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HIGH LATITUDE FIELD ALIGNED CURRENTS

by

Janice lee Karty

ABSTRACT

Horizontal ionospheric conduction currents are driven by
magnetic field-aligned currents generated in the Earth's magneto-
sphere. Traditional ideas about field-aligned currents imply that
most of the higher latitude set of field-aligned (region-1 Birke-
land) current flows on field lines that counnect to antisunward-
flowing magnetospheric plasma. This conclusion disagrees with
recent satellite data, and that disagreement provides a major
motivation for this thesis.

This research includes a stability analysis that is based on
current conservation, which implies that field-aligned current is
balanced by the divergence of ionospheric current. This stability
analysis demonstrates that there may be a sector, within the
plasma sheet in the nightside magnetosphere, where plasma pres-
sures are reduced relative to the surrounding regions.

In order to simulate this depleted region, several "computer
experiments” have been performed, enforcing gradients in plasma

content at the tailward boundary of the calculation. These "com-
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puter experiments” use an adapted form of the Rice Convection
Model which has previously been used to calculate Birkeland cur-
rents (as well as other magnetospheric currents) in the inner mag-
netosphere by utilizing time dependent data from specific geo-
physical events. The present work extends the model further out
in the magnetosphere.

Results of these "computer experiments™ applied to the 19
September 1976, substorm event show that it is possible to gener-
ate high latitude magnetic field-aligned currents (region-l) con-
necting to regions of sunward plasma motion in the magnetosphere,
indicating a significant departure from classical notions. The
new model agrees better with observations than the earlier Rice
model, with regard to the latitudinal distribution of the lower
latitude (region-2 Birkeland) field-aligned currents, with a
general increase in latitudinal extent. The peak magnitudes of
the generated currents relative to region—-2 current strength
are ~50% on the dusk side, and ~100% on the dawn side. However,
approximately 50% of the current may exist outside the modeling
region. This generating mechanism may very well be the most
important region-l current source in the regions of ~18:00 LT to
21:00 LT and ~3:00 LT to 6:00 LT which causes flow of region-l

current on sunward convecting flux tubes.
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I. INTRODUCTION

A. Background

1) The Magnetosphere and Magnetospheric Convection

The magnetosphere is an area in Space which surrounds the
Earth where the geomagnetic field dominates the physics of various
phenomena. In the last fifty years, much progress has been made
in understanding magnetospheric processes and a cohesive picture
has emerged. Figure 1 shows a schematic view of the Earth's mag-
netosphere, illustrating major regions. A very brief discussion
of some of these features provides a necessary short introduction
to magnetospheric physics.

The bow shock (see Figure 1) is formed as a result of the
supersonic solar wind encountering the magnetosphere. Inside the
bow shock there 1is turbulent magnetosheath plasma, which is
bounded on the earthside by the outermost boundary of the magneto-
sphere (i.e., the magnetopause). The plasmasphere is a region of
comparatively dense plasma which is contained in the near Earth
“dipolar” region of the magnetosphere. The corotating plasma in
this region is apparently of ionospheric origin. The plasma sheet
is outside the plasmapause (i.e., the outermost boundary of the
plasmasphere), and is a region which is mainly distinguished by
the average particle energy » 1 keV. The plasma sheet (see Figure
1) includes the neutral sheet, which divides the magnetotail into
two regions, above which the field is mostly sunward (in an ideal-

1
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Figure 1. The present concept of the magnetosphere (showm here
in a noon=-midnight meridian plane view), Adapted
from NASA 'OPEN* publication.
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ized view) and below which the field is, for the most part, oppo-
sitely directed.

Axford and Hines (1961) and Dungey (1961) provided the essen-
tial physical idea of magnetospheric convection, namely, the idea
of a systematic circulation of plasma through the magnetosphere.
The general magnetospheric convection pattern is also discussed by
Cole (1961) and Axford (1969). The "open” model of the magneto-
sphere, which is depicted schematically in Figure 2, is adapted
from the picture originally proposed by Dungey (1961). In the
"open" model, field lines (see region II of Figure 2) from the
Earth's northern and southern polar caps eventually thread into
regions outside the magnetosphere. That is, some magnetic field
lines inside the magnetosphere can be directly connected with the
interplanetary magnetic field (IMF). Field lines that extend to
large geocentric distance map to the high latitude ionosphere. In
Figure 2, the large arrow in the sunward portion of region I is a
representation of the flow velocity of highly conducting solar
wind plasma. With this high conductivity, the electric field in
a reference frame moving with the plasma should be virtually
zero. Taking the solar wind velocity to be v, (with respect to
the earth's magnetosphere), and referring to the IMF as EI’
then E; = -y, x By, where |§I| is the magnitude of an electric
field of interplanetary origin. This electric field can be com-
municated to the magnetosphere via field lines connected with

those in interplanetary space. Thus, there is a "dawn to dusk”

electric field in the magnetosphere which is driven by the solar



Figure 2.

Topology of the magnetic field and direction of the
plasma flow in the noon-midnight section of the open
magnetosphere, according to Dungey (1961). The small
arrows indicate the direction of magnetic field.
Larger arrows indicate the direction of plasma flow,
Within the closed field line region, the "domain® of
auroral particles is heavily stippled. Adapted from
Fig, 18 of Nishida (1978), and Fig. 61 of Rishbeth and
Garriott (1969). This picture assumes southward IMF.
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wind. The interaction of the dawn to dusk electric field (E) and
the geomagnetic field (B) leads to plasma convection, with the

velocity of convected plasma given by y

= 2
Aconv (E x E)/B ¢ The

flow of plasma is antisunward in outer regions of the magneto-~
sphere, and sunward in the inner regions. Good review articles
treating magnetospheric convection include those by Axford (1969)
and Stern (1977).

As convected plasma nears the earth, gradient and curvature
drift begin to dominate over E x B drift. Gradient and curvature
drift are comparable in magnitude and in the same direction in the
region of the ring current and inner edge of the plasma sheet. In
the night sector, positively charged particles drift toward the
dusk side, and negatively charged particles drift toward dawn (see
Figure 3).

Physical processes in the inner magnetospheric regions are
well enough understood so that a detailed, self-consistent model-
ing of the magnetosphere and ionosphere can be done. The Rice
Convection Model is an algorithm for computer simulation of the
inner portions of the magnetosphere which has been developed at
Rice University over the past several years. This model is dis-

cussed in section I.B.

2) Magnetosphere-Ionosphere Coupling and Birkeland Currents

The plasma convection pattern in the polar ionosphere is qua-
litatively shown in Figure 4. The closed loops represent convec—

tion above the ionosphere (at approximately 200 km to 300 km alti-
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Figure 4. Polar view of ionosphere, with schematic diagram of
convected plasma loops, and placement of Birkeland
current (jvert)‘ Except where indicated, crosses

and dots represent field-aligned current ingoing
and outgoing from the ionosphere, respectively.



tude), with the direction of the convected plasma given by Yeonv®
The electric field reversal in the ionosphere marks the boundary
between sunward and antisunward convecting plasma. (See Smiddy et
al,, 1980; Heelis et al., 1980; Bythrow et al., 1981; Doyle et
al., 1981. Earlier papers include Heppner, 1972; Gurnett and
Frank, 1973. Two of the original discovery papers are Framk and
Gurnett, 1971; and Gurnett, 1970.)

Birkeland currents are magnetic field-aligned currents
(FAC). Kristian Birkeland (1908) was the first to 1link high
latitude magnetic perturbations with a horizontal ionospheric
current system supplied by FAC from above (see Figure 3).
Bostrdm (1968) discussed the nature of Birkeland currents and
early direct observational evidence for them. While ground
magnetometers are useful indicators of horizontal Hall current,
magnetic effects of Birkeland current are best identified by
in-situ measurements. This is because ground magnetic distur-
bances from Birkeland and horizontal Pedersen currents approxi-
mately cancel each other (Fukushima, 1969).

