This median subsolar
distance matches those reported for the empirical models at these solar wind con-
ditions well; RS93 has 10.8 Rg and PR95 gives 10.4 Rg. Our subsolar point varies
somewhat more over the parameter space of our model (5.5 Rg) than RS93 (4.8 Rg)
or PR95 (4.6 Rg). Scaling the mean subsolar values of Fairfield [1971] and Holzer and
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Slavin [1978] by the average solar wind dynamic pressure for the observation period
[Fairfield, 1995] gives 10.7 and 10.4 Rg, respectively. Thus, our subsoiar distance at
this average condition agrees with all these empirical values to within 0.5 Rg, a little
more than our measurement error. This range also covers expected variations due to
other factors, e.g. dipole tilt (0.3 Rg) estimated by Schield [1969], which are missing

from our idealized set of simulations.

The contour lines in Figure 4.7 indicate that subsolar distance depends strongly
on both dynamic pressure and Bz over the entire range of the simulations. The
slope of the lines is roughly the same for northward and southward IMF, indicating a
uniform increase in subsolar distance with Bz that does not change much with IMF
polarity. This contrasts with PR95 for northward IMF, in which subsolar distance
is independent of Bz for northward IMF, but is similar for southward IMF where
subsolar distance varies linearly with Bz. The shape of the contour lines in the
approximate solar-wind +1o region of the model (1 to 4 nPa, -3.75 to +3.75 nT) is
remarkably like that in RS93 (their Figure 16) in this region, indicating the qualitative
similarity of our simulation results with RS93. The spacing between lines increases
with pressure indicating that the variation is stronger at low pressures, also consistent
with RS93. We emphasize that the variation of the subsolar distance in these models
is inferred, while our subsolar distances are direct measurements from our simulations.

Similar changes in subsolar distance for both northward and southward IMF is
unexpected, since reconnection at the magnetopause qualitatively differs with IMF
polarity in our simulations. Higher reconnection rates for southward IMF along a
wide neutral line are accompanied by stronger convection to the dayside in our quasi-
steady-state solutions, while lower reconnection rates (past the cusp) and weaker
convection occur for northward IMF. We cannot directly measure reconnection rates
in our simulation, but only the combined effects of reconnection and convection. The
net result is a linear rate of magnetic flux erosion (or buildup) of the dayside mag-
netosphere with Bz at a fixed dynamic pressure (Section 4.10). Our steady-state
solutions require about an hour to evolve, consistent with the timescales needed to
change near-Earth convection patterns [Coroniti and Kennel, 1973], and generate
field-aligned and tail current systems due to a change in IMF Bz [Maltsev and Ly-
atsky, 1975; Maezawa, 1975]. This is much longer than the Alfvén travel times (5
to 10 minutes) across the near-Earth magnetosphere, the appropriate timescale for
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Figure 4.7: The measured subsolar distances from the simulations as a function of
dynamic pressure and IMF Bz. Open circles indicate simulations with a steady mag-
netopause that were used to construct the predictive magnetopause model. Asterisks

represent unsteady cases not suitable for measurement.
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reconfiguration due to dynamic pressure changes. Our magnetospheric configura-
tions depend on the integration of Bz over periods of about an hour, consistent with
integration times needed to model expansion and contraction of the dayside magne-
tosphere due to flux erosion [Holzer and Slavin, 1978] and predict the position of the
cusp [Burch, 1973].

4.4.83 The cusp

Signatures of the cusp are seen in all three indicators of the magnetopause: electric
current, plasma pressure, and magnetic field line mapping. The diamagnetic current
sheets in the simulations exhibit complex geometry, with currents of very low mag-
nitude circulating around the cusp. The dawnward mantle current sheet can either
overlap the duskward low-latitude current sheet or be separated by a gap. In prelim-
inary runs of our model incorporating dipole tilt (discussed in Chapter 5), the degree
of this current sheet overlap or separation varies considerably with tilt. The envelope
of closed magnetic field line shows a rather small cusp, with a limited latitudinal
width of only about 1°. The wedge seen in contours of thermal pressure straddles
closed field lines, indicating a much larger cusp. To produce a mathematically simple
surface (e.g., an ellipse), the indentation of the magnetopause surface near the cusp
was ignored in the present work. This curve overestimates the magnetopause distance
near the meridian plane sunward of the cusp, up to ~ 1Rg in some instances. The
resulting errors when averaged over a large area are much lower, however, much less
than those of the least squares fits (0.7 Rg, next section) and the data bases (~ 1Rg
on the dayside), justifying the neglect of the cusp in our magnetopause surface. In-
corporating the cusp indentation into the magnetopause surface would presumably
reduce model errors on the dayside, but has been left for future model refinement.

4.5 A Simple Model for the Magnetopause

4.5.1 Fitting a model to the magnetopause surface

To produce a simple magnetopause curve in each plane that fit the simulations well
enough to be useful and accurate, we used ellipses, as in the empirical models. Roelof
and Sibeck [1993] had three independent ellipse parameters that could be fit by least
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squares, namely

AX*+BX +C+p* =4, (¢1)
where X is the distance along the Earth-sun line and p is the axial distance. The
ellipsoids used by Petrinec and Russell [1993a] were constrained to have their focus
at the center of the earth and the eccentricity was fixed for either northward or
southward IMF, giving them essentially only one dimensional freedom for fitting of
each polarity. This allows only scaling with Pp to be independently studied and
forces the curvature of the ellipse to be fixed, preventing the independent study of
flaring due to Bz.

Because our subsolar point is well determined in our simulations, the fitted ellipse
is forced through it and a least squares fit is then made using the remaining points.
Fixing the subsolar distance also permits connecting the polar and equatorial mag-
netopause curves smoothly to produce a fully three-dimensional surface. This leaves
two free parameters to deal with the effects of Pp and Bz, and gives

XZ
Rss?

2
f(X1,X;) = BX: +CX; = B(g_ - X) + C( —-1)=—p% (4.2)
ss

a form which guarantees that the axial distance is zero at the subsolar point, X = Rgs,
and determines the third ellipse parameter, A = —B/Rss — C/R%;.

Our magnetopause curves avoid some drawbacks seen in the empirical models.
The hybrid model of Petrinec and Russell [1993, 1995a] joins separate dayside and
nightside models at X = 0, producing a non-physical discontinuity in the slope. An
ellipse may curve back toward the tail axis in a non-physical manner, as seen in some
the ellipses in Roelof and Sibeck [1993] at large magnitudes of IMF Bz. Since the
expected curvature of the dayside magnetopause is very high, but very low in the
tail, least squares fits heavily weighted to the dayside and lacking enough points on
the nightside may produce ellipses that curve back toward the axis in the tail. We
prevented this curvature problem by including measurements of the magnetopause at
X = —40Rg, but this slightly increased the rms error of the fits on the dayside.

We performed a least squares fit of f(X;,X,) = —p? in each plane with equal
weighting of the data points at X = 0, -10, -20, -40 Rg (and +7.5Rg, if applicable).
Producing a predictive model required interpolating the curve parameters not only by
Pp and Bz, but also by the clock angle of the observation position, arctan(Y/Z). The
fitting parameters (A, B, and C) were converted to three physical parameters that
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vary smoothly to ensure good interpolation. Besides the subsolar distance Rgg, these
are the flank distance Rp, defined as the axial distance at X = 0, and the flaring
angle a, the angle that the tangent to the curve has at X = 0 relative to the X
axis. Solving for the two free parameters gives Rp = +/—C and a = arctan(B/2Rp).
Figure 4.8 shows the resulting simple model used to represent the 3-D shape of the
magnetopause.

4.5.2 The predictive magnetopause model

The results of the least squares fitting to the measurements from the steady-state
simulations are shown in Figures 4.9 and 4.10, and together with Figure 4.7 consti-
tute a predictive model for which a predicted magnetopause position can be easily
calculated. The three physical parameters (Rss, Rp, a) are linearly interpolated
in Pp and Bz for each plane, and then interpolated by clock angle. The resulting
parameters describe an ellipse in the plane containing the the observation point and
the earth-sun line, and given X predicts an axial distance p to the magnetopause
(Figure 4.8).

The flank distances for the meridian plane (Figure 4.9a) and the equatorial plane
(Figure 4.9b) are again presented as contour plots, but these are fitted values rather
than direct measurements. Combining the curve fitting errors (0.7 Rg in each plane)
with measurement errors (0.84 Rg) gives a total error of 1.1 R, ignoring additional
systematic errors from variables absent in our simulations. The steep slopes indicate
that both distances depend more strongly on pressure than Bz. The polar flank
distance is seen to decrease as Bz becomes more northward, while the equatorial
flank distance increases with Bz at about the same rate. This relative change in the
polar distance is consistent with the meridian plane fits of Formisano et al. [1979]
for north and south IMF.

Thus, the dawn-dusk cross-section is elongated (shortened) in Z for southward
(northward) IMF, but shortened (elongated) in Y. Due to these opposing trends, the
average of the measured polar and equatorial flank distances (Figure 4.11) is very
nearly independent of Bz over most of parameter space, as indicated by the very
vertical contour lines. This result is consistent with PR95, in which flank distance
is independent of Bz and scales only with pressure, and also with the +1¢ region of
RS93 (their Figure 12) for which the contour lines are fairly vertical. Like the subsolar
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Figure 4.8: A diagram of the simple mathematical model used to approximate the
3-D shape of the magnetopause. The magnetopause is described by an ellipse in the
noon-midnight meridian and equatorial planes, which are specified by three physical
physical parameters: subsolar distance, Rgs; flank distance, Rpoy, or Rgq; and the
flaring angle, apor or agq. These physical parameters are calculated for a given solar
wind dynamic pressure Pp and IMF Bz from interpolation of ellipses fitted to the
global MHD simulations at discrete values. Values of these physical parameters are
then interpolated for an arbitrarily postioned observation point using the clock angle
8 around the magnetosphere axis X. This gives an ellipse specified by by Rss, RynT,
and aryr, which describes the magnetopause cross-section through the observation
point. When the X value of the observation point is specified, an axial distance p to
the magnetopause is determined.
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Figure 4.9: The flank distances (axial distance to the magnetopause at X = 0) from
the fitted predictive model as a function of Pp and IMF Bj in (a) the noon-midnight

plane and (b) the equatorial plane.
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variation, the polarity of the IMF does not seem to produce much of a qualitative
difference in these distances, except for southward IMF at low pressures. These
contour lines are no longer vertical due to the very strong flaring in the meridian
plane for these conditions. A similar trend is seen in RS93 in the same regions of

parameter space.

The measured polar and the equatorial flank distances are nearly equal for zero
IMF (within a few tenths of an R, except for the lowest pressure case). This is
because cross-sections of the magnetopause in the dawn-dusk plane (not shown) are
nearly circular in our simulations for zero IMF. Our model magnetopause for zero IMF
is not as circular in the dawn-dusk plane as our simulations due to fitting errors. The
fitted polar flank distance is consistently larger than the measured value, while the
fitted equatorial flank distance is consistently less than the measured values. These
differences arise from approximating the magnetopause in these planes by an ellipse
to 40 Rg in the tail.

If we average the measured flank distances over the +10 solar wind range, we get
a mean equatorial radius of 15.2 Rz and a mean polar radius of 15.3 Rg. A similar
averaging gives 14.8 Rg for both RS93 and PR95. The mean equatorial flank distance
from Fairfield [1971] is 15.8 Rg when scaled to 2 nPa. Formisano et al. [1979] found
a mean flank radius of 15.0 Rg, both for unnormalized fits using all crossings and
for fits normalized to dynamic pressure when scaled to 2 nPa. Thus, our mean value
agrees with all of these within the range of measurement errors (0.8 Rg).

The mean equatorial (meridian) plane axial distance measured in our simulations
at X = —20Rg is 22.5 (25.6) Rg. Our average tail radius at 20 Rz (24.0 Rg) agrees
quite well with PR96 (23.5 Rg), and is a bit larger than RS93 (22.7 Rg) and the
magnetotail model of Howe and Binsack [1972) (22.5 Rg). The increase in mean
tail radius from X = 0 to -20 Rg is quite similar in all three models (58% for our
model, 54% for RS93, and 59% for PR96). The increase in the meridian plane of our
simulations is 68%, but only 48% in the equatorial plane, indicating asymmetry of
the magnetotail on average.