Zmuda et al. (1966) first observed transverse magnetic dis-
turbances at 1100 km in the auroral region. The observed trans-
verse perturbations were highly localized in latitude, and they
were interpreted as resulting from currents flowing along magneto-
spheric field lines.

There are two types of Birkeland -currents. Small scale
currents connect to individual arcs and were first observed and

studied by means of rockets (see, e.g., Cloutier and Andersonm,
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Figure 5. Schematic of gystem proposed by Birkeland (1908).
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1975; Anderson and Vondrak, 1975). The large structures were
first observed by Zmuda and Armstrong (1974a, b) using satellites.
This dissertation focuses on aspects of the larger scale struc-
ture.

Recent experimental data indicate a large scale current dis-
tribution as in Figure 6, which is adapted from Iijima and Potemra
(1978). Here, two regions of Birkeland currents are identified.
The generally accepted view is that the higher latitude (region-1)
FAC are somehow linked (details not understood) to the outermost
magnetosphere and solar wind, while the lower latitude (region~-2)
FAC are linked to the ring currant and plasma sheet (see Figures 1
and 7).

The classical idea for the source of region-2 FAC is as fol-
lows. A partial ring current flows from dawn to dusk as a result
of the "charge separation” by gradient and curvature drifts. The
region-2 current flows in order to complete the circuit that also
includes ionospheric currents and the partial ring current (see
Figure 7). The magnetospheric partial ring current maps along
magnetic field lines to a region near the low-latitude edge of the
auroral ionosphere, equatorward of the electric field reversal,
implying that region-2 current flows on sunward convecting flux
tubes. This explanation for the source of region-2 current is
substantiated by the Rice computer simulations (Harel et al.,
1981a, b).

Different magnetospheric models lead to different ideas about

the source of region-1 currents. In the open model (see Figure
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OBSERVATION

|aLi2 100,

B Current into ionosphere
Current cway from ionosphere

Figare 6. Distribution and flow directions of large scale
field-aligned currents from data obtained by
gsatellite from Iijima and Potemra (1978).
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SOLAR WIND

T

r MAGNETOPAUSE

Schematic diagram of the basic magnetospheric-
convection current system. The view is from behind
(antisunward of) the Earth, and above the equatorial
plane, The lined region is the equatorial plane;

the dotted region, the dayside magnetopause. The
notations "R1", "R2", and "PRC" mean "Region-1i
Birkeland Current®, "Region—=2 Birkeland Current",

and "Partial Ring Current". From Harel et al. (1981b),
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8a), open field lines flow antisunward with the solar wind, in
response to the dawn to dusk electric field. Closed field lines,
which are not connected with solar wind, flow slowly sunward. 1In
the portion of the auroral ionosphere equatorward of the electric
field reversal, Pedersen currents flow equatorward on the dawn
side and poleward on the dusk side. Thus, region-1 Birkeland cur-
rents must flow down into the ionosphere on the dawn side and up
out of the ionosphere on the dusk side. The simplest open model
thus implies that most region-l current flows at the electric
field reversal.

In the closed model (Figure 8b), friction with the solar wind
causes a viscous-type boundary layer of closed field lines just
inside the magnetopause. (Plasma just inside the magnetosphere
presumably flows at a speed less than, but comparable to, the
solar wind flow speed [typically ~400 km/sec]. Plasma at the
earthward edge of the boundary layer flows slowly sunward at an
inner-magnetospheric convection velocity [~20 km/sec].) Region-l
Birkeland current flows along these boundary-layer field lines.
In the "pure"” closed model, then, region-1 Birkeland current con-
nects mostly to antisunward convecting flux tubes,

Nature may have chosen a hybrid magnetosphere. RKecent obsei-
vations suggest that the magnetosphere is open, but also possesses
an antisunward-flowing boundary layer of closed £field lines
(Heelis et al., 1980). In the closed field line boundary layer,
velocities are » 100 km/sec (antisunward) at the last closed field

line to ~20 km/sec (sunward) at the earthward edge of the boundary
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Linksto outer
magnetosphere

DUSK DAWN

Figure 8(a). Open model, schematic. View looking to the sun,
diagramning field—-aligned current system linkage.
Arrows in "tubes" indicate direction of current
flow, Arrows on lines indicate magnetic field
line directions. Heaviest arrows indicate Pedersen
current, gp, and electric field, E. Stippled

region indicates the closed field line area. The
heavy field lines represent the last closed field
lines, (Southward INF assumed).
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Figure 8(b). Closed model-schematic. View looking to the

sun, diagramming field-aligned current system

linkage. Arrows on lines indicate magretic
field line directions.
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layer. (References on magnetospheric observations of plasma flow
include Eastman et al., 1976; Hones et al., 1972; Hones et al.,
1976.) In the hybrid model, the source of region-1 day side FAC
includes a boundary layer phenomenon (Somnerup, 1980). Region-1
Birkeland currents supposedly flow on all the boundary layer field
lines. (Recently, however, Stern [1982] discounted the boundary
layer as a source for Birkeland current, because he estimates that
it ‘could not produce currents as strong as those observed.)
Within this viewpoint, the reversal is thought to occur within the
flow of region-1l current, so that region-1 current flows predomi-
nantly on closed-field-line antisunward (boundary-layer) con-
vecting flux tubes, and region—2 current flows solely on closed-
field-line sunward convecting flux tubes. In this view, some
region-1 currents connect along the "first” open field line to
antisunward-flowing solar wind. Other region-~l currents connect
to currents that flow in the boundary layer, which is in contact
with the solar wind. Thus, it is again expected that region-l
currents flow mainly on antisunward-flowing field lines.

These classical thoughts for region-1 current are wrong, as
evidenced by recent S3-2 data (see section I.B.3), which fre-

quently show most of the region-l current flowing on regions of

sunward convection, so that all of region-2 current and most of

region-1 current are equatorward of the electric field reversal.
Figure 9 shows a pass over the north polar region from S3-2 data.
The dusk portion shows a clear discrepancy with classical expecta-

tions.
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Measurements from the S$3-3 satellite (Mozer et al., 1979,
1980; Cattell et al., 1979) are shown in Figures 10a and 10b. A
dawn pass is displayed in Figure 10a and a dusk pass is displayed
in Figure 10b. (Birkeland current is basically given by the lati-
tudinal derivative of AB, so that the latitudinal extent of the
current is given by the extent of magnetic field perturbation.)
In the dawn S3-3 pass, about half of the region-! current flows on
sunward convecting flux tubes. (This could be in agreement with
classical expectations for the “pure"” open field line magneto-
spheric model.) However, in the dusk side S3-3 pass all of the
region 1 current is in an area of sunward convection. Figures lla
and 1lb display statistical summaries of 83-3 data, indicating
that the relative positions of FAC and the electric field reversal
seen in Figures 10a and 10b are representative of the analyzed
passes. The dusk S3-3 passes again show a clear discrepancy with
any classical expectations.
This discrepancy between the classical view of region-l

currents and data is a major motivation for this thesis, which

focuses on the "non-classical” region-1 current flowing on regions
of sunward convecting flux tubes. Stern (1982) hypothesizes that
the plasma sheet may provide the source for region-l Birkeland
currents. (On the day-side, Stern suggests open field lines near
noon as the source for cusp currents.)

The basic reason why region-l1 field-aligned current flows is
clear if the system is viewed as analogous to an electrical cir-

cuit. The magnetosphere acts as a generator, while the ionosphere
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The x-component of the large scale electric field,

the downward electric flux, and the field=-aligned
current observed in the mcrning auroral zone.
From Mozer et al., 1980,

(v).

Measurements of plasma density, field-aligned

currents, the dc electric fields, and electron
flux during a passage from the plasmasphere to

the polar cap near local dusk.

al., 1979.

From Mozer et
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NORMALIZED INVARIANT LATITUDE

The locations and magnitudes of field-aligned current
(positive is upward, negative is downward) relative

to plasmapause and polar czp boundaries. These field-
eligned currents are in units of A/m.

For data obtained between 02:00 and 10:00 magnetic
local time. From Hozer et ale., 1980,

For data obtained between 14:00 and 22:00 magnetic
local time. From Yozer et al., 1980.
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acts as a resistor. In this analogy, the resistor (i.e., the
ionosphere) needs a current supply, and FAC fulfill the need. The
highest latitude Birkeland currents connect the ionosphere to the
magnetosphere (i.e., the generator) with flow down into the higher
potential region of the ionosphere and up from low potential
regions. FAC flow in order to maintain currents in the iono-
sphere. The magnetosphere serves as a type of "buffer” between

the solar wind and the ionosphere.

3) Substorms and Unanswered Questions

An active sun produces variable solar wind which in turn
causes magnetospheric disturbances. A magnetic storm 1is an
intense magnetospheric disturbance. The first indication at the
magnetosphere of a classical magnetic storm is the sudden compres-
sion of the magnetosphere, because of the passage of an inter-
planetary shock wave carried by the solar wind. (Frequently, the
passage of a tangential discontinuity also compresses the magneto—
sphere.) In a classic storm, the compression is then followed by
explosive processes (i.e., substorms) within the magnetosphere,
each lasting from abou: one to three hours. During an individual
storm, there may be as many as ten substorms. Generally, the sub-
storm reaches a peak in an interval of fifteen minutes to half an
hour. During growth and decay of the substorm, auroral activity
increases and decreases accordingly (see Akasofu, 1968, for a
review of substorms). A storm is defined by the development of a

"ring current,"” which is a buildup of 3-300 keV particles on
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trapped orbits in the inner magnetosphere. This results in a
noticeable decrease in the geomagnetic field, as seen in ground
magnetometer data obtained at low latitudes.

In a magnetospheric substorm, a substantial amount of energy
is explosively released into the polar ionosphere. From the
earth, a substorm is seen as a disruption of normal ionospheric
electrodynamics. A substorm is usually identified by growth,
expansion and recovery phases in ground magnetometer data, and
enhanced auroral precipitation.

A substorm growth (or development) phase could begin when the
interplanetary magnetic field shifts southward and encounters the
magnetosphere. Shortly thereafter, the magnetopause moves earth-
ward due to erosion of magnetic flux. Flux is added to the lobe
of the tail from the day-side by the solar wind. The lobe mag-
netic energy demsity increases and the plasma sheet thins (in the
region ~ 8 to 30 RE) as tail current moves earthward. The plasma
sheet thins in north-south extent, shrinking toward the equatorial
plane. In the region from ~ 10 to 30 Rg, the tail magnetic field
increases.

At the onset of the expansive phase of a substorm, there is a
release of magnetic energy which was stored during the growth
phase. The magnetic field lines near the tail change from tail-
like to dipolar form. The tail magnetic field decreases. The
growth and expansion phases may be indicative of the same pheno-
mena, but with different intensities (Aubry, 1972; McCormac,

1972). The recovery phase begins when tail lobe is exhausted.
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One of the proposed causes of a substorm is magnetosphere-
ionosphere coupling and current control by precipitation resulting
in a feedback system. According to Atkinson (1979), the most
likely cause of the onset is an increase in the electric field due
to an increase in the cross tail potential drop or a decrease in
the width of the auroral oval (a region of large frequency of
occurrence of aurora). An alternative view is the tail current-
interruption model discussed in Chapter IV,

A substorm may occur periodically to deflate the magnetic
field. That is, the substorm may be of internal origin, with
enhancement of the substorm if the southward component of the IMF
increases.

Technological developments in the last decade provide satel-
lites with the ability to observe many of the phenomena necessary
to describe the magnetosphere. However, several basic questions
still remain unanswered. Among these are:

(1) What is the source mechanism for region-1 Birkeland cur-
rent? That is, where in the outer magnetosphere do the
region-1 currents connect, and what kinds of currents do
they connect to?

(2) What is the cause of substorms?

(a) What is the substorm triggering mechanism?

(b) What causes the plasma sheet behavior (i.e., thinning
and subsequent refilling)?

(¢) How is the recovery phase initiated?

(3) Is the magnetosphere open or closed?
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(4) How 1is energy transferred from the solar wind to the
magnetosphere?

The first of these questions provides the direct impetus for this

thesis. The other abovementioned questions are related topics.

B. Rice Convection Model

1) General Method

The Rice Convection Model (RCM) self-consistently calculates
ionospheric, Birkeland, and ring currents (Jaggi and Wolf, 1973;
Harel and Wolf, 1976; Harel et al., 198la; Wolf et al., 1982).
The approach is to utilize time dependent input data (as avail-
able) along with the solution of differential equations. The
large scale motions of plasmas in the magnetosphere-ionosphere
system are described by the differential equations that are
solved. The model applies to the region of the magnetosphere
where magnetic field lines are closed.

Traditionally, this model has not provided a mechanism for
region—-1 type current generation. Before discussing an extension
of the Rice Convection Model further out into the magnetosphere, a
brief review of the model is presented, since a working RCM was
necessary before any of this present work could be carried out.
Within the backdrop of the RCM, the higher latitude field-aligned
currents are investigated in the present work. (The RCM 1is
described thoroughly by Harel et al., [198lal.) Figure 12 shows

the overall logic of the RCM. The starting place in Figure 12 is
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PLASMA- SHEET

GROUND OF SYNCHRONOUS-
. ORBIT MAGNETIC FIELD -—1——‘5’“"""“ DAT
.
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MAGNETIC-FIELD | =" _1DISTRIBUTION IN
MODEL MAGNE TOSPHERE
FORMULLA FOR FORMULA FOR
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Figure 12. Overall logic diagram of Rice Conveéction lModel. Arrows
indicate flow of information in the program. (Dashed
lines indicate features that will be incorporated in the
program, but are not included yet.) The rectangles at
the corners of the central pentagon represent basic
parameters computed. Input models are indicated by
rectangles with round corners; input data are indicated
by curly brackets. The program cycles through the entire
main program (including all the rectangular boxes) every
time step, From Harel et al,, 1981a.
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at the top of the pentagon, with the plasma distribution at time
t. The plasma distribution 1is taken to be isotropic. It 1s
depicted in terms of 21 "species.” For each species k, there is a
charge qp, an energy invariant, Ay = Ek[f(ds/B)]2/3, and a number
or density invariant, m =1 f(ds/B). The quantity f(ds/B) is
the volume of a flux tube per one unit of magnetic flux (e.g., per
Weber). Respectively, Ep and n, are the particle kinetic energy
and number density for species k. The distribution of a species,
k, is described in terms of an inner edge location to which par-
ticles penetrate.

Next, the gradient and curvature drift current densities are
computed as shown in Figure 12 (moving counterclockwise from the
top), with the assumed particle distribution and a magnetic field
model. By balancing currents (i.e., current conservation), the
Birkeland current distribution is obtained. From this, input
boundary conditions and an input conductivity model, the iono-
spheric potential distribution can be calculated. Mapping the
potential distribution back (along magnetic field lines) to the
magnetosphere allows the magnetospheric electric field to be
found. With the magnetospheric electric potential, the E x B
velocity can be calculated. This E x B velocity is then added to
the gradient and curvature drift velocity to give inner-edge par-
ticle drifts relative to the model grid system. With the drift
velocity and a specified time interval, At, the inner edge loca-
tions are found. This same process, starting from an initial spe-

cified plasma distribution is repeated for each t + At,
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The equations used in the above flowchart are discussed in
section II.A. In this dissertation, different "computer experi-
ments” were performed by choosing different input parameters in
order to investigate the generation of some of the higher latitude
(region-1) FAC. That is, a different input plasma distribution
can be used in the program by initially choosing the appropriate
energy invariants, number invariants, and inner edge locations for

each of 21 species.