This asymmetry is reflected in the flaring angles for the meridian plane (Fig-
ure 4.10a) and equatorial plane (Figure 4.10b). The fairly horizontal lines in Fig-
ure 4.10a show that flaring angle in the meridian plane depends strongly on Bz and
only weakly on pressure. The decrease in a with Bz shows that the meridian plane
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Figure 4.11: The average flank distance at X = 0, given by the average of the
measured polar and equatorial flank distances from the simulations, in the style of
Figure 4.7.
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magnetopause shape changes for both southward and northward IMF, but for any
given Bz the shape varies only siightly with pressure (approximately seif-similar scal-
ing). The range in flaring angles is quite large (over ~12°) over the parameter space
of the model; this produces a large spread in the north/south magnetotail dimension,
as we shall see in Section 4.5. Flaring angle varies less with Bz as pressure increases,
so magnetotail flaring is stronger at low pressures, and suppressed by high pressures,
a trend seen in RS93 in an average sense. Conversely, a in the equatorial plane (Fig-
ure 4.9b) varies much less than in the meridian plane. The flaring angle decreases
slightly as either pressure or Bz increases, with a range of only ~3° over the entire
parameter space. This is consistent with the nearly constant magnetopause shape
for all solar wind conditions near the equatorial plane inferred by Holzer and Slavin
[1978].

The average flaring angle (not shown) also depends strongly on Bz but the gra-
dients are only about half as much as in the meridian plane. The uniform change in
average flaring angle for both north and south IMF is similar to RS93 (fairly horizon-
tal lines in 10 range of their Figure 13), but unlike PR96 whose magnetotail flaring
angle changes less with northward IMF. The average flaring angle (as well as those
in the meridian and equatorial planes) does not show any obvious qualitative differ-
ence due to IMF polarity, other than a small decrease in gradient as Bz increases.
The strong flaring in the meridian plane is due to flux transfer driven by magnetic
reconnection, both for northward and southward IMF, while the very weak flaring in
the equatorial plane results from little or no flux transfer. A more detailed analysis
of the variation of the subsolar and flank distances and flaring angles with Pp and
B3 is given later (sections 9 and 10).

4.6 The 3-D Shape of the Magnetopause

Figure 4.12 shows magnetopause position as a function of X produced by our model
for northward IMF (+2.5 nT), southward IMF (-3.75 nT), and no IMF at the average
solar wind dynamic pressure (2 nPa). The solid (dashed) curve shows the elliptical fits
in the noon-midnight meridian (equatorial) plane with the simulation measurements
designated by an X (+). For the northward IMF case (Figure 4.12a), the ellipses in the
meridian and equatorial planes are seen to be very similar. Our model magnetopause
is nearly axisymmetric magnetopause at all four dynamic pressures when IMF By =
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+2.5 nT, with 1-2 R differences in the axial tail distances or less.

For southward IMF (Figure 4.12b), however, the meridian plane ellipse is very
strongly flared, i.e. the distance exceeds the equatorial distance by 3 to 9 Rg on the
nightside. This flaring for southward IMF is even stronger for lower dynamic pressure
in our simulations, where the difference between axial distances can exceed 10 Rj
(not shown). Flared configurations are seen in our model for southward IMF up to
1.25 nT northward, with the degree of flaring increasing for IMF more southward.
Even the case with no IMF (Figure 4.12c) shows some flaring (~ 3Ry tailward of -10
Rg), but much less than that in Figure 4.12b. The measured polar and equatorial
distances, however, are almost the same at X = 0 for zero IMF (see Section 4.5).
Flaring, as shown by the simulation measurements, is limited to the nightside for
zero IMF, although the fitted magnetopause curves indicate some flaring even on the
dayside.

If we reexamine the measurements that produced the nearly symmetric curves in
Figure 4.12a, we see that while the polar and equatorial measurements in the tail
(-10, -20, and -40 Rg) are very similar, this is not true at X = 0. At this position,
the polar distance (X) is actually about 2 Rg less than the equatorial distance (+),
a phenomenon we shall call “anti-flaring” (or flattening). When IMF Bj reaches +5
nT (not shown), this anti-flaring extends into the tail as well, with the equatorial
distance exceeding the meridian distance from X = 0 to -40 Rg. Conversely, for
southward IMF (Figure 4.12b), the meridian plane distance exceeds the equatorial
distance everywhere on the nightside, even at X = 0 by over 2 Rg.

On the dayside these relations between equatorial and meridian plane distances
are reversed due to the magnetic cusp. Our simulations display a prominent cusp,
typically producing indentations of 1-2 Rg, reminiscent of magnetopause surfaces in
older pliysica.l models [e.g., Mead and Beard, 1964]. Since distances at the terminator
are nearly equal at zero IMF, meridian plane distances are significantly smaller than
equatorial distances sunward of the cusp in our simulations. The dayside magne-
topause, then, is anti-flared (or oblate) for zero IMF and more so for northward IMF.
Eqﬁatoria.l and meridian plane distances sunward of the cusp are most nearly equal
in our simulations for moderate southward IMF.

Cross-sections of the magnetotail perpendicular to the Earth-Sun line (Y ~ Z
planes) are most nearly circular close to 2.5 nT (not shown), being anti-flared (flat-
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Figure 4.12: Fitted magnetopause cross-sections in both the noon-midnight meridian
plane (dashed line) and the equatorial plane (solid line) at a dynamic pressure of 2
nPa for different values of IMF Bz: (a) northward IMF (+2.5 nT), (b) southward
IMF (-3.75 nT), and (c) no IMF. Measurements from the simulation in the noon-
midnight plane (X) and the equatorial plane (+) are also displayed, along with the

errors for each fit.
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tened) for more northward IMF and flared (elongated) below this threshold. Magneto-
sphere cross-sections from global MHD simulations of Waiker ei ai. {1990] performed
for no IMF with no dipole tilt show a moderate flaring at X = —15,—30, —45Rg
(their Figure 6a) very similar to our corresponding simulations. When averaged over
solar wind conditions, this would produce an overall asymmetry of the magnetopause
between 10 to 40 Rg. This net flaring in the middle tail is consistent with the results
of Meng et al. [1981], who inferred a net flaring of ~ 23% between 30 and 40 Rg, and
contrary to the results of Ohtani and Kokubun [1990], who found a net flattening of
~ 17% in the same region. It also disagrees with Hammond et al. [1994], who found
very little asymmetry at X = —25Rg (flaring of ~ 2%) for low dipole tilt angles
(< 5°).

The lack of net asymmetry in the dawn-dusk plane (circular cross-section for zero
IMF) is consistent with Formisano et al. [1979], who found that the average equatorial
distance exceeds the average polar distance by 2 — 3% at most. Numerical estimates
of magnetopause asymmetry at the terminator and along the tail axis are given is
Section 4.11. Cross-sections on the dayside tend to be elongated in the Y direction
and are most nearly circular for southward IMF. This net asymmetry of the dayside
magnetosphere agrees with the results of Sibeck et al. [1991], who performed separate
elliptical fits using points near the equa.torial‘ plane (-5 < Z < +5Rg) and the
meridian plane (—-5 <Y < +5REg). These fits indicate an oblate magnetopause shape
on the dayside, with roughly equal equatorial and meridian distances at X = —10Rg.
The average equatorial distances exceeds the average meridian distance sunward of
this point, by an average of 8% between X = —5 and +7 Rg.

A strong signature of dayside asymmetry in ISEE magnetopause crossings has
been found by Petrinec and Russell [1995b] during periods of northward IMF when
the dayside portion of our simulations is most oblate. Petrinec and Russell [1995b]
studied the average distance to the subosolar magnetopause inferred for observation
points using their dayside magnetopause model (PR95), which is constructed from
measurements near the equatorial plane. After normalizing to the dynamic pressure,
this standoff distance is not constant as might be expected from an axisymmetric
magnetopause without a significant indentation near the cusp. Rather this inferred
distance depends in a systematic way on the dipole tilt and the latitude of the ob-
servation point, being maximum for points close the equatorial plane when dipole
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tilt is near zero, and decreasing with the sum of latitude of the observation point
and the dipoie tiit, a parameter which indicates the distance from the magnetic cusp.
Since the subsolar distance inferred with their elliptical magnetopause model for ob-
servations near the cusp is about 1 Rg less than for observations near the equatorial
plane, they attributed this difference in distances to the magnetic cusp. This differ-
ence was also shown to be generally consistent with the meridian plane magnetopause
curve of a pressure balance model [Spreiter and Briggs, 1961] with a prominent cusp
indentation.

By examining high-latitude magnetopause crossings identified in HAWKEYE data,
Zhou and Russell [1995] produced average magnetopause ellipses on the dayside (Fig-
ure 4.13) near the equatorial plane, the meridian or polar plane, and at mid-latitudes
for both northward and southward IMF. Again these curves indicate that equatorial
distances exceed polar distances on average on the dayside. The equatorial ellipses
are from the model of Petrinec and Russell [1993a], while the meridian plane ellipse
was obtained by processing high-latitude HAWKEYE data with the methodology of
that model. The average ellipses for southward IMF are nearly axisymmetric, but
show a small degree of flaring, with meridian distances exceeding equatorial distances
by only a few tenths of an Rg. The average ellipses for northward IMF show con-
siderable anti-flaring, however, with the equatorial distances exceeding the meridian
distances everywhere on the dayside and by almost 2 Rg at the terminator. This 2
Rg difference matches that measured in our model for +2.5 nT (Figure 4.12a). These
results are consistent with the increase of dayside oblateness in our simulations as Bz

increases.

This trend in the ratio of meridian to equatorial distances along the X axis is sim-
ilar to that seen in 3-D magnetopause surfaces of older physical models [Midgely and
Davis, 1963; Mead and Beard, 1964; Olson, 1969; Choe et al., 1973]. These surfaces
are also characterized by pressure balance, in this case of vacuum dipole magnetic field
pressure against solar wind dynamic pressure. The meridian to equatorial distance
ratio for the zero dipole tilt magnetopause surface of Olson [1969] is as low as 0.73
near the cusp and increases monotonically tailward of the cusp reaching a value of
1.09 deep in the tail. This ratio is less than unity (0.84) at the terminator, with equal
meridian and equatorial distances at ~ 20Rg in the tail, a somewhat more flattened
shape than that in our MHD simulations for zero IMF. We can characterize these
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Figure 4.13: Average cross-sections of the dayside magnetopause near the noon-
midnight meridian or polar plane (solid line), the equatorial plane (dotted line), and
at mid-latitudes (dashed line) for northward IMF (upper panel) and southward IMF
(lower panel). The magnetopause curves were determined with high-latitude satellite
observations from HAWKEYE using the ellipse fitting procedure of Petrinec et al.
(1991]. Data points were sorted by clock angle § (measured from the north): polar
plane (6 < 22.5°), mid-latitudes (22.5° < § < 67.5°), and equatorial plane using the
results of Petrinec et al. [1991]. [Taken from Zhou and Russell, 1995].
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models (which do not incorporate IMF or magnetospheric plasma) as anti-flared on
the dayside and near-Earth tail, and slightly fiared deep in the tail. Like our giobal
simulations, these models exhibit a basic asymmetry of the magnetopause surface
that is lacking in the present axisymmetric empirical magnetopause models.

4.7 Families of Magnetopause Ellipses

We plot families of magnetopause ellipses to show their systematic variation with
Bz and Pp. Figure 4.14 shows the parametric variation of the model ellipses in the
meridian plane for 3 Bz values (-2.5, 0, +2.5 nT) at each of the 4 values of Pp.
There is considerable flaring on the nightside in these meridian plane magnetopause
ellipses, stronger for lower dynamic pressures. To gauge the degree of flaring in the
tail, we study the variation of the axial distance at X = —20Rg. At the lowest
pressure of 0.5 nPa (Figure 4.14a), the axial distance at this position varies between
~ 28 to ~ 3TRE as Bz ranges between +2.5 nT. This spread of distances in the tail
(9 RE, as marked) decreases strongly with pressure to less than 3 Rg at the highest
pressure (Figure 4.14d). As we shall see shortly, this degree of flaring is substantially
more than in the axisymmetric empirical models. We also see that all of the ellipses
intersect near a spot on the dayside (approximately at the position of the cusp) which
we shall call the “crossover point”.