2) Rice Convection Model Applied to September 19, 1976,

Substorm Event

With the Rice Convection Model, three geophysical events —
the substorm-type event of September 19, 1976, the magnetic storm
of July 29, 1977, and the magnetic storm of March 22, 1979 — have
been computer simulated. Theory has been compared with observa-
tional data (Harel et al., 198lb; Spiro et al., 1981; Wolf et al.,
1982). TFor the purposes of the "computer experiments"” discussed
in this dissertation, input data from the September 19, 1976, sub-
storm event are used. The Rice Convection Model exists in two
basic versions. Versions A and B were previously used for the
September 19, 1976, substorm event and the July 29, 1977, storm,
respectively. For this dissertation, version B was used for the
September 19 event. Version B keeps track of the motion of indi-
vidual inner edge particles. A point is added if two adjacent
points drift too far apart. A point is deleted if two adjacent

points drift too close together. This approach allows tracking
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of complicated inner edge forms, specifically “"tongues” of plasma
or plasma "tails.” Particle loss by precipitation is neglected.
Versions A and B are described in detail by Harel et al. (198la)
and Wolf et al. (1982), respectively. (Inputs chosen for the
“computer experiments” discussed in this dissertation are included

in section II.C, and Chapter IIIL.)

3) Inconsistencies Found as a Result of the RCM Applied to

the Substorm Event

Results of application of the RCM to the September 19, 1976,
event are summarized in Harel et al. (1981b) and Spiro et al.
(1981). As previously mentioned, S3-2 satellite data (see, e.g.,
Harel et al., 198la) unexpectedly show that it 1s common for the
high latitude electric field reversal to occur poleward of most of
the region-l current. That is, frequently most of the region-1
FAC flows on regions of sunward convecting flux tubes. This is a
puzzling and important feature. One of the aims of this disser-
tation is to describe a mechanism by which some region-1 type FAC
could flow from or to regions of sunward convecting plasma.

Data often show large changes in AB (implying region-2 FAC)
poleward of model-predicted region-2 FAC (see, e.g., Figures 8,
11, and 12 of Harel et al., 1981b). Assuming that plasma sheet
particles gradient, curvature, and E x B drift, they connect to
FAC where there are gradients in n's. (This is seen with equa-
tion (5) in Section II.A.2.) Thus, observed changes in AB (i.e.,

Birkeland currents) imply that the n's must increase systemati-



29
cally with geocentric distance, far beyond the usual inner-edge
region. However, the number invariant (n) im the traditional
picture should be invariant aleng a drift trajectory for a par-
ticle drifting in from the tail without loss (as shown in Appendix
1 of Harel et al., 1981a). For the traditional convection pic-—
ture, it is inconsistent to have n increase systematically with
increasing radial distance, and still be constant along drift tra-
jectories. This inconsistency between observed and theoretical
region-2 FAC is suggestive of a problem with the usual picture of
magnetospheric convection. One interpretation of the discrepancy
is that there is loss of particles from plasma sheet flux tubes
during some phase of a substorm (Erickson and Wolf, 1980). This
interpretation leads to the notion of "variable flux tube con-
tent."

Chapter II discusses the concept of variable flux tube con-
tent, stability, and the application of an adapted form of the
RCM. Chapter III details the "computer experiments” used to study
the generation of region-1 FAC. Chapter IV is a discussion of a
proposed magnetospheric current system and related topics. A sum-

mary and conclusion for the work is included in the last chapter.



II. VARIABLE FLUX-TUBE CONTENT

A, Feasibility Arguments

1) Pressure Considerations

Erickson and Wolf (1980) studied the possibility that steady,
adiabatic convection could not exist in a closed magnetic field
line region extending into a long magnetotail. Assuming that
plasma sheet flux tubes have enough plasma pressure to balance
lobe magnetic pressure at 60 Rg, then plasma pressure and magnetic
pressure are unequal (by an order of magnitude) at 15 Rg. The
inequality comes about as the result of adiabatic compression.
Erickson and Wolf (1980) hypothesize that sunward convection must
be time—dependent and that plasma may be released from plasma-
sheet flux tubes during a substorm. Thus, the flux tubes in some
local-time sector have their plasma content reduced. These flux
tubes with reduced plasma content are “"depleted.” The supposition
here is that "depleted” flux tubes are nearer to the earth, and
"filled" flux tubes are further away. A gradient in the number
invariant, n, leads to generated field-aligned currents. (See
equations (5) and (6) of Harel et al., 198la, and the following
subsection.) Specifically, a decrease in plasma flux-tube content
in a limited local time sector in the center of the tail results
in FAC down into the ionosphere on the dawn side of the depleted
section, and up from the ionosphere on the dusk side. These are
in the direction of region-1 Birkeland currents.

30
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In the next subsection, the necessary conservation equations

are presented. Next, the motion of a bubble of underpopulated
flux tubes (or of blobs of overpopulated tubes) is discussed.
Following that discussion is an analysis of the stability of the
variable flux tube content discussed here. Particularly, we
address the question of whether or not a limited local time sector

of depleted flux tubes is a stable configuration.

2) Conservation Equations

Before studying bubble motion, or stability of the system,
general equations governing the coupling between ionospheric and
magnetospheric currents should' be reviewed. (Unless otherwise
noted, this discussion follows the treatment of Wolf and Spiro,
1982.)

Assume magnetohydrodynamic plasma dynamics and 1isotropic

plasma pressure. The momentum equation is

7 o

=% +JxB (II.A.2-1)

where p is the mass density, Dy/Dt is the convective derivative
for velocity, p is the pressure, J is the current per unit area,
and B is the magnetic field. From equation (II.A.2-1), the com-—
ponent of J perpendicular to B is expressed as:

Dy
BXVp EX(th)
J == +
~L B2 B2

(II.A.2-2)
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The B x Vp term represents gradient drift, curvature drift, and
magnetization currents. The Dy/Dt term is "acceleration drift"
current, which is neglected for the inner magnetosphere. In Wolf
(1983), the inertial term is shown to be smaller than the pres-

sure-gradient (B x Vp)/B2 term by a factor of ~0.02. Thus,

B x 9p
J_~

I = 5 (II.A.2-3)

After some manipulation, the gradient and curvature drift current
can be found from equation (II.A.2-3) to be

(£) = wniz, x 7,[(f §)°¥30 (I1.4.2-4)

Jelxe
where je is the current per length in the equatorial plane. Bal-

ancing current in the equatorial plane with the Birkeland current,

we get

. - . _ A ds -
Jpe = Vo * 3o = V() - {Z, x T [(f F) 2/31}) (1I.A.2-5)
where j,  1is the Birkeland current per unit area away from the
equatorial plane. (Here A, and n have the previous definitions.)

The ionospheric current conservation equation (see Karty et

al., 1982) is

Vs (2 (W] =13,y (I1.A.2-6)
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where Vh is a horizontal gradient operator in the ionosphere, [ is
the tensor representing height-integrated conductivity, j“i is the
positive current per unit area down into the ionosphere, and V is

the electric potential., The quantity jui is given by
gy = (BilBe)jne (11.A.2-7)

where B; is the magnetic field at the ionosphere, and B, is the
magnetic field in the equatorial plane. Thus, from equations

B
S = - (-Bi) van o {2, x v, [(f ds/B)"2/31}. (I1.A.2-7a)
e

However, since pressure and flux—tube volume are constant along a

given field line, and magnetic fluxes in the ionosphere and mag-

netosphere are equal, we can write

Jgg = VMR {21 x Vi[(f dS/B)_2/3]} (II.A.2-7b)

(Here, we have assumed that the dip angle is w/2, since we are

using 21 instead of using a unit vector along B.)