Corresponding magnetopause ellipses in the equatorial plane show very different
qualitative behavior (Figure 4.15). These ellipses do not intersect anywhere, but
rather are nearly parallel with one another. Thus, there is no crossover point and
flaring is essentially absent in the equatorial plane. These ellipses are approximately
self-similar, especially on the dayside, even for variations in Bz. The variations in
distance due to IMF Bjz are relatively small, only about 1 or 2 Rg. In fact, the
southward IMF cases have slightly smaller flank distances than the northward IMF
cases at generally all values of X. This may be due to high latitude reconnection
in the northward IMF simulations, in which nightside magnetic flux is transferred to
the dayside and then convected laterally to the flanks, producing slightly larger axial
distances.

The average ellipses (calculated for a clock angle of 45°) of our model also show
flaring (Figure 4.16), but to much less a degree than the meridian plane ellipses
(Figure 4.14). At the lowest pressure (Figure 4.16a) the axial distance at X = —20Rg
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now ranges from ~ 28 to ~ 32Rg. The (marked) spread of axial distance ranges from
about ~ 4 to ~ 1RE as pressure decreases, foughly haif the range in the meridian
plane. There is also a well-defined crossover point, but comparing each case with
Figure 4.14, we see that the crossover points are consistently at a smaller value of
X and a larger axial distance, moving from well on the dayside to just inside the

nightside as pressure increases.

We compare these parametric plots to those presented in Figure 4.17, which were
produced with the Roelof and Sibeck [1993] model. Since RS93 is axisymmetric, it is
best compared with the average ellipses of our model. RS93 exhibits both flaring and
a well-defined crossover point in these curves. The spread of axial distances for By
between -2.5 to +2.5 nT at 20 Rg in tail decreases from about 4 Rg to 1 Rg for the
same pressures in RS93 (Figures 4.17b to 4.17e), the same spread as in Figure 4.16.
The crossover points are in roughly the same positions, at axial distances greater
than 10 Rg, moving from well on the dayside at the lowest pressure to a position in
the near nightside at 4.0 nPa. Thus the qualitative behavior of the average ellipses
in our model is very similar to those of RS93 and show the same amount of flaring
in the tail, even though our ellipses in the meridian and equatorial planes look quite
different than RS93.

We also compare our model with PR96, which was not derived directly from
magnetopause measurements, but by MHD force balance between lobe and solar
wind measurements. The flaring of the PR96 magnetotail (and hence axial distance)
changes more for southward IMF than northward IMF. The corresponding spread of
distances due to IMF Bz shown in Figure 5 of Petrinec and Russell [1996a] decreases
from about 2 to 0.5 Rg as pressure increases, about half the increase in magnetotail
flaring seen in RS93 and our model. The weaker magnetotail flaring for northward
IMF in PR96 may explain this factor of two difference. The crossover point cannot
be compared, as it is constrained to lie at the X = 0 in PR95/PR96.

Now we examine the variations in magnetotail size due to pressure changes. Fig-
ure 4.18 shows the same average plane curves plotted in Figure 4.16 sorted by each
IMF Bz rather than pressure. We see the systematic effects of compression at each
value of IMF Bz, which produces roughly self-similar families of ellipses, the most so
for +2.5 nT. These curves correspond to the outer four curves from RS93, shown in
Figure 4.17g to 4.17i. Those curves are very self-similar for zero IMF (Figure 4.17h),
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and the range of dynamic pressures and IMF By is greater than in th MHD based
model. [Taken from corrections of Roelof and Sibeck, 1994].
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but they converge in the tail for northward IMF (Figures 4.17f, 4.17g) and diverge
for southward IMF (Figures 4.17i, 4.17j). )

We again measure the spread of tail distances at 20 Rg in the tail as pressure
ranges from 0.5 to 4 nPa at each IMF value (again marked). Our model’s spread is
10 Rg (-2.5 nT), 9 Rg (0 nT), and 8 Rg (+2.5 nT), showing little difference with
Bz. The corresponding spreads of RS93 are 5, 3, and 2 Rg, respectively, while PR96
gives ~ 13Rg for all three IMF levels. The range of our model is closer to, but
somewhat less than, PR96. The difference with RS93 is a factor of two for southward
IMF to a factor of 4 for northward IMF. Even if we perform the comparison over
the +10 range of the RS93 model, the domain of quantitative validity [Roelof and
. Sibeck, 1993], the difference is still at least a factor of two for all three IMF levels.
This different variation with pressure keeps our families of ellipses more self-similar
across the spectrum of IMF than in RS93.

To put these differences in perspective, all three models produce similar average
magnetopause curves (not shown) for northward IMF(+3.75 nT) and high pressure
(4 nPa), with all three curves agreeing within 2 Rg from the subsolar point to z =
—40Rg. These curves diverge in the tail as Bz becomes southward, and especially
as pressure decreases. Within the +1c¢ solar wind range, the largest divergence of
the magnetotail curves is seen at low pressure (1 nPa), where the axial distance
at X = —20Rg given by RS93 and PR96 can differ by 3 to 5 Rg between +3.75
nT, values larger than claimed model errors. Our model magnetotail generally falls
between these models for most cases with significant divergence, but tends to be
closer to PR96 at the lowest pressures (not shown).

4.8 Testing the Model with Observations

4.8.1 Magnetopause crossing databases

The magnetopause data sets are briefly discussed, before they are used to compare
our predictive model against the empirical models. The Roelof and Sibeck data set
used to generate the RS93 model is correlated with solar wind dynamic pressure and
IMF By using hourly averages. This data set was compiled by Sibeck et al. [1991]
and consists of 1821 magnetopause crossings by about 15 different spacecraft over a
period of about 30 years. Simultaneous solar wind measurements for both solar wind
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parameters were available for 797 of these crossings. The data points reach to 37 Rg
in the tail and contain a large number of high latitude points, giving good coverage
at all clock angles.

The Petrinec and Russell data set used to develop the PR95 model is correlated
with solar wind using 5 minute averages. This data set was compiled by Song et al.
[1988] and contains 1147 magnetopause crossings by ISEE 1 and 2 over a period of
about 9 years. The measurements do not reach as deep into the tail, only to about 10
Rg in the X direction. The points are also constrained by the ISEE orbits to lie near
the equatorial plane, so there is no coverage at high latitudes. Simultaneous solar
wind measurements for both solar wind parameters were available for 504 points,
again slightly less than half of the total, like the Roelof and Sibeck data set.

The average spacecraft positions in the Roelof and Sibeck data set are measured
in geocentric solar ecliptic (GSE) coordinates, but the associated IMF Bz value are
in geocentric solar magnetospheric (GSM) coordinates. Both the average spacecraft
positions and the IMF Bz values are measured in GSM coordinates in the Petrinec
and Russell data set. The simulation box can be closely associated with GSM coordi-
nates, so using GSE values will introduce more error, especially when the dipole tilt
angle is large, the situation for which these coordinates systems most differ. This is
one possible cause for less scatter in the Petrinec and Russell data points, which we
shall see has only about half of the scatter of the Roelof and Sibeck data points. The
Petrinec and Russell data was also from fewer instruments on fewer orbits, and the
magnetopause is identified in the data by fewer observers, each of which may intro-
duce some bias into the data when determining an average magnetopause position.
The scatter due to surface waves also is larger on the nightside than the dayside and
increases in amplitude with distance down the tail [Holzer and Slavin, 1978], so the
inclusion of more points deep in the tail can also explain the higher scatter of the
Roelof and Sibeck data points.

A 5-minute time interval is better to study magnetopause variations due to pres-
sure [Sibeck, 1995], but Sibeck et al. [1991] felt one hour was better for studying
effects due to IMF Bz. Thus the Petrinec and Russell data set may follow dynamic
pressure variations better than the Roelof and Sibeck data set, but the situation may

be reversed for IMF By variations.
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4.8.2 Model comparisons

Using these data sets, we computed the distance to the magnetopause predicted by
our model, the RS93 model, and the hybrid PR95/PR96 model for the observation
points falling in several bins of Pp and Bz, and studied the differences between
the predicted and observed distances for each model. Unlike the calculations with
the axisymmetric empirical models, the axial distances of our model are calculated
also using the clock angle of the observed crossing. This comparison was performed
against both the Roelof and Sibeck data set and the Petrinec and Russell data set.

The errors calculated for all three models in each of several solar wind bins are
tabulated in Table 4.1 for the Roelof and Sibeck data set and Table 4.2 for the Petrinec
and Russell data set. Plots for each of these bins, showing observation points and
each of the models errors, are presented in Appendix A. By inspection, there is not
much difference in error among all the models from one bin to another for either
data set. Thus, we can conclude that all three models are about equally accurate,
regardless of which data set they are tested against. Since all the models have low
values for the average error, they have similar values for rms errors, due mostly to
the scatter of the observation points (see plots in Appendix A).

Since our simulations (and hence the predictive magnetopause model) had zero
dipole tilt, we expect our model errors to decrease if using only crossings during
times of low tilt. Errors calculated with our model when tilt angle magnitude is
less than 10° are also listed in the bottom row of Tables 4.1 and 4.2, and the rms
values are seen to decrease by 10%. Errors for RS93 also decreased when tested
in this manner, while those from PR95/PR96 changed little. These results indicate
that incorporating dipole tilt (and other variables) may significantly reduce predictive

errors of our magnetopause model.

4.9 Variation with Dynamic Pressure

We now examine parametric variation of magnetopause size (subsolar distance, flank
and tail radii) with dynamic pressure. The distance to the magnetopause R; at a
dynamic pressure Pp is conventionally scaled with a power law,

Ri(Pp) = R{*/(Pp/PpT)™ (4.3)



Table 4.1: Model Errors Using the Roelof and Sibeck Data Set.
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Dynamic Number | Average Errors (Rg) | RMS Errors (Rg)
Pressure | IMF Bz of PR9Y5 PR95

(nPa) (nT) Points | RS93 | PR96 | MHD | RS93 | PR96 | MHD
05t0l1 | -2.5t025 51 -0.08 -175;7 -1.45 | 1.69 | 2.57 | 2.48
1to2 -3.75t0 0 125 0.37 | -0.05 | -0.45 | 1.80 | 1.83 | 2.35
1to2 |0to+3.75 125 0.28 | -0.23 | -0.37 | 1.70 | 1.94 | 2.06
2to 4 -3.75t0 0 117 0.06 | 046 | 0.05 | 1.89 | 2.01 1.81
2to4 |0to +3.75 119 -0.04 | 0.10 | -0.02 | 1.77 | 1.78 1.85
All bins, all tilts 537 0.15 | -0.10 | -0.33 | 1.78 | 1.97 | 2.08

| Tilt | < 10° 183 -0.16 | -0.39 | -0.58 | 1.64 | 2.00 1.81

Table 4.2: Model Errors Using the Petrinec and Russell Data Set.

Dynamic Number | Average errors (Rg) | RMS errors (Rg)
Pressure | IMF Bz of PR95 PRI5

(nPa) (nT) Points | RS93 | PR96 | MHD | RS93 | PR96 | MHD
0.5to1 |-2.5t025 49 0.63 | -039 | -0.13 | 1.54 | 1.30 1.27
1to2 -3.75t0 0 87 -0011}-0321] 0.16 | 099 | 1.05 1.05
l1to2 |0to +3.75 63 -001 | -0.12 | -0.11 | 091 | 0.81 | 0.86
2to 4 -3.75t0 0 52 -0.04 | -0.01 | 041 | 0.89 | 0.94 | 1.07
2to4 |0to +3.75 61 -004 | 0.08 | 0.24 | 0.84 | 0.83 | 0.90
All bins, all tilts 312 0.08 | -0.16 | 0.12 | 1.04 | 1.00 1.03
| Tilt | < 10° 92 | -0.14 | -0.20 | -.001 | 0.90 | 0.94 | 0.90
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where R7* is a reference distance, PL” a reference dynamic pressure, and n; the
scaling exponent. The scaling exponent for the subsolar distance is expected to lie
near —1/6 (-0.167), the value determined in the ideal Chapman-Ferraro problem
from balancing the magnetic pressure of a vacuum field with the dynamic pressure
of incoming plasma lacking an IMF [Martyn, 1951; Sibeck et al., 1991]. Departure
from this ideal value indicates that the self-similar scaling with dynamic pressure
seen in many models (e.g., Mead and Beard, 1964) breaks down. It also implies
that secondary terms in the Chapman-Ferraro pressure balance equation, such as
magnetospheric plasma pressure or magnetosheath magnetic field pressure, may be
important in determining the equilibrium position of the magnetopause.

This ideal exponent is used in PR95, based on separate fits for inferred standoff
distances in Petrinec and Russell [1993a] for both northward and southward IMF
that produced exponents close to this value. Although such a scaling exponent is not
reported in Roelof and Sibeck [1993], their Figure 17b suggests an exponent greater
than —1/6 over most of their parameter space, except for moderately large northward
IMF. The scaling exponent calculated with the subsolar distances of RS93 has an
average value of about -0.13 over the £1c range of their model.

Our subsolar distance follows a power law with Pp with an exponent that agrees
with PR95 better than RS93 (Table 4.3). Besides increasing the subsolar distance,
the additional plasma pressure at the inner model boundary (artificial ring current)
increases the variation of the subsolar distance with pressure. The average of this
exponent over the entire range of our model is -0.18, meaning that our subsolar dis-
tance varies slightly more with pressure than the ideal case (or PR95), while the RS93
subsolar distance varies less. The value of the exponent (and its variation) depends
on the exact form of the pressurization used in the simulations, but is geﬁera.lly a bit
less than the ideal value. It lies closest to —1/6 for southward IMF and is smaller for
northward IMF. Like our model, the exponent in RS93 is lower for southward IMF
than northward IMF (Table 4.3), decreasing monotonically with Bz, but RS93 does
so at higher rate. While the exponent of PR95 does not vary with Bz, a difference
was found in fits of Petrinec and Russell [1993a]. The exponent was slightly lower
for northward IMF (-0.14) and higher for southward IMF (-0.19), with an overall
average very close to the ideal value. If these values are taken to be significant, this
implies the scaling exponent may increase with Bz, opposite the trend of RS93 and
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Table 4.3: Dynamic Pressure Scaling Exponents.

Model Subsolar Trend Flank Trend Tail
Disti.nce with Bz | Distance | with Bz | Radius

MHD -0.18 Decreasing | -0.20 | Increasing | -0.17
RS93 -0.13 Decreasing | -0.14 | Increasing | -0.07
PR95/PR96 | -0.17 | Increasing? | -0.17 None -0.22

our model (Table 4.3).

We have also analyzed flank distances using measured values (Figure 4.11) to
avoid fitting errors. The average flank distance scaling exponent is -0.20 over the
range of our simulations, the exponent estimated from RS93 over +1o range is -0.14,
while PR95 again uses -1/6 (Table 4.3). The relative differences in the exponents
are quite similar to those at the subsolar point. The flank distance scaling exponent
from our simulations, however, lies closest to -1/6 for northward IMF and is smaller
for southward IMF, opposite the trend seen for the subsolar distance. The RS93
scaling exponent is closest to -1/6 for southward IMF, and greater for northward
IMF, also opposite of the trend for the RS93 subsolar scaling exponent. The trends
for the flank exponent is the same for RS93 and our model, as the exponent in both
models increases monotonically with Bz at about the same rate, while PR95 shows
no variation (Table 4.3).

A different ideal scaling exponent of -1/4 (-0.25) is expected theoretically deeper
in the tail if magnetotail flux is assumed to be constant and lobe magnetic pressure
is balanced by magnetosheath pressure, but may not be realized in the near-Earth
tail where the lobe magnetic field strength falls off rapidly with X [Petrinec and
Russell, 1993b]. The exponent calculated with the PR96 magnetotail model averaged
over tlo solar wind range is -0.22, showing a tendency to approach -1/4. This
result agrees very well with the exponent (~0.225 + .025) found by Lui [1986] from
analyzing IMP 6 crossings of the magnetopause between 15 and 20 Rg in the tail
correlated with simultaneous solar wind measurements. On the other hand, the
average (measured) tail radius at X = —20Rg of our simulations scales with an
exponent -0.17 (Table 4.3), shows no tendency to approach -1/4. Unlike the subsolar
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and flank distance, the average value of this exponent in the tail remains very close
to the jdeal Chapman-Ferraro exponent {-1/6). This difference in exponents accounts
for the somewhat larger variations in tail radius with pressure when PR96 is compared
with our model. The average RS93 exponent (-0.07) reflects much less variation with
pressure than our model over the +1¢ solar wind range (see Section 4.7).

4.10 Variation with IMF Bz

We now examine the variation of magnetopause size and shape with Bz, and find
a linear relationship with Bz for most quantities. Figure 4.19a shows the variation
of subsolar distance with Bz plotted at each pressure level. Each curve is roughly
linear, but the slope decreases as pressure increases, as in RS93. Both models also
have the same gradient (~ 0.24Rg / nT) at the average dynamic pressure of 2 nPa.
The average gradient in RS93, however, decreases more strongly with Pp over the
range of our model (from 0.55 to 0.12 Rg / nT) than does our model (0.34 to .09 Ry
/ nT) . The reduced slope at higher pressure is close to that estimated by Rufenach et
al. [1989] for geosynchronous magnetopause crossings (.08 Rg / nT) at much higher
pressures.

When we average these values over the 1o range of pressure (1, 2, and 4 nPa),
and perform a linear regression with Bz (Table 4.4), the resulting curve is linear
(Figure 4.19b) with a correlation coefficient of 0.99. Independent fits for northward
and southward IMF would produce little difference in slopes, indicating a very uniform
gradient with Bz across both IMF polarities. This curve agrees quite well with PR95
for southward IMF, but diverges for northward IMF. The overall range of RS93 agrees
with our model giving about the same average slope.

The variations of the pressure-averaged fitted flaring angle with Bz in the merid-
ian, equatorial and average planes are all roughly linear (Figure 4.20 and Table 4.4).
The slopes are quite different, reflecting the strong flaring in the meridian plane, but
very little flaring in the equatorial plane. The curves intersect near Bz = 2 nT, where
the uniform flaring angle produces a roughly axisymmetric magnetotail. Independent
fits for north and south IMF would produce little change in the slope in the meridian
plane, but in the equatorial plane separate fits would produce a somewhat steeper
slope for southward IMF and a flatter slope for northward IMF.

The flaring angle from RS93 is ~ 2° less than in our model all across Bz, with a re-
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Figure 4.19: (a) Subsolar distance measured in the MHD simulations are plotted
versus IMF Bz at each of 4 pressure levels. (b) Subsolar distance from MHD simula-
tions averaged over dynamic pressures of 1, 2, and 4 nPa (*) with linear fit. Subsolar
distances averaged over the same pressures are shown for the RS93 model (o) and the

PRY5 model (+).
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Table 4.4: Linear Fits with IMT B;.

Quantity Plane Intercept Slope Percent | Correl-
at Change | ation
Bz=0 per nT | Coeff.
Measured Distances (Rg) Rg Rg / nT %
Subsolar 10.38 +0.20 +1.95 | 0.994
Flank (X = 0) Average 15.21 -.0067 -0.28 0.810
Flank (X = 0) Polar 15.25 -0.33 -2.16 0.991
Flank (X = 0) Equatorial 15.16 +0.24 | +1.61 | 0.995
Tail (X = —20) Average 24.02 -0.38 -1.60 | 0.912
Tail (X = ~20) Meridian 25.56 -0.96 -3.82 | 0.984
Tail (X = —20) Equatorial 22.47 +0.21 +0.93 | 0.774
Fitted Flaring Angle (deg.) at X =0 deg. deg. / nT %
Flaring Angle Average 34.3 -0.78 -2.26 0.994
Flaring Angle Polar 35.5 -1.32 -3.72 0.997
Flaring Angle Equatorial 33.1 -0.23 -0.70 0.951
Ratios of Distances nT—? %
Flank Subsolar Ratio | Average 1.468 -.032 -2.15 0.998
Flank Subsolar Ratio | Polar 1.476 -.059 -3.97 0.999
Flank Subsolar Ratio | Equatorial 1.460 -.0046 -0.31 0.903
Merid. Equat. Ratio | X =0 1.010 -.052 -3.67 0.998
Merid. Equat. Ratio | X = ~20 1.141 -.037 -4.56 0.999
Merid. Equat. Ratio | X = —40 1.081 -.047 -4.35 0.972
Products of Distances (R%) R% R% /T %
Dayside projection Average 159.2 2.70 1.70 0.976
Dayside projection Equatorial 159.1 5.78 3.64 0.994
Dayside projection Meridian 159.3 -0.38 -0.24 0.495
Tail cross-section Dawn-dusk 733 -4.67 -0.69 | 0.844
Tail cross-section X =-20 1816 -52.8 -2.90 0.911
Tail cross-section X =-40 2690 -120 -4.45 0.975
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Figure 4.20: The flaring angle at X = 0 averaged over dynamic pressure and plotted
against Bz. Solid lines show linear fits to values from predictive magnetopause model
in noon-midnight meridian plane (o), equatorial plane (+), and at a clock angle of
45°, the average plane (*). The averaged flaring angle from RS93 (dash-dot line) and
PR96 (dashed line) are also shown.
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markably similar slope. PR96 and our model are in excellent agreement for southward
IMF, but diverge somewhai for northward IMF due to different siopes. Some of the
difference with RS93 may be due to curve fitting. Our model was constructed using
mostly nightside measurements, which produces a larger a to capture tail flaring but
creates slightly larger errors on dayside from the lower resulting curvature. RS93 was
constructed using many more dayside measurements, which gives a higher dayside
curvature but causes the magnetotail to curve back toward the axis where there are
relatively few measurements. The PR96 model is calculated by another method and
the curve has a different mathematical form, so this agreement for southward IMF is
a good indicator of that the variation of flaring angle with Bz is well estimated by
all models for southward IMF.

Figure 4.21a shows the variation of the measured polar, equatorial, and average
flank distances with Bz. We see that the variations in both the meridian and equato-
rial planes is close to linear for both north and south IMF (Table 4.4). The measured
points in these planes indicate very little difference in the rate of change with Bz
for both IMF polarities, while the approximate independence from By of the average
flank distance (Section 4.6) is indicated by a slope an order of magnitude less. The
flank distance averaged over pressure for RS93 and PR95 are slightly smaller than
our average value. Both our average flank distance and that of RS93 show a slight
decrease as Bz increases, while PR95 is specified to be independent of By.

Figure 4.21b shows axial distances measured in the simulations at X = ~20Rg.
Unlike the roughly equal slopes in Figure 4.21a, the slope in the meridian plane is
much larger than that in the equatorial plane (Table 4.4). This means that the av-
erage tail radius at 20 Rg decreases significantly with Bz instead of being nearly
independent of Bz as at the terminator. The curves intersect near Bz = 2.5 nT
indicating a roughly circular magnetopause cross-section at this position in the mag-
netotail for this IMF. The measured values indicate that separate fits for north and
south IMF would produce somewhat different slopes. The average tail radius at 20
Rg from RS93 and PR96 are close, but generally a bit less than our average radius.
A decrease with By is seen in our model, RS93, and PR96 for southward IMF. The
rate of decrease for northward IMF is smaller in our model and PR96 and somewhat
larger in RS93.
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Figure 4.21: (a) Flank distance measured in MHD simulations at X = 0 averaged
over dynamic pressure and plotted against B;. MHD simulation results are compared
with empirical models, in the style of Figure 4.20. (b) Same, except at X = —20Rg.
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4.11 Signatures of Asymmetry

We now investigate how these Bz variations in subsolar, flank and tail distances
produce changes in the shape and size of the magnetopause on both the dayside and
nightside. Since both the subsolar distance and average flank distance scale with
pressure in about the same way, their ratio is essentially independent of dynamic
pressure. Since the flank to subsolar ratio (Rjiank/Reussolar) depends only on Bgz, it
is an ideal parameter for studying changes in shape produced by the action of IMF
Bz (flaring). Figure 4.22a shows the linear variation with Bz of the flank to subsolar
ratio in the meridian, equatorial and average planes. Strong flaring in the meridian
plane causes the ratio range from 1.70 to 1.26. In the equatorial plane, where there
is almost no flaring, the ratio is very uniform (near 1.46). This ratio is close to that
derived from conic fits using only points near the equatorial plane (~ 1.4) by both
Fairfield [1971] and Holzer and Slavin [1978]. The flank to subsolar ratio for the
average ellipse varies significantly with Bz, however, between 1.35 and 1.59.

The average ratio calculated from PR95 is a bit less than our average ratio for
southward IMF, but has a similar slope. Conversely, the slopes are different for
northward IMF, but the average values are more similar. Our ratio averaged over
Bz (1.47) is very close to the average (1.46) of ratios for north (1.50) and south
(1.42) IMF from the original fits in Petrinec et al. [1991]. The flank to subsolar ratio
calculated with RS93 varies a bit more than our model (from 1.29 to 1.60), and has a
steeper slope for southward IMF, overall matching our model about as well as PR95.