3) Bubble Motion

In this section, we discuss the motion of a "bubble"” of
underpopulated flux tubes. By "“ionospheric bubble” in this sec-—

tion, we refer to a region where the plasma content is less than
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that of its surroundings. We calculate the motion of an iono-
spheric bubble to see if this “depleted” region will naturally
move toward local midnight. We are interested in finding 1if,
given the condition of having several bubbles, a depleted section
would form in the midnight region. This is an important first
step in considering the stability of a depleted region in the
center of the magnetotail.

We assume a flattened two-dimensional polar coordinate sys-—
tem, centered on the middle of a circular ionospheric bubble. We
take the flux tube volume to have a constant large scale gradient,
as shown in Figure 13. (Although the obvious gradient in flux
tube volume is radially away from the Earth, we take the gradient
in flux tube volume to be away from the center of the magnetotail
as a preliminary exercise for more elaborate stability calcula-
tions.)

We assume that

n,, p<b>b
1 }

2’

n =
where b 1s the radius of the bubble. The quantity Vin is non-
zero only on the surface boundary, so that according to equation
(II.A.2-7b), Birkeland current is generated only at p = b.

We start the analysis of bubble motion by examining the
expression for j"i, Birkeland current per unit area down into the

ionosphere. Equation (II.A.2-7b) can be written



35

f-t
BLOW UP | =%X% .
VIEW OF § [\ ~
BUBBLE | <\ /l
< ( Large scale Vij'gés-
Dawnside
DIRECTION J interface /H/
OF E /K
(rds -2/3
kL<Jrge scale Vi(f 5 )
4 ~70° LATITUDE
E I y \ Dawn interface
<§‘< x 4o (7,>7,=> Bubble)
Ll
I
O
%)

Figure 13. Flattened ionospheric coordinate system (p , and ¢
are bubble centered coordinates). See equation
II.A.3=2 for a definition of F.
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Jyg = ~(n, = nA[E| cos ¢ 8(p = B) (II.A.3-2)

where
E= {3 xv,[(J )23}

The quantity, ¢, is the angle between the vectors F and Vink.
(Refer to Figure 13.)

The conductivity is given by the tensor form:

where ZP is the Pedersen conductivity, and Iy is the Hall conduc-—
tivity. (Both conductivities are height integrated.) Taking uni-

form conductivity, equation (II.A.2-6) is rewritten
2y = 3 -
IpV 2V = =3y (II.A.3-3)

With equations (II.A.3-2) and (II.A.3-3), we have

(n, - n M E|
2y = cos ¢ 8(p - b) (II.A.3-4)
P

which is equivalent to

7,2V =2_cos ¢ 8(p - b) (II.A.3-5)
h XP
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where a is a constant. Here, we have set
a=(n, - nl)xlgl (I1.A.3-6)

for convenience. Using separation of variables, a solution

to VhZV = 0 in polar coordinates is found to be of the form
V(p,6) = (Ap + Bp~1) cos ¢ + (Dp + Ep~1) sin ¢ (I1.A.3-7)
The solution to the inhomogeneous equation (II.A.3-5) is
V(p,p) = { 4p_gos ¢, g ; z } (II.A.3-8)

There is no sin ¢ appearing in equation (II.A.3-8), since it is
not present in equation (II.A.3-5). For p < b, the p’! term is
zero since p = 0 is included in this region. For p > b, the p
term is zero since it would represent a large scale convection
electric field, not a field associated with bubble motion. That
is, we are interested in calculating the velocity of a small
bubble relative to its surroundings.

Matching the potential at p = b gives
A = Bb™2 (I1.A.3-9)

In order to evaluate A and B, a second condition is given by the

discontinuity of 3V/8p at p = b. From equation (II.A,3-5), we
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have

2
a(pBV)+1 eV a_

1
p 3P 02 342 Ip

cos ¢ §(p - b) (II.A.3-10)
Multiplying by p, and integrating from p = b — € to p =b + ¢, we

get

[ av]b+€ =p 2

P 55 b—= Tp

cos ¢ (1II.A.3-11)

Upon integration, the second term in equation (IL.A.3-10) is
negligible, since we are integrating over such a small interval
in p. Using equation (II.A.3-8) and assuming e€/b << 1, this
becomes

-Bb™2 - A = (II.A.3-12)

éﬂm

We now have two relations (equations (II.A.3-9) and (II.A.3-12))

for A and B. The first was obtained by matching the potential

at p = b, and the second was obtained by matching the discontinu-
ity in slope of the potential at p = b. Solution of the system of

equations (II.A.3-9) and (II.A.3-12) gives

{A=-2—and B = b2 5%} (II.A.3-13)
P P

so that (with equation (II.A.3-8))
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- 7%; p cos &, p <b

V(p,$) = { ] (I1.A.3-14)

a -
-bz'ZEE'Q l cos ¢, p> Db

Now that the potential is known, the drift velocity of a bubble

can be found by using:

E x Bi
!'COIIV = —B'—z—‘— (II.A.3"15)
i
with E = -ViV, and gi = Bizi' We have:

p + - %) (I1I.A.3-16)

| J—

The expression for the convective drift velocity is found to be:

1 a - a -~

gz'("ffg sin ¢ p -'zf; cos ¢ ¢), p<bDb
Leonv = | }

1 (_b2a ~ . b%2a o ~

ﬁ; ( 75; p~“ sin ¢ o +'Zf; p™2 cos ¢ 3), p > b

(IT1.A.3-17)

where a is positive for bubble motion (n, > nl), and a 1s negative
for blob motion (n, < ny).

The left portion of Figure 14 illustrates that for a bubble
of underpopulated flux tubes, a small scale electric field builds
up inside the bubble that moves toward the midnight region. The

right side of Figure 14 shows that for a blob of overpopulated
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Figure 14. Schematic of flow pattern in the ionosphere. View
is looking down on the Horth Pole. (Bubble and
blob are greatly enlarged,)
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flux tubes, a small scale electric field builds up inside the blob
that moves it out away from the midnight region. Motion toward
the midnight region in the ionosphere corresponds to motion toward
the axis of the magnetotail. Thus, we can use this result to dis-
cuss motion in the magnetosphere. To summarize, we can write

that:

{xconv N -v fds/B if n, > "

Yeonv ' Y [ds/B if n, < n

We could have obtained this result for two cases: (i) V fds/B is
radially outward and (ii) V fds/B is azimuthal, away from the mag-
netotail axis. We have applied this result to the second case
where V fds/B is away from the tail axis. Again, it should be
mentioned that we took the gradient in flux tube volume to be away
from the center of the magnetotail as a preliminary calculation.
Given that bubbles of less populated flux tubes move toward
the axis of the magnetotail in this analysis, the next step is to
consider the stability of less populated flux tubes closer toward

the axis of the magnetotail.