The area of the dayside magnetosphere projected onto a plane including the
X axis can be studied using the product of the subsolar and flank distance, i.e.
Area = kR,ubsolar Rilank, Where the proportionality constant k depends on the exact
shape of the projected dayside magnetopause. We could use the elliptical cross-
sections of our least squares fits, but using measured values from the simulations
avoids fitting errors that may obscure the trends with Bz. We again see linear varia-
tions with Bz in the projected dayside areas in the equatorial, meridian, and average
planes, as indicated by the product of subsolar and flank distances (Figure 4.22b,
Table 4.4). The strongest variation with Bz is now in the equatorial plane, while
there is very little change with Bz in the projected area in the meridian plane (ne-
glecting the indentation from the cusp). This indicates that flaring in the meridian
planes by draping of magnetic field lines over the pole operates in such a way as to
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Figure 4.22: Shape and area parameters for dayside magnetopause. (a) Ratio of flank

(X = 0) to subsolar distances averaged over dynamic pressure and plotted against

B3z, in the style of Figure 4.20. (b) The projected area of the dayside magnetopause,

estimated by the product of the flank (X = 0) and subsolar distances, averaged over

dynamic pressure and plotted against Bz, in the style of Figure 4.20.
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roughly conserve the projected dayside area at a fixed dynamic pressure. This ap-
proximaie independence from 5z of the projecied meridian area is aiso manifested by
the limited movement of the crossover point in the families of meridian plane ellipses
(Figure 4.14). The projected dayside area in the average plane of our model matches
that of RS93 quite well for both northward and southward IMF, and matches PR95
very well for southward IMF, but diverges somewhat for northward IMF.

Changes in the projected dayside equatorial area for a fixed pressure are propor-
tional to changes in the dayside magnetic flux, since the magnetic field magnitude
at the magnetopause changes little [Holzer and Slavin, 1978]. Our linear variation
in equatorial area indicates that magnetic flux erosion (or enhancement) on the day-
side is proportional to Bz with the same proportionality constant for northward and
southward IMF. This result is generally consistent with those of Holzer and Slavin
[1978], who found both expansions and contractions of the dayside magnetosphere of
about the same magnitude from flux erosion, observable when scaling distances by
dynamic pressure. Dayside expansion was linearly related to the time-integrated AL
index, which is believed to indicate net flux return to the dayside and which typically
declines to low values an hour or more after IMF Bz becomes positive [Holzer and
Slavin, 1978]. They also found only a loose correlation, however, between the amount
of contraction on the dayside with the reconnected magnetic lux. The latter was
estimated by the applied flux [Levy et al., 1964, a time integral involving negative
Bz which is believed to indicate the amount of dayside magnetic reconnection and
flux transfer to the magnetotail [Burch, 1974]. They attributed this discrepancy to
flux returning to the dayside, since the reconnected flux (measured by applied flux)
may significantly exceed the net eroded flux (as gauged by the scaled magnetopause
crossings) [Holzer and Slavin, 1978].

The fractional change of the subsolar distance with Bz is close to that for the
equatorial (polar) distance with the same (opposite) sign (Table 4.4), leading to the
rough conservation of magnetopause shape (projected area) in the equatorial (merid-
ian) plane. Likewise, cross-sectional area is also almost conserved in the dawn-dusk
plane (Figure 4.23a) by fractional changes in the polar and equatorial flank distances
of similar magnitudes with the opposite signs (Figure 4.22a). Further down the tail,
however, the fractional rates of change are much different in magnitude (Figure 4.21b),
resulting in a significant change in tail cross-sectional area with Bz (Figure 4.23a).
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Besides agreeing with the empirical models, this decrease in area is also generally con-
sistent with the study of Maezawa [1975], who found that the average magnetotail
radius increased (decreased) by similar amounts during the period 1-2 hours before
(after) the expansion phase onset of a magnetospheric substorm, although substorm
phases are not necessarily correlated with Bz in a simple way. This decrease in area
(and hence magnetic flux) with Bz is expected for southward IMF, which produces
net dayside flux erosion and increases flux in the magnetotail. The linear decrease for
northward IMF may be due more to changes in net convection of flux to the dayside
than to magnetic reconnection past the cusp, which is limited to a rather narrow
width in ¥ and presumably transfers much less flux than dayside reconnection with
a wide reconnection zone.

The ratio of the axial distances in the meridian plane to the equatorial plane also
indicates net asymmetry. Figure 4.23b shows this ratio at three positions (0, 20, and
40 Rg in the tail). At the terminator the ratio varies linearly with Bz in such way
that the net asymmetry is only ~ 1%, consistent with the results of Formisano et
al. [1979]. Deeper in the tail, however, the relationship is still roughly linear, but
there is a net asymmetry of ~ 14% at 20 Rg. This asymmetry decreases somewhat,
to ~ 8% at 40 Rg, but the linear fit is not as good, presumably due to scatter in
the measurements at this position. This net asymmetry is a bit weaker than that
indicated by the results of Meng et al. [1980] (~ 23%), but much stronger than the
results of Hammond et al. [1994] (~ 2%) using data where the magnitude of dipole
tilt was less than 5°.

4.12 Summary and Conclusions

We have developed a predictive magnetopause model based on the magnetopause
self-consistently produced in 3-D global MHD simulations for different combinations
of dynamic pressure and IMF B;. A hot plasma population simulates the effects
of the ring current and is needed to accurately predict the subsolar magnetopause
position. Three diagnostics (current magnitude, magnetic field line mapping, and
thermal pressure), were needed to unambiguously identify the magnetopause at all
positions in the noon-midnight and equatorial planes. The magnetopause in each
plane is fitted by least squares to an ellipse described by three physical parameters:
the subsolar point, the flank distance and the flaring angle (both at X = 0). Inter-
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polation by clock angle gives a fully 3-D, non-axisymmetric magnetopause surface to
40 Hg in the tail for a given dynamic pressure and IMF B3.

Our model is inherently asymmetric. Our meridian plane ellipses are very flared
due to magnetic flux erosion while the equatorial ellipses show no flaring. The mag-
netotail surface departs the most from axial symmetry for southward IMF Bz and is
most nearly axisymmetric for moderate northward IMF of 2.5 nT. Unlike the magne-
totail, approximately circular cross-sections are seen at the terminator when IMF Bz
is near zero while the dayside is most symmetric for southward IMF. These character-
istic asymmetries for the dayside, tail, and terminator are consistent with a number of
empirical studies. They can be explained by the linear variation with Bz of the subso-
lar, flank and tail distances in the meridian and equatorial planes for both northward
and southward IMF, variations driven changes in both the magnetic reconnection
rate and the return of flux to the dayside by convection. Magnetopause shape is
roughly conserved in the dayside equatorial plane for changes in Bz, while projected
magnetopause area is conserved in the dayside meridian plane. Cross-sectional area
is conserved in the dawn-dusk plane but not in the tail, so that the average tail radius
is approximately independent of Bz only at the terminator. The mean meridian dis-
tance exceeds the mean equatorial distance in the tail by as much as 14%, but they
are nearly equal at the terminator.

Despite this strong asymmetry, our magnetopause model when averaged agrees
with the empirical models to a remarkable degree. Our average ellipses, interpolated
for a clock angle of 45°, flare in the tail with Bz about as much as those in RS93
and twice as much as PR96. Variations with dynamic pressure on the dayside and
nightside follow a power law with an exponent near -1/6 or slightly smaller, and are
closer to those in PR95/PR96 than RS93. Our subsolar point moves linearly for both
northward and southward IMF, agreeing both qualitatively and quantitatively with
RS93 for all IMF, but with PR95 only for southward IMF. Averages of the flaring
angle, flank and tail radius, flank to subsolar ratio, and cross-sectional area also vary
linearly with Bz and generally are in good agreement with the empirical models.

Our global simulation based model is roughly as accurate as the empirical models,
in both average and rms errors. The steady state solutions used to construct the model
do not display large amplitude transient magnetopause motions that may result from
pressure pulses, flux transfer events (FTE's), and plasma instabilities (e.g., Kelvin-
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Helmholtz). Nonetheless, when tested against data bases containing large numbers of
magnetopause crossings, the model was able to predict the position to within about
1 Rg on the dayside and about 2 Ry on the nightside. The ideal conditions of the
simulation also lack dipole tilt, IMF By and By, and other variables which are always
present in the data sets and may systematically affect magnetopause shape. Some of
these variables can be easily incorporated into our global magnetospheric simulations,
forming the basis for further parametric studies on their effects on the magnetopause
and refinement of the present predictive magnetopause model.



Chapter 5
CONCLUSIONS AND FUTURE WORK

5.1 Summary and Conclusions

The previous two chapters have given examples of quantitative magnetospheric mod-
eling studies using global magnetospheric models. Chapter 3 presented a 2-D study
of magnetic field line mapping and auroral currents in the noon-midnight meridian
using a modified fluid approximation. This study demonstrated that although the
neutral line in the magnetotail may at times lie as close as 13 R, the long term
average position exceeds 40 Rg. Chapter 4 presented a 3-D study that produced a
predictive magnetopause model and was used to study the average three-dimensional
shape of the magnetopause. The 3-D study was able to demonstrate the asymmetry of
the magnetopause on average and quantify how this shape departs from axisymmetry
with IMF Bz. These are new applications of the global magnetospheric models, while
previous applications of global models over the last decade have mostly concentrated
on qualitative studies of the magnetosphere.

The studies presented here used both the standard MHD description of the plasma
(Chapter 4) and a modified fluid approximation that describes some kinetic effects
missing in MHD (Chapter 3). This MPD formulation was able to produce addi-
tional field-aligned currents in the noon-midnight meridian present in observations
[Potemra, 1994], but absent from MHD models. As described in Chapter 1, the mag:
netosphere quite often does not obey the physical conditions necessary for the MHD
approximation: plasma pressure is generally not isotropic in collisionless regions, and
the Hall and pressure gradient terms in the generalized Ohm’s law are often not neg-
ligible. The study of space plasmas with formulations other than MHD is critical for
understanding the magnetosphere, because the plasma so often is not well described
by MHD and non-MHD effects should be widespread, even on the large space and
time scales of MHD. The MPD formulation was only possible because it is requires
only a third more computer memory than the equivalent MHD simulation. However,
as computation performance increases in the future, more sophisticated formulations



164

that include kinetic effects will become possible.

Both studies employed comparisons with empirical models, which were critical
for establishing confidence in the modeling. This included the T89M magnetic field
model [Tsyganenko, 1989] in Chapter 3 and the RS93 [Roelof and Sibeck, 1993] and
PR95/PR96 [Petrinec and Russell, 1995b, 1996] magnetopause models in Chapter 4.
Some aspects of the modeling which did not agree well with the observations, e.g. the
magnetopause shape produced by the 2-D simulation, were subsequently discounted
because they could not pass this important test. Likewise, the good agreement of the
average magnetopause with the empirical models meant further studies of asymmetry
were not moot exercises. This led to simple behavior with IMF Bz being discovered
in the simulations, which is credible for two reasons, (1) because it agrees with specific
results of previous empirical studies that do not assume axisymmetry and (2) because
when averaged the magnetopause model generally reproduces empirical model results.

Both of these studies also employed new methods for analyzing the output of
the global models. Time-averaging over a relatively long time interval (3 hours) was
used in the 2-D study, and was found to provide a better comparison with ensemble-
averaged spacecraft data. This methodology could also be applied to 3-D studies with
the extra advantage that the properties peculiar to 2-D models (such as the 2-D dipole
and lack of divergence in the noon-midnight meridian plane) would be absent. This
should make the comparison with data even better, although the comparison showed
the 2-D model was better than might be expected. The new methodology in the 3-D
study was the derivation of a predictive magnetopause model with a mathematically
simple form similar to the empirical models, in which average model measurements
took the place of actual spacecraft observations. The successful comparison with
empirical models and the demonstration that the predictive model was as accurate
as the empirical models validates this methodology. In addition, the idealized con-
ditions of the simulation make it possible for simulation-based models to go beyond
empirical models. The formulation of new and different ways to study the output of
global simulations is a critical part of extracting additional information from these

simulations.
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5.2 Improvements to These Studies

Here we present ideas for further work on the studies presented in Chapter 3 and 4.
The 2-D model provided a stepping stone to the subsequent 3-D modeling. Possible
future 2-D studies, which permit much smaller grid spacing, include high resolution
simulations of the magnetosphere, which have been done for specific regions of the
magnetosphere [We: et al., 1990; Shi et al., 1991]. These models also provide a
good means to test the effects of incorporating different kinds of physics into the
simulations, such as different formulations for plasma resistivity.

An obvious extension is to use the new methodology in 3-D models, both the
MPD formulation and the time averaging methodology. Such a static average magne-
tospheric configuration averaged over a longer timescale performed with a 3-D model
should provide a better comparison with the 3-D empirical models and ensemble-
averages data. Static averages of the tail current and other magnetic field features
could be compared to that given by empirical models such as T89M or the newer
T95 [Tsyganenko, 1989, 1995a]. Magnetic field line mapping comparisons of a 3-D
model with T8IM and Reduced Tail T89IM have already been performed by Winglee
[1995], but these are done with “snapshots” not time-averaged configurations. The
average Bz values at different positions in the tail and the location of the neutral
line could be compared to ensemble averaged data, such as Fairfield [1986]. Three-
dimensional simulations using the modified fluid approximation have been conducted
by Winglee [1995] and Winglee et al. [1996], and represent an important attempt to
go beyond the MHD description of the magnetosphere. MPD is found to produce ad-
ditional field-aligned currents in these studies that supplement the MHD field-aligned
currents.

The magnetopause model presented in Chapter 4 could be refined with further
work (1) to extend the model range, (2) to extend the number of predictive variables,
and (3) to make improvements in the derived predictive model, with all but the first
generally decreasing rms errors. The parametric range of the model could be extended
by running additional cases to cover a larger fraction of the solar wind conditions. The
model used for the simulations in Chapter 4, however, did not provide steady-state
solutions at larger southward and northward IMF values, making such an extension
difficult. Higher dynamic pressure runs at 8 nPa with —5 nT < Bz < +5 nT would
be the most likely simulations to provide steady-state solutions.
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The rms errors can possibly be decreased significantly by adding more solar wind
and terrestrial variables to the list of prediciive modei parameters. In particular,
dipole tilt would be expected to produce changes in magnetopause position of 1 —2Rg
in the tail, and so its inclusion would likely reduce the rms errors of the predictive
model. As shown in Chapter 4, the use of magnetopause crossings with tilt angle
magnitudes less than 10° reduced rms errors in position by about 10%. Dipole tilt
has been added to the simulation model and some preliminary results were presented
in Elsen and Winglee [1995].

Figure 5.1 plots the magnitude of the electrical current for cross-tail cuts at
X = —20Rg with no tilt and a tilt of 20°. The cross-tail current sheet is now
diplaced upward (north) about 3 Rg and is warped in the Y direction. The north-
ern magnetopause is displaced upward in the noon-midnight meridianby about 1 Rg,
but the southern magnetopause is displaced by twice as much. The movement of the
magnetopause in the noon-midnight meridian was found to be in general quantitative
agreement with two other studies incorporating tilt, i.e. the empirical model of Ham-
mond et al. [1994] and the theoretical calculations of pressure balance surfaces using
relaxation methods by Sotirelis (1995]. The lobes are no longer symmetric in shape,
but are also distorted. However, they have approximately the same cross-sectional
area since they contain the same amount of magnetic flux. Due to the bifurcation of
current it is even more difficult to estimate the magnetopause position in the equato-
rial plane when dipole tilt is present. The pressure trough is no longer easily imaged
in two dimensions, as in Chapter 4, because it is also warped and mcuh of it lies out-
side the equatorial plane. This makes it more difficult to use pressure contours as a
diagnostic of the magnetopause near the nightside equatorial plane, so that the limit
of closed magnetic field may be the only reliable indicator of magnetopause position.

Other variables, such as IMF By or density could also be added to the parameter
set, but the minor potential improvements to the magnetopause model might not be
worth the computational effort that results from a large increase in the number of
simulated cases from an expansion of the parameter set. However, simulations varying
only one variable while all others are kept constant could still gauge the effect of that
variable on the magnetopause, even if the magnetopause model was not refined by
that variable’s inclusion.

Improvements can be made to the magnetopause fitting procedure, including (1)
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Figure 5.1: Cross-section of magnetotail shown by electric current at X = —20Rg
with and without dipole tilt. The tick marks indicate grid spacing, set to 1.0 Rg.
The solar wind dynamic pressure is set to 2.0 nPa and there is no IMF. The left
panel shows the magnitude of electric current when dipole tilt was set to zero, as
in Figure 4.6. The right panel shows the current for a dipole tilt angle of 20°. The
cross-tail current sheet and return current outline the magnetotail lobes.
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improving on the elliptical approximation, (2) incorporating the cusp, (3) improving
measurements from the simulations.- A curve other than an ellipse might provide a
better fit to magnetopause surface produced in the simulations. The magnetopause
surface produced in the simulations was much more curved on the dayside than the
nightside, so separate dayside and nightside curves that were still continuous might
provide a better fit to the simulations and possibly reduce errors. The cusp was also
ignored to produce our smooth magnetopause surface, but this can produce errors of
~ 1Rg at high latitude locations [Petrinec and Russell, 1995b]. The cusp indentation
may be more easily approximated as a localized perturbation to the magnetopause
surface rather than fitting to a more complicated mathematical expression to describe
the magnetopause surface. Magnetopause measurements were made with a ruler
on contour plots of the simulation, a method that is both laborious and prone to
measurement bias. Magnetopause diagnostics (such as current, field line mapping,
and pressure trough) can be improved so that the magnetopause measurements are

automated, both saving labor and reducing bias.

5.3 Improvements in the Global Simulations

5.3.1 Numerical improvements

There are also a variety of numerical improvements that can be made to the global
simulations, but resulting improvements to the magnetopause model would probably
be relatively minor, since the predictive model is already fairly accurate. Potential
improvements in numerical methods include (1) using non-uniform gridspacing, (2)
implementing other numerical algorithms, and (3) guaranteeing the zero divergence
of the magnetic field. Although these are currently areas of active numerical research,
and potentially may produce significant improvements in global magnetospheric sim-
ulations, these methods were not investigated for this dissertation and so will only
be discussed briefly.

Reducing the total number of gridpoints with non-uniform gridspacing can give
higher resolution in the simulations in regions where desired (e.g., the magnetopause
or tail current sheet) by using large gridspacing at places where not needed, e.g. in
the solar wind and magnetosheath portions of the simulation. Non-uniform gridding
has been implemented in the Fedder and Lyon [1987] model with cylindrical geometry,
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in the Raeder [1994] model with Cartesian geometry, and has also recently been im-
plemented the Winglee model used for the simulations of Chapter 4 with a Cartesian
geometry.

Two new global models presently under development use “adaptive” gridding, a
non-uniform gridspacing that is not fixed, but dynamically changes according to nu-
merical criteria, automatically producing finer gridding in regions where it is most
needed. The model of Spicer et al. [1996] uses tetrahedral cells, any of which can
be split into four more tetrahedra by bisecting each leg of the tetrahedron [see Za-
lesak et al., 1993]. Resolution of 0.1 Rg is achieved in critical regions such as the
magnetopause and the tail current sheet through successive splitting, while the total
number of gridpoints is similar to that in other global models which can only achieve
a resolution of 0.5 to 1.0 Rg. The model of Gombosi et al. [1995] uses cubic cells,
which when bisected produce eight more cubes and can also be split ad infinitum
[see De Zeeuw and Powell, 1992]. Unlike the time-dependent models dicsussed in this
simulation, this is actually a steady-state global model, but the gridspacing is refined
through successive iterations. Non-uniform gridspacing is discussed in several texts
on numerical methods.

A numerical algorithm less diffusive than two-step Lax-Wendroff could also be
implemented in the model, but the improvements might prove to be rather modest.
Thinner shock fronts and current sheets may be resolved, but the reconnection rate
(which depends on numerical noise) may not be significantly affected, so that there
may not be large changes in the global magnetospheric configuration. As discussed
in Chapter 2, most of these algorithms will be slower and require more memory
than Lax-Wendroff, their implementation could take a considerable effort, and they
might not be as robust. Many suitable algorithms are available in a vast published
literature, many of which are given in texts such as Press et al. [1986] and Richtmyer
and Morton [1967). For example, the Runge-Kutta-Gill method used by Watanabe
and Sato [1990] would be straightforward to implement.

Another improvement to the simulations concerns the small numerical errors that
result from finite differencing methods that sometimes can make the magnetic field
violate V - B = 0. Unlike diffusiveness, this is a numerical problem peculiar to MHD
and other magnetic fluid simulations. A non-zero divergence of B not only violates
Maxwell’s equations, but can produce an anomalous force parallel to the magnetic
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field as well [Brackbill and Barnes, 1980]. This anomalous force can be large if the
conservative form of the momentum equation is used involving the divergence of the
Maxwell stress tensor (see Chapter 2), but is not as large if the nonconservative form
involving J x B is used, so that the resulting errors are usually small enough to be
tolerated [Ramshaw [1983]. The global simulation methodology begins with a dipole
field, which identically satisfies the initial condition V . B = 0. Additional magnetic
field generated by the induction equation has a solenoidal form, so that the total field
should have no divergence as it evolves in time, but in practice numerical errors create
a finite amount of divergence in the magnetic field and can grow as the simulation
evolves in time.

Various numerical methods have been developed which try to minimize this error,
but many of these methods can be computationally expensive in terms of the reduc-
tion in errors they produce [Evans and Hawley, 1987 and references therein|. These
methods include: (1) using the vector potential A in place of the magnetic field B
in the MHD equations, so that B = V x A is automatically solenoidal, a method
which has been developed by [Dorf;, 1986}; (2) “divergence cleaning” which involves
solving Poisson’s equation to find a scalar potential over the simulation gridspace
that exactly cancels out the divergence error [Ramshaw, 1983], a method that is very
computationally intensive; (3) a far simpler method that roughly cancels out errors
using an artificial source term —(V . B)V in the electromagnetic induction equation
[Schmidt- Voigt, 1989]; and (4) the “constrained transport” (CT) method developed
by Evans and Hawley [1987], a promising method that is not computationally inten-
sive and does not introduce artificial (non-physical) numerical terms, as in methods
(2) and (3). The CT method has been implemented in the models of Raeder and
Fedder and Lyon, but a critical review of this method is not available in the litera-
ture. The MHD fluid variables (momentum, energy, and mass density) are treated
by standard methods, but the magnetic field generated through the induction equa-
tion is treated differently, by a method that guarantees that V - B = 0 to machine
roundoff error. The change in magnetic flux through each face of a finite-difference
cell is instead calculated by summing the EMF around the closed contour given by
the the edges of the cell. Although noticeable divergence errors were encountered
in the 2-D simulations of Chapter 3, none of the above methods were used in the
simulations performed for this dissertation, generally leading to the presence of small
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finite divergence in the simulations which do not significantly affect the results.

We now discuss improvements in the physics of the global modeling. This in-
cludes (1) replacing the conducting shell inner boundary with a more sophisticated
ionospheric model, (2) simulating the ring current, and (3) improving the plasmas-

pheric model.

5.3.2 Ionospheric models

The ionosphere was simulated with a conducting shell in both the 2-D and 3-D
simulations performed for this dissertation, as was described in Chapter 2. The
effective resistance of the ionosphere, which is mostly numerical in the conducting
shell method, provides a load in which electrical currents can to dissipate energy in the
ionospheric plasma from electrical currents, such as field-aligned currents generated in
the global models outside of 3 Rg. Replacing the conducting shell approximation for
the ionosphere with a physically more realistic ionospheric model is an improvement
that has been implemented in global models [Fedder and Lyon, 1987; Raeder et al.,
1995]. This coupling of the ionosphere to the magnetosphere can possibly have a
global influence on magnetospheric dynamics, especially in the magnetotail. While
changing the model ionosphere would probably have relatively little affect on the
position of the magnetopause, as determined in Chapter 4, it could have a significant
effect some model features, e.g. the magnitude of field-aligned currents and the
position of the neutral line in the magnetotail.

Fedder and Lyon [1987] terminated their MHD calculations near 3 Rg, as in
previous modeling, but this inner boundary was coupled to a separate ionospheric
model to help determine the inner boundary conditions. This method maps the field-
aligned current generated by the MHD model down to a 2-D ionospheric model at
1Rg, which describes the ionosphere through a 2-D grid over the polar caps with a
height-integrated conductance tensor [Kamide and Matsushita, 1979]. Such an iono-
spheric model may include a large number of variables as input, including empirical
parameters, e.g. as in the ionospheric model of Rasmussen and Schunk [1987] that
accounts for ionization by several independent sources (solar EUV radiation, precip-
itating electrons associated with upward field-aligned currents, and diffuse electron
precipitation). This means that the global magnetospheric models with this or other
auxiliary models (e.g., ring current or plasmasphere) imposed are no longer strictly
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self-consistent.