4) Stability Amnalysis

This subsection 1is divided as follows. First, the energy
principle is used for a general stability analysis of a static
(nonflowing) system. Then, stability calculations using the con-
servation equations discussed in section II.A.2 are presented for

the stability of plane interface geometry with flow.
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The energy principle (Krall and Trivelpiece, 1973) states

that a static system in equilibrium is unstable if a change in the
system produces a decrease in potential emergy. It does not apply
if the unperturbed plasma has flow velocity. The energy principle
is used in this section of the thesis with an interchange insta-
bility in order to investigate the notion that less occupied flux
tubes ought to end up closer to earth in a region of high magnetic
field. We treat the plasma as an ideal gas. See Figure 15 for a

schematic of the situation. For an ideal gas:

PV = (y - VW, (I1.A.4-1)

where vy = (5 + £)/(3 + £). Here p is the pressure, V is the vol-

ume, and W

P is the internal energy of plasma, and f is the number

of non-translational degrees of freedom. The adiabatic expansion
of an ideal gas gives us PVY = constant. Now consider the change
in plasma energy (AWP) as a result of an interchange. We are
interchanging tubes of equal magnetic flux, so that the magnetic
energy does not change. We have a nonzero AW§ because of volume
changes of the two interchanged tubes. Before the interchange,
the initial volumes of the flux tubes to be interchanged are Vg
and VII' The initial pressures are Ppy and Pyyy, respectively.
(Refer to Figure 15.) After the interchange, the plasma that was
occupying Vyg with pypy now occupies Vg with prq,-. Also, after
the interchange, the plasma that was occupying Vy with PIi now

occupies Vyy with py,. Then, with equation (IL.A.4-1) and PV =
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Figure 15. Schematic of situation to be investigated for
stability analysis. (p is pressure, V is volume.)
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constant, we can write:

AW v

p Ty =T Uy ) V1p 1~ Prn Vrrt

(IT.A.4-2)

We assume that ppy and pyyy differ by a small amount, and also

that Vi and Vyy differ by a small amount, so that we write:
{ Pryy = Prg * P

VII = VI + 8V

(IT.A.4-3)

Then, putting equation (II.A.4-3) into (II.A.4-2), expanding by
using the binomial theorem, (1 + )T =1+ nx + ([n(n - 1)]1/2)x2

+ ..., and keeping terms to second order, we obtain

(8V)2

v, (I1.A.4~4)

AWP = §p&V + YP4

The system is unstable if AWp < 0. According to equation (IIL.A.4-

4), the condition for instability can be written:

e ¢ o o (II.A.4-5)
Py 1

(We will define 8V > 0O in Equation (II.A.4-3).) For 6V > 0, the
system is unstable 1f the pressure decreases faster than adiabatic

as the volume increases. (No instability occurs if both 8§V > O

and S§p > 0.)
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We can apply this result to the magnetosphere. The obvious
gradient in flux tube volume is radially away from the Earth, not
away from the center of the magnetotail. We take the gradient in
flux tube volume in the §-direction in order to investigate the
simplest case. With this preface, we assume that the interface
shown in Figure 15 is toward the dawn side of the magnetotail in
the equatorial plane. (The Earth is to the left.) The portion
above the interface in Figure 15, then, 1s analogous to the outer
portion of the magnetotail and the portion below the interface 1is
analogous to the center of the magnetotail. We also assume that
there is a large scale constant gradient in flux tube volume, such
that flux tube volumes increase with distance away from the center
of the magnetotail. If we have pressure decreasing fast enough
with distance away from the center of the magnetotail, we have an
instability, according to equation (II.A.4-5).

The stability of the system can also be investigated by
installing a boundary ripple in a plane interface geometry. We
are assuming a two-dimensional rectangular coordinate system.
From analogy to the bubble motion analysis, we can write the non-
homogeneous equation to be solved as

(n, - n A |z, x v, [(as/B)"2/3]]

2y = -
Vv Zp cos £, G(yi yoi)

(II.A.4-6)

where £, is the angle between {z; = A [(r(as/8))72/3]} and A0
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Here yOi represents the position of the interface in the iono-
sphere. (Coordinates given with a subscript "i" refer to the
ionosgphere.)

There is a large scale increase in flux tube volume (as
viewed in the equatorial plane) in the radial direction. For a
flux tube volume gradient which increases radially out in the tail
region, there are components of the flux tube volume gradient
which are perpendicular and parallel to the interface (see Figure
16).

We now consider Vi[(fds/B)'2/3] to have both a parallel and
perpendicular component. We can then solve the conservation equa-
tion considering each component separately and then add the solu-
tions. First, we consider the perpendicular component and then
the parallel component of gradient in flux tube volume.

Taking the component of flux tube volume that increases in
the positive 91- direction (see Figure 17), then the vector quan-
tity {21 x Vg [(Ids/B)]‘2/3]} is in the positive %i-direction. if
we take Vin to be in the positive §i— direction (i.e., n, > “1)’
or the negative ;i—direction (i.e., np, < n;), then jui is zero, so
that we have thV = 0. If a ripple forms in the interface between
low and high n regions, then V;n is slightly offset (gi ~ 90°,
cos &4 << 1) from the §i— direction, so that a small Birkeland
current 1is generated. Thus, Vh2V = 0, except on the rippled

boundary, where V, 2V = j

h vert/zP’ with Joere equal to generated

vertical Birkeland current.

We take the ripple to be expressed as
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Figure 16. Schematic for consideration of perpendicular and parallel
components of gradient in flux tube volume, Equatorial
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(yli - in) = Ci(t) sin ki(xi - Xi)

in the ionosphere. We are assuming ky; > 0. We want to find
cos Ei in terms of a function of X4 Referring to Figure 18, we

see that:
cos £; ~ ~ y; cos ki(xi - Xi) (I1.A.4-7)

This assumes Yilcos k, (xi - Xi)l << 1, since we consider a small
ripple. (We have let Yy = ciki') So, We can express equation

(IL.A.4-6) as

thV = - %—'Y cos k(x - X) 8(y - y.) (II.A.4-8)
P 0

where vy = cik. (We have dropped the "i" subscript for the rest of
the derivation, except where needed for explicit clarification.)
Here a = (n, - n A |2y x v, [(Jas/B)"2/3]].

The homogeneous equation 7,2V = 0 is written as

2 2
3V ‘2’+ v ‘2’ =0 (II.A.4-9)
X Y

for this coordinate system. Using separation of variables, a

solution is found to be

Coy) = A (cos k(x = 0)e T 4+ Bstn k(x - )Y

(I1.A.4-10)
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+kly|

where the e solutions have been ignored since we are only

concerned with decaying solutions (e"k|Y|) here. The solution to

the inhomogeneous equation (II.A.4-8) for this situation is

“*k(y-y_)
Aye 0" cos k(x - X), ¥y > Yo

Vx,y) ={  x } (II.A.4-11)
Aje (y—yo) cos k(x - X), ¥y <y,

There is no sin k(x - X) appearing in equation (II.A.4-11), since
it is not present in equation (II.A.4-8). Matching the potential

at y =y, gives
(IT.A.4-12)

In order to solve for this constant, another expression relating
Ay and A1, is needed. This second condition is given by the dis-

continuity of 3V/3y at y = y,. From equation (11.A.4~8), we have

32V + 92v
9xe  ay2

%—-Y cos k(x - X) &§(y - yo) (I1.A.4-13)
P

Integrating from y = Yo “ € toy =Y, + e, We get

r:,
<
< <
(=)
]

—.%— ¥y cos k(x - X) (I1.A.4-14)
- P

0

Upon integration, the first term in equation (II.A.4-13) is negli-
gible since we are integrating over such a small interval in y.