The ionosphere is treated statically in this method, since the ionosphere has a
response time many orders of magnitude less than the magnetosphere and will rapidly
reach a steady state condition for a given field-aligned current input in much less than
the MHD time step of ~ 1 sec [Kelley, 1989]. Approximating the ionosphere at each
time step as a steady state means the electrostatic potential consistent with the
conductivity model and the incoming field-aligned current distribution is a solution
to Poisson’s equation, which must be determined at each time step. Once determined,
this potential is then mapped back out to the boundary, and by setting V), the plasma
velocity perpendicular to B, a convective electric field equal to the magnitude of the
mapped ionospheric electric field is imposed at this boundary. As the simulation
evolves in time, the MHD inner boundary and the ionospheric model will reach states

that are consistent with each other.

While the original simulation [Fedder and Lyon, 1987] used a spatially uniform,
scalar conductance constant in time to model the ionosphere, some later simulations
use a ionospheric conductivity tensor which varies spatially and in some cases tem-
porally [e.g., Fedder et al., 1995b]. This ionospheric model is also used in their other
published simulations [Fedder and Lyon, 1995; Fedder et al., 1991, 1995a; Slinker et
al., 1995; Chen et al., 1995]. A similar ionospheric model has also recently been inte-
grated into another global MHD model [Raeder, 1994; Raeder et al., 1995; Berchem
et al., 1995; Frank et al.,, 1995], which uses much the same numerical methodology,
but has a different conductivity model. Although the original implementation of Fed-
der and Lyon [1987] treated magnetic field lines as equipotentials, a non-zero electric
potential drop along the field line can also be imposed between the ionosphere and
inner boundary, so that the electric field at the inner boundary is modified relative

to the ionosphere, e.g. using an empirical model.

Except for the determination of V,, the boundary conditions used in the method
of Fedder and Lyon [1987] are essentially the same as those described in Chapter 2
for the conducting shell method. (B is just set to the dipole value with no magnetic
perturbation at the boundary, while the ionospheric model provides no additional
information about plasma density and temperature at the inner boundary.) The
parallel velocity component ¥}, which cannot be determined by this method, is still
set to zero in the method of Fedder and Lyon {1987], and would require further
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modeling for its determination. A non-zero value for this component, however, may
be useful for simulating substorms since the piasma sheet afier substorm recovery
often contains significant amounts of plasma of ionospheric origin, indicative of mass
flow up magnetic field lines [Waite et al., 1985; Moore et al., 1986; Chappell et al.,
1987).

5.3.8 Plasmasphere and ring current

The increased mass density used near the inner boundary in the simulations of Chap-
ter 4 slows the Alfvén speed to plasmaspheric values while zeroing out velocity screens
out the dawn-dusk electric field much the way the plasmasphere does. The inner
boundary conditions are thus effectively simulating as the plasmasphere as well as
the ionosphere. Enhanced plasma pressurization that varies with latitude was also
used, a method that crudely simulates the ring current by accounting for the extra
thermal energy of a tenuous hot plasma population. This addition was found to push
the magnetopause out to observed distances, and during code development we also
found it suppresses magnetic reconnection in the tail, two effects expected of the ring
current. The density and pressure enhancements to the conducting shell ionosphere
are the first steps toward creating independent plasmasphere and ring current models
separate from the ionosphere model. Although an ionospheric model has been incor-
porated into the Fedder and Lyon and Raeder models, these models at the present
time have not added separate ring current or plasmasphere models. For example, the
empirical plasmasphere model of Gallagher et al. [1988] could be used to construct
a possible plasmasphere model that could be integrated into the global simulations.
The Gallagher model of the plasmasphere supplies plasma density and temperature
for L shell and K, which could be converted to latitude and solar wind conditions,
respectively.

The lack of a ring current is probably the most significant discrepancy in the
global models [Pulkkinen et al., 1995], which means the near-Earth current profile
is significantly underestimated, unlike the empirical models. Likewise, the pressure
gradient is observed on average to monotonically decrease from a few Rg [Spence et
al., 1989], but contrary to these observations, the global models have a tendency to
produce a pressure maximum between 5 and 10 Rg that is probably related to the

missing ring current. The lack of a ring current affects magnetospheric mapping and
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means that a global simulations cannot at present be used to simulate a geomagnetic
storm.

Plasma pressurization at the inner model boundary, as used in the Chapter 4
study, overcomes these deficiencies to some extent and also helps increase the sub-
solar distance in the simulations to their values inferred from observations. This
pressurization is not self-consistently produced within the model, but is imposed,
and is still a very crude way to represent the ring current. Unfortunately, the ring
current is not easily incorporated into a single fluid model in a self-consistent way.

One possible method would be to introduce a large number of particles into ap-
propriate regions of the model and allow them to drift in the model electric and
magnetic fields, something that already has been done using a static snapshot of the
magnetosphere simulation [Richard et al., 1994]. In those studies, however, only the
kinetic effects on these particles are studied and not the fields produced by particles.
To simulate a ring current the electric current produced by these drifting particles
could be fed back into the simulation and its effect on the global magnetic field and
plasma could be studied. The number of particles, however, would have to be lim-
ited to tens of thousands by computational constraints so the current would have to
be scaled up by an arbitrary factor so that such a simulation is no longer entirely
self-consistent either.

A suite of auxiliary empirical models provides a way to input more data into a
global model than just using the solar wind data, so that the model can be tailored
with such input that attempts to simulate the concurrent state of the ionosphere, plas-
masphere, and ring current. Successful incorporation of such models should improve
the realism of the global magnetospheric models, since the states of the ionosphere,
plasmasphere, and ring current may also depend on terrestrial variables and the re-
cent history of the magnetosphere lacking in the solar wind time history. Such a
method may be useful for “event studies” which attempt to produce the global mag-
netospheric configuration at a particular time (Section 1.5), producing results that
would be expected to match spacecraft data better.

5.4 Future Work with Quantitative Modeling

This section presents suggestions for future quantitative modeling using global mag-

netospheric simulations.
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5.4.1 Bow shock and magnetosheath

The 3-D shape of the bow shock self-consistently generated by a global MHD model is
an obvious candidate for another quantitative study. The bow shock shape has been
approximated by conic sections fitted to spacecraft measurements, both axisymmet-
ric [Slavin and Holzer, 1981] and fully 3-D with no assumed symmetry [Formisano,
1979]. These models can provide useful empirical benchmarks for a possible study,
in addition to databases of individual bow shock crossings. While dynamic pressure
would not be expected to produce asymmetry, following the gasdynamic simulations
of Spreiter et al. [1966], asymmetry of the bow shock shape could very likely result
from the directionality of the IMF. The average IMF direction will differ on the dawn
and dusk flanks of the bow shock, in accordance with the Parker spiral. The mag-
netic field will tend to be parallel to the bow shock surface normal on the dawn side
forming a “quasi-parallel shock” while it will tend to be perpendicular on the dusk
side (a “quasi-perpendicular shock”). The properties of shock waves are known to be
strongly affected by this condition, which may produce a large asymmetry in global
bow shock shape on average. The mean bow shock standoff distance should also be
sensitive to other parameters, such as the polytropic index v, the Mach number, and

plasma beta of the solar wind.

The IMF may also produce asymmetries in the magnetosheath which could in-
fluence the aberration direction of the magnetospheric tail by increasing the mean
magnetosheath width on one flank and decreasing it on the other. This has the po-
tential of producing a strong asymmetry in global magnetosheath flow patterns. The
draping of magnetic field lines in the magnetosheath over the magnetosphere would
also be expected to vary between the dawn and dusk flanks, which may then produce
asymmetry in the pattern of reconnection on the dayside magnetopause. This may
lead to magnetic flux piling up preferentially on one side, which could change the
global shape of the magnetosphere and also affect the aberration angle of the magne-
totail. Such an effect was predicted by Walters [1964], but has not been observed in
the magnetosphere, although Hundhausen et al. [1968] reported a difference in the
average magnetosheath plasma flow directions between the dawn and dusk flanks of
about 8°. Interestingly, the 3-D bow shock surfaces of Formisano [1979] also were
aberrated by 8°, about twice the observed aberration angle of the magnetotail, a
difference which Formisano [1979] attributed to magnetic effects.
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5.4.2 Magnetic cusp

The magnetic cusp can be mapped down to the surface of the Earth with dipole field
lines even if the inner boundary is set at a much larger radius. Results from 3-D codes
could be compared with empirical results, obtained mostly through the observation
of low energy particles at low altitudes [e.g., Burch, 1968; Frank and Ackerson, 1971].
The position of the cusp is a sensitive indicator of magnetic topology and its correct
prediction by a global model would be a generally useful tool for magnetospheric
studies and for interpreting particle data.

Changes in dynamic pressure are expected to produce little change in the mapped
position in the ionosphere [Maltsev and Lyatsky, 1975], in accordance with the self-
similar scaling of the dayside magnetopause with dynamic pressure [Sibeck et al.,
1991]). The mapped latitude of the cusp, however, is expected to decrease with IMF
Bz, and is consistent with changes due to large scale field-aligned current systems
[Maltsev and Lyatsky, 1975; Tsyganenko and Sibeck, 1994]. Such behavior is also seen
in the empirical model of Burch [1973]. Such qualitative behavior was also seen in
the 2-D model of Chapter 3, but the quantitative comparisons were limited due to
the 2-D nature of the simulation.

The influence of other variables on the cusp position is also significant. The
IMF By component is expected to shift the cusp out of the noon-midnight meridian,
with a positive By (pointing toward dusk) expected to shift the cusp toward dusk.
Dipole tilt shifts the cusp sunward in the summer hemisphere and tailward in the
winter hemisphere [Burch, 1972]. The IMF Bx component has a similar effect in each
hemisphere, so it can be thought of as artificial tilt.

5.4.8 Neutral sheet and tail cross-section

The neutral sheet that separates the lobes of the magnetotail is warped by dipole tilt
[Russell and Brody, 1967; Fairfield and Ness, 1970]. This includes hinging in the X
direction at the transition from the inner magnetosphere centered around the dipole
axis to the magnetotail aligned with the solar wind flow direction. This curvature
is maximum in the noon-midnight meridian and decreases in the dawn and dusk
directions, producing a warping in the Y direction. Predicting the distance of a
spacecraft from the warped neutral sheet is a generally useful tool for magnetospheric
studies. Simple empirical models of the neutral sheet dependence on tilt based on
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spacecraft data have been given by Fairfield [1980] and Gosling et al. [1986]. The
current sheei can be seen to warp in this manner in Figure 5.1. The neutral sheet
cross-section in Y — Z planes are easily discerned in a global simulation by the line
where By = 0 (clearly seen in Figure 4.6). Similar to the method used in Chapter 4,
these measurements could be fitted to a simple curve, e.g. a parabola or ellipse, to
produce a predictive model for the neutral sheet. This model could be compared to
the empirical models and/or databases of magnetic field measurements close to the
magnetotail equatorial plane, again in the method of Chapter 4. Such a predictive
model for the neutral sheet could also easily mated with the predictive magnetopause
model presented in Chapter 4.

The IMF Bz component produces additional asymmetry, as we have seen, and
could influence the degree of warping. Unlike the models, which lack an IMF B;
dependence, the global models could easily study the effects of both tilt and IMF B3z,
and so have the potential to exceed empirical models, which like the magnetopause
models, are limited by the amount of data. Cross-sections of the magnetotail are
elongated by dipole tilt, with this elongation described by the empirical model of
Hammond et al. [1994]. We have also found a similar elongation of this cross-
section that depends on IMF Bz in Chapter 4. The total elongation produced by a
combination of dipole tilt and IMF Bz could be parametrically studied, which when
averaged over Bz could be compared to the model of Hammond et al. [1994].

IMF By produces a twisting of the magnetotail and the neutral sheet also, an effect
predicted from theoretical work by Cowley {1981] which is seen both in observations
[Sidbeck et al., 1985] and the global simulations [Ogino et al., 1986]. IMF B, will also
affect the position of the dayside magnetic neutral line, causing it to rotate out of
the equatorial plane as seen for exactly southward IMF, thus affecting the magnetic
flux transfer between dayside and nightside. Rotation of the neutral line is seen is
the global MHD simulations [Fedder et al., 1995a]. Reconnection in the northern
dayside in the afternoon sector puts magnetic flux on the dawnside of the northern
magnetotail, for example, moving the position of the cusp to the afternoon. The
symmetry between dawn and dusk hemispheres is lost when IMF By is non-zero,
and possibly there are significant differences in the dawn and dusk magnetopause
positions. Although twisting can drastically affect the mapping of magnetic field
lines, the twisting of an approximately cylindrical tail (as for northward IMF) will
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produce rather small effects. When the magnetotail is highly flared, as for southward
IMF, twisting of the iail by IMF By may produce significant perturbations io the
magnetopause distance. Further magnetospheric twisting and asymmetry is provided
by IMF By, which produces twisting relative to the Y axis, rather than the X axis
by IMF By. If both IMF B; and dipole tilt (and possibly even By and Bx) were
included in a series of simulations, a predictive model exceeding Hammond et al.
[1994] and other empirical models could possibly be constructed. .
An extreme case of magnetotail reconfiguration is predicted to occur when dipole
tilt becomes unrealistically large, i.e. greater than ~ 60°. Although such values
of tilt do not occur at present since the magnitude of the tilt angle is always less
than 35°, they may have occurred in the past, especially during magnetic reversals.
The warping of the current sheet becomes so extreme at these tilt angles that it is
predicted to wrap around and connect to itself, becoming a cylinder in the limit of
90° when the magnetic moment is aligned with the Sun-Earth line [Siscoe, 1970]. The
magnetic cusp in this limiting case is at the subsolar point, and the dawn-dusk electric
field of the magnetotail and cross-tail current and plasma sheet near the equatorial
plane are absent, changes which will totally alter magnetospheric dynamics. Such a
global magnetospheric configuration was produced during development work for the
simulations (not shown) and has been produced previously by global models [Wu,
1984; Walker et al., 1989]. The magnetospheres of Uranus and Neptune also have
very high tilt angles [Ness et al., 1986, 1989], and so can be modeled by such means.
Global models provide a powerful tool to study theoretical predictions for situations

such as these in which few or no observations are available.

5.4.4 X line position and shape

The X line position and shape is very sensitive to the components of the IMF, espe-
cially Bz. The X line is found to be present in our simulations when IMF is zero and
also for small values of positive IMF Bz [Elsen and Winglee, 1995). The X line posi-
tion along the X axis was found to be close to 20 R for all cases studied, while IMF
Bz mainly had the effect of varying the width of the neutral line in the Y direction.
Again this change in width was roughly linear between threshold values of IMF Bz,
above which the magnetosphere was totally closed and below which the neutral line
stretched all the way to the magnetopause with a very dynamic magnetotail.
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The neutral position will also be affected by IMF By and dipole tilt, but the
neutral line will no longer be restricted to the equatorial plane and will acquire a 3-D
shape. Not only is this harder to visualize, but the simple diagnostic of finding where
Bz changes sign in the equatorial plane is no longer adequate.

5.4.5 Field-aligned currents

Many global models have produced field-aligned current patterns [e.g., Ogino, 1986;
Fedder and Lyon, 1995], but they have not been quantitatively tested. The integrated
Region 1 current both in longitudinal sectors and the total amount could be calculated
for different IMF conditions and compared with empirical results [Iijima and Potemra,
1976a, 1976b, 1978; Poternra, 1994]. The relative contributions from MHD and MPD
could also be studied, again by sector and in total. The total integrated field-aligned
current could also compared to other changes in the magnetosphere, such as the shift
in cusp latitude or the change in subsolar distance, both of which are expected to
have linear relationships from crude analytical estimates [Maltsev and Lyatsky, 1975].

Other current systems, such as the Region 0 and 2 currents that are poleward
and equatorward of the Region 1 systems, respectively, can also be studied and com-
pared with empirical results. While Region 1 currents are quite strong in global
MHD simulations, the Region 2 current systems are much weaker, contrary to obser-
vations which show similar integrated magnitudes for both current systems [[ijima
and Potemra, 1976b]. The Region 2 currents are believed to map to the partial ring
current [Poternra, 1994], whose strorig underestimate may account for the weakness
of this current system in global MHD models.

5.4.6 Anisostropic MHD

Space plasmas, being collisionless, are generally anisotropic, as discussed in Chapter
1. Anisotropic MHD can be formulated, but requires two energy equations when the
pressure tensor is gyrotropic. The increase in thermal pressure associated with Joule
heating must be arbitrarily divided between perpendicular and parallel pressures
[Hesse and Birn, 1992]. Nevertheless, the effect of anisotropic préssure on the various
aspects of the magnetospheric configuration, such as the position of the neutral line
and the magnitude of field-aligned currents, could be parametrically studied. Any
change in the magnetic reconnection rate would also affect flux erosion rate and may
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lead to differences in the average magnetopause size and shape. Anisotropic MHD
could aiso be compared to MPD, and possibly even a modified fluid approximation
that incorporates both effects could be formulated.
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Appendix A

MODEL COMPARISONS WITH MAGNETOPAUSE
CROSSING DATA SETS

This appendix presents plots showing the comparison of the three predictive mag-
netopause models discussed in Chapter 4 with two magnetopause crossing data sets.
The models are (1) the MHD based model developed in Chapter 4, (2) RS93, the
model of Roelof and Sibeck [1993], and (3) PR95/PR96, the dayside/nightside models
of Petrinec and Russell [1995a, 1996a]. All three models predict the magnetopause
surface for a given solar wind dynamic pressures Pp and north/south component of
the interplanetary magnetic field (IMF Bz). However, the MHD model predictions
also use the clock angle of the observation point, unlike the axisymmetric empirical
models. Figures A.l through A.5 show the results for predictions made with the
Roelof and Sibeck data set for five different bins of Pp and IMF Bz. Figures A.6
through A.10 show the results for predictions made with the Petrinec and Russell
data set for the same 5 solar wind bins.

Four bins cover Pp from 1.0 to 4.0 nPa and IMF Bz from -3.75 to +3.75 nT,
which corresponds roughly to the 1o for both Pp and IMF Bz. They are divided
into low dynamic pressure (1.0 to 2.0 nPa) and high dynamic pressure (2.0 to 4.0
nPa), and also northward IMF and southward IMF. In addition, a fifth bin with even
lower dynamic pressures (0.5 to 1.0 nPa) is tested, but the IMF range is less (-2.5 nT
to +2.5 nT) and contains both northward and southward IMF. These five bins cover
all of the parameter space of the MHD predictive model developed in Chapter 4.

The positions in the Roelof and Sibeck data set extend down the tail to almost
40 Rg, are in geocentric solar ecliptic (GSE) coordinates, and contain a substantial
number of high latitude measurements. The solar wind values are 1 hour averages.
The magnetopause crossings in the Petrinec and Russell data set are mostly on the
dayside and at low latitudes, but there are some points on the near-Earth nightside.
The positions in the Petrinec and Russell data set are in aberrated geocentric solar
magnetospheric (GSM) coordinates, so we would expect the scatter of points to be
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somewhat less than RS93 (in GSE coordinates). The solar wind values are 5 minute

everages {See discussion in Section 4.8).

The upper panel of each figure shows with asterisks the observed axial distance
and X value for each observation point (mean magnetopause position) falling within
that solar wind bin. The curves show representative magnetopause shapes that were
generated for each of the models for solar wind conditions at the centroid of the bin.
The curves are from the present MHD derived model (solid line), the empirical model
Roelof and Sibeck [1993] (dot-dash line), and the hybrid empirical models of Petrinec
and Russell [1995a, 1996a] (dashed line). The pressure centroid is the geometric
mean of the minimum and maximum pressures (due to the logarithmic scale used
for the pressure bins), while the IMF Bz centroid is simply a linear average. Note
the discontinuity in the slope at X = 0 in the hybrid PR95/PR96 model. All of the
figures are prepared in the same style, except for the spatial dimensions of the graphs
differ for each data set. Figures A.1 through A.5 (Roelof and Sibeck data set) cover
a larger range of space than Figures A.6 through A.10 (Petrinec and Russell data
set).

Taking the predicted values for each model, we calculated the errors by comparing
each prediction against the observed magnetopause position. The lower panel of each
figure shows the signed errors for each model, defined as R s,erveq — Roredicted- The
errors [MHD derived (+), RS93 (X), and PR95/PR96 (0)] are again plotted against X.
Note that the errors run between +8Rpg for the Roelof and Sibeck data set comparison
and between +4Rg for the Petrinec and Russell data set comparison. The true error
is a vector normal to the model magnetopause surface, which we estimated using
simple approximations. On the nightside (very roughly cylindrical), Rpredicted Was
just the axial distance to the magnetopause predicted by each model at the X value
and clock angle of the measurement. On the dayside (very roughly spherical), the
predicted position was the radial distance to the magnetopause along a line from the
center of the Earth to the observation point. Thus, the nightside errors are all axial,
while the dayside errors are all radial. This approximation is found to be a very
good approximation to the errors, but it produces values slightly larger than those
computed with RS93 in Roelof and Sibeck [1993], where the error is a vector normal
to the model magnetopause surface.

The average errors and root mean square (rms) errors calculated for each model
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are listed at the bottom of the figure. A negative average error shows a consistent
overesiimatiion of the predicted range. Ail three models have average errors near
zero indicating fairly good fits and similar rms values. The errors on the nightside
are typically two to three times larger than those on the dayside (~ 1Rg) for all
the models. The calculated errors are governed more by the spread in the data
measurements than in differences between the models, which all fit about equally
well. Again, all three models have low average errors and similar rms error values.
The rms errors are about half as large in this data set (< 1Rg), mostly because
it lacks the measurements deep in the tail that produce large scatter. The error
statistics from these model comparisons are tabulated in Tables 4.1 and 4.2.
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P=05->1nPa, Bz=-25->25nT: 51 points including nightsida
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Figure A.1: Magnetopause model comparison using the Roelof and Sibeck data set
for very low dynamic pressure (0.5 to 1 nPa) and IMF Bz from -2.5 to +2.5 nT.



217

P=1->2nPa, Bz=-3.75->0nT: 125 points inciuding nightside
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Figure A.2: Magnetopause model comparison using the Roelof and Sibeck data set
for low dynamic pressure (1 to 2 nPa) and southward IMF By (-3.75 to 0 nT).
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P=1->2nPa, Bz=0->3.75nT: 125 points including nightside
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Figure A.3: Magnetopause model comparison using the Roelof and Sibeck data set
for low dynamic pressure (1 to 2 nPa) and northward IMF Bz (0 to +3.75 nT).
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P=2->4nPa, Bz=-3.75->0nT: 117 points including nightside
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Figure A.4: Magnetopause model comparison using the Roelof and Sibeck data set
for high dynamic pressure (2 to 4 nPa) and southward IMF Bz (-3.75 to 0 nT).
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P=2->4nPa, Bz=0->3.75nT: 119 points including nightside
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Figure A.5: Magnetopause model comparison using the Roelof and Sibeck data set
for high dynamic pressure (2 to 4 nPa) and northward IMF Bz (0 to +3.75 nT).
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P=05->1nPa, Bz=-25->25nT: 49 points
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Figure A.6: Magnetopause model comparison using the data set of Petrinec and
Russell data set for very low dynamic pressure (0.5 to 1 nPa) and IMF Bz from -2.5

to 2.5 nT.
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P=1->2nPa, Bz=-3.75->0nT: 87 points
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Figure A.7: Magnetopause model comparison using the Petrinec and Russell data set
for low dynamic pressure (1 to 2 nPa) and southward IMF Bz (-3.75 to 0 nT).
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Figure A.8: Magnetopause model comparison using the Petrinec and Russell data set

for low dynamic pressure (1 to 2 nPa) and northward IMF Bz (0 to +3.75 nT).
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P=2->4nPa, Bz=-3.75->0nT: 52 points
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Figure A.9: Magnetopause model comparison using the Petrinec and Russell data set
for high dynamic pressure (2 to 4 nPa) and southward IMF Bz (-3.75 to 0 nT).
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P=2->4nPa, Bz=0->3.75nT: 61 points
* Petringc and Russell data set
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Figure A.10: Magnetopause model comparison using the Petrinec and Russell data
set for high dynamic pressure (2 to 4 nPa) and northward IMF Bz (0 to +3.75 nT).
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