Using equation (II.A.4-11), and assuming ke << 1, this becomes
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Ag+ AL =g % (1I.A.4-15)

We now have two relations (equations (II.A.4-12) 2nd (II.A.4-15))
for A; and Ay. The first was obtained by matching the potential
at y =y, and the second was obtained by matching the discontinu-
ity in slope of the potential at y = Yo- Solution of the system

of equations (II.A.4-12) and (II.A.4-15) gives

{Ay =Yg 5 and A =Y 5} (II1.A.4-16)
‘P P

so that (using equation (II.A.4-11))

“*(y-y,)
%E%;e 0% cos k(x - X), ¥ >y,
V(x,y) = { K(3y.) } (I1.A.4-17)
%E-%;-e 0" cos k(x - X), v < Yq

Now we can find the drift velocity of plasma in the ionosphere

near the interface:
~ 3V
) + 5 (5)) (I1.A.4-18)

This is (with v, = cykyi)s
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%; [% (%-%; cike—k(y—yo)cos k(x - X))
{ + §(—.% %; cike—k(y—yo)sin k(x - X))], v > Yo}
Feonv %; (% (- -12 ;—P- cike*k(ydyo)cos k(x - X))
+3( - "lz ‘;‘:_P cike+k(y-yo)sin k(x - X)), v < Yo
(1I1.A.4-19)
We have
“eony, (v =90 = - é—i"lz%; ek sin k(x - X) (II.A.4-20)

We take (for example) the ripple to be above ¥y =Y, (that 1is,
sin k(x - X) > 0). We consider n, > n; here, so that we take
a > 0 in equation (II.A.4-20). Thus, Veonvy < 0 which means that
the ripple moves toward the boundary (see Figure 19). That is,
the ripple damps out. For n, < Ny the sign reverses so that the
ripple grows.

Now, we want to find the growth or decay rate of the ripple.

For this, we set v equal to dy,/dt, which is the boundary
convy 1

ripple velocity. Thus,

dci
dt

| —

la
1 2 Tp

cik

=]

implying that
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Figure 19, Diagram for stability considerations.
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1 1 ak

>

€1 T Cot
where a 1is positive for n, > Nys and a 1s negative for n, <TH-
Since k 1s greater than zero, we see that we get ripple growth for
higher density plasma further in (n2 < nl), but we get a damped
ripple (i.e., stability) for low density plasma closer in to the
center of the magnetotail (n, > n,).

In summary, in considering the component of the uniform liarge
scale gradient in flux tube volume that exists in the §e—direction
(that 1is, in the direction away from the center of the magneto-
tail), then for a stable configuration, higher density plasma must
be further away from the center of the magnetotail, and low den-
sity plasma must be closer in toward the center.

We have found equivalent results for stability analysis using
either the energy principle or the movement of a boundary ripple
in a plane interface geometry.

Interchange instabilities in the inner magnetosphere have
been previously investigated (e.g., Richmond, 1973; Swift, 1967).
However, it has been the stability of the plasmapause and ring
current region which has been of concern, so that a very different
geometry has been considered. For the plasmapause region, it is
appropriate to take a flux—-tube volume gradient which is radially
outward. In this thesis, we have so far been concerned with
effects of an azimuthal component in the flux tube volume gradient

for the magnetotail region.
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We have found that for a stable configuration, low density
plasma must be close in toward the center of the magnetotail and
high density plasma must be further out, assuming smaller flux
tube volumes near the center of the magnetotail. Next, we inves-
tigate considerations of the parallel component of the gradient in
flux tube volume. Here, we will look at the interface toward dawn
(although there is another interface toward the dusk side).

For a large scale gradient in flux tube volume which 1is
solely perpendicular to the interface, we cannot model unperturbed
flow, since the vector F is in the ﬁi-direction and Vi“ is in
the §i—direction. The dot product (Zin « F) is zero, and (without
an installed ripple on the interface) we have no generation of
field-aligned current. When we take flux tube volumes to increase
with distance down the channel we are investigating the conse-
quences of flow. The effect of flow is important in studying the
channel problem. In a channel-like depleted region in the middle
of the magnetotail, a high electric field develops by virtue of
the lower density. Since the large scale convective velocity is
dependent on electric field (v = E x B), the flow will be greater
in this channel-like region. We take the flow velocity equal to
zero in the "out of channel” region (n = ny), and the flow velo-
city equal to Yf1ow in the channel-like depleted region (n = ”1)'

From previous discussions, we have:

I~

v, 2V =

h | (n

- nl)xl 1G] cos ¢ 8(y = y,) (1I.A.4-22)

(3

P 2
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where G = {21 x ¥y [(f(ds/B))—2/3]}, and ¢ is the angle between
the vectors G and v;nA. (Refer to equation (II.A.3-4).) We use G
here to designate a vector arising from the component of large
scale gradient in flux tube volume which is parallel to the inter-
face. Previously F was used to designate a vector arising from
the perpendicular component of gradient in flux tube volume.
Assuming, however, that flux tube volumes will increase with dis-
tance down the channel (i.e., away from the Earth in the +§e—
direction), then G is in the negative §i—direction. (See Fig-
ure 20 for the coordinate system.) So, we have cos ¢ =
- (sign (n, - nl)k)°l. (We consider only positive A here.) Then

equation (II.A.4-22) is rewritten as:
Vh?V = - B(x) 8§(y - yo) (I11.A.4-23)

with

=1 - -
B P (n, =n) A [g| (I1.A.4-24)

(We solve this equation in the ionosphere.) Integrating equatiom
(II.A.4-23) from y = Yo " € toy =79, + £ as was similarly done in
the ripple case, we obtain

yote

[ = -8 (1I.A.4-25a)

537]37 o €
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~70° LATITUDE

SCHEMATIC - IONOSPHERIC VIEW

Figure 20. Shaded region is the area of interest. (Only dawn
portion is shown with y< Yo and X>x,) Not drawn

to0 scale.
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The solution to equation (II.A.4-25a) with V(y »> yo) = VO (con-
stant since there is no flow in the upper region) is:

v
v=2Ly(y (y < 5,) (II.A.4-25b)

Yo
where B = Vo/yo. With equation (II.A.4-18), we can calculate flow

velocity as:

\'
__1 0, ~
zflow = B—; (——) X (II.A.4-26)

0
This solution arises from considering a flux tube volume gradient
which is parallel to the interface.

Now, we consider the addition of these two solutioms. This
is equivalent to looking at the case of a rippled boundary when
flow is present. Considering the dawn interface, we have zero
flow in the upper "out of the channel” region and non-zero flow
velocity in the lower channel-like depleted region. However, it
is convenient to look at this problem in a reference frame from
which would be observed y = [(l/z)lvflow“ X in the upper region
and y = [(-1/2)|vfl°W|] % in the in the lower region, with Velow
given by equation (II.A.4-26). We can write the ripple velocity

as:

&8,

= (38y 38y _
ot Jwith flow - G T ) 3% (I1.A.4-27)

X7 9x

using the convective derivative, where the interface is assumed
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to be described by y(x,t) = Yo+ 8y(x,t). TFor a particle on the
boundary, v, = [(1/2)|Vf10w|]upper + [('1/2)|Vflow']10wer = 0,

so that we have (d8y/dt)y i fFilow = (38y/3t). The ripple is

ikx

described by 8y = c4(t)e Therefore, (d8¥/dt)y iin flow =

(dci/dt) elkx We also have (38y/3t) = with v

Vperb y° perb ¥y

given by equation (II.A.4-19). Thus,

where a is given by equation (II.A.3-6). The solution to this is

-3
¢y = coie wt (1I.A.4-28)
where
- _a 1 i -
w = -Z—P- -B—i- k (-2')- (II.A.4 29)

Now, we can let eSt represent the time dependence of the ripple

and the real part of § will give the growth or decay rate:
R (&) pont (I1.A.4-30)

Note that the ripple decays for a > 0 and grows for a < 0. This
is a prediction of ripple growth if the density invariant of low
volume flux tubes is larger than the demnsity invariant of high

volume £lux tubes. This is equivalent to the previous result
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obtained just considering the perpendicular component of flux tube
volume (see equation (II.A.4-21)).

We now summarize what was shown in this section. We first
supposed that a depleted channel of plasma formed in the center
region of the magnetotail with low density and small flux tube
volumes in this channel region. On either side of the channel,
higher densities and large flux tube volumes were assumed. In the
subsection on bubble motion, it was shown that a bubble of under-
populated flux tubes moves in toward the axis of the magnetotail,
and a blob of overpopulated flux tubes moves out away from the
axis of the magnetotail. Then, using both the energy principle
and conservation equations applied to a rippled interface, it was
found that a large scale gradient in flux tube volume outward from
the center of the magnetotail was a stable configuration, for
higher density plasma also further away from the center of the
tail. Adding a gradient in flux tube volume down the channel does
not affect stability.

In the next section (II.B), we consider specific consequences

of the existence of the channel-like region in the magnetotail.

Be Hypothesis

1) Contours of Constant n

In the previous section on feasibility, it was argued that
higher density plasma sheet flux tubes stay further away from the
center of the magnetotail. That is, a channel-like region of

depleted flux tubes exists in limited local time extent. This is
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also substantiated by observational data 1indicating stronger
earthward flows in the center of the magnetotail (Hones et al.,
1981). Figure 21 is a schematic illustration of the flow pattern
in the magnetotail as suggested by Hones et al. (1981).

With n no longer constant along the back boundary of the RCM,
some idea of the contours of constant n is useful before attempt-—
ing to model the situation. Figure 22 is a suggested schematic of
contours of constant n. Here, a 1.0 refers to the fullest flux
tube, with 0.5, 0.8, 0.9 (for example) representing contours of
constant partftally filled flux tubes. In most of the computer
simulations, it 1is arranged for the flux tube content in the
center of the tail to be slightly less than half the contents at
the flanks of the magnetotail. This is considered in greater
detail in Chapter III, where an investigation of the effects of
variable particle content in plasma-sheet flux tubes will be

discussed using an adapted form of the Rice Convection Model.

2) Implications for Field—Aligned Current

The observation that most region—1 FAC flow on sunward con-
vecting flux tube leads to an interesting hypothesis, when linked
to the idea of a limited local time sector of depleted plasma (see
sections I.B.3 and II.A.1). Using equation (II.A.2-5) we see how
a gradient in number invariant leads to generated field-aligned
current. Previously, this has only been used in the inner plasma
sheet and ring current region, since it was believed that this was

the only region where significant gradients in n existed. Further



Figure 21.

Schematic interpretation of the plasma vortex
measurecments. The shaded area is the boundary
layer, its wavy inner edge indicated by the
dotted line, The dashed line represents the
magnetopause, The patitern of flow represented
by the solid lines moves tailward through the
magnetosphere (as indicated by white arrows at
bottom) driven by Kelvin-Heimholtz instability
at the boundary layer's inner edge., From
Hones et al., 1981,
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Figure 22,

EQUATORIAL PLANE

Schematic of contours of constant 77 in the
equatorial plane.
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out into the magnetotail (at ~ 20 Rg, for example) if there is a

gradient in n directed outward toward the flank, then region-1

sense current is generated as shown in Figure 23. (Some of the

region-1 current may still flow on antisunward-moving flux tubes,

as has been traditionally proposed to be a boundary-layer
generated phenomenon.)

The next section is a general discussion of the method used

in the "computer experiments” to investigate the described hypo-

thesis. Chapter III details the computer runs.

Ce Method Used in Computer Experiments

1) Energy "Channels"

The RCM has been set up so that twenty-one specles are
tracked at once. For this adaptation of the RCM, seven of the
species are to be assigned to be high energy ions, seven are low
energy ions, and seven are electrons. We want to find appropriate
energies for these channels.

In the following analysis, we first look at quiet time proton
spectra at various distances out in the magnetotail. It is found
that the spectra can be approximated by a Maxwellian distribution
with the appropriately chosen value of kTi. We then discuss which
two energy channels should be used to approximate the single
Maxwellian distribution for ions.

Energy spectra are available from a variety of sources (Hones

et al., 1971; Gurnett and Frank, 1974; Akasofu et al., 1973; Hardy
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Figure 23, Schematic showing connection of Birkeland currents
in the equatorial plane. "R1" means "Region-1
Rirkeland Current"; "R2" indicates "Region=-2
Birkeland Current®; "PRC" is "Partial Ring

Current"s and "GC" represents extra gradient/cur—

vature current through the high-7) region on the

flanks of the tail.
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et al., 1979; Paschmann, private communication, 1982). However,
Gurnett and Frank (1974) include plasma  sheet proton spectra
(energies of ~88 eV to 40 keV) from the Lepedea instrumentation in
the IMP 6 spacecraft for quiet time conditioms. The spectra
included in Gurnett and Frank (1974) are reproduced here and
fitted to Maxwellian differential spectrum in Figures 24a,b, and
c. There is a Maxwellian-like distribution seen at L ~ 12, 14,
The data at L ~ 12 have a much better fit to a Maxwellian than the
others at L ~ 8 and 14. Proton energy spectra given by Hones et
al. (1971) also display Maxwellian shapes in similar energy
ranges. From the fitting analysis of the Gurnett and Frank (1974)
data curves it is concluded that kT; ~ 2.5 keV for a distance
of ~20 RE in the magnetotail. This is the approximate distance of
the back boundary of the calculation, where an initial (quiet)
plasma distribution is needed.

We determine the two ion energy channels by attributing equal
energy density to each channel and requiring that the two delta
function distributions agree with the Maxwellian with regard to

three moments:

nliEli = n2iE21 = niEi/Z (I1.C.1-2)
2 2 = 2 -
n 4B g2+ 0,E 2 = 0y (11.C.1-3)
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Figure 24(a). Fitting of Maxwellian (no symbols attached) to
data (circles) from Gurnett and Frank (1974)
for L~ 8. Theory curve is _g_% uEe-E/Eo
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where "i" refers to ioms, 1l refers to the high energy ions and 2
refers to the low energy ions. The quantities n,y and n21 repre-
sent number of population number densities for the two different
ion energy channels. Equation (II.C.1-2) is very different than
equations (II.C.1-1) and (II.C.1-3). In this second equation, we
assign half the energy content to each channel. We mneed to

find i:'i and EiZ for the Maxwellian distribution:

! 2 /2kT
f(V) = ni (-zm—)3/2 e-mv i

i
(This is per volume in x-space and velocity-space.) The speed
distribution 1is g(v)dv = 4nv2dvf(x). (This is mnow per x-space
volume.) In terms of energy:

g(E;)dE; = (constant) Eil/ZdEie'Ei/kTi

To calculate Ei’ we evaluate

® ~E; /kT;
fo Ei(Eil/Z) e 1 1dEi

i © -E; /kT
1/2 i i
foEi / e dEi

obtaining:

= _ r(5/2)
E = kT @y

With TI(1/2) = /1 and T(z + 1) = zr'(z), this becomes Ei =

(3/2) xT;, as expected. Using a similar approach for Eiz, we
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obtain E;2 = (15/4)k2T;2. Using equation (II.C.1-1), (II.C.1-2),

and (II.C.1-3), we obtain:

2E12 -—

2 - + =

Ezi - Ezi Ei 0
1

With E;E = (15/4)k2T12, E; = (3/2)kT;, and solutions of this qua-
dratic, we obtain Eli = 4,08 kTi, and E21 = ,92 kTi. In the Max-
wellian fitting analysis of the Gurnett and Frank (1974) data
curves, we obtained kTi ~ 2.5 keV for R ~ 20 Rp. Thus, we have
for R ~ 20 Rg, Eli = 10.2 keV and E21 = 2.3 keV. The paper by
Hones et al. (1971) includes plasma sheet proton spectra (energies
of ~100 eV to 18 keV) from the Vela satellite, which was at the
approximate distance of interest (R ~ 20 Rg) in the magnetotail
for our back boundary input parameters. Figure 1 of Hones et al.
(1971) is a spectrum for quiet time conditions, and is reproduced
here as Figure 25. The two ion energy chanmnels we picked are con-
sistent with this spectrun.

In the spectrum of Figure 25, it is seen that the electron
average energy is approximately 1/3 of the average energy of the
jons. Various published spectra (see, e.g., Hones et al., 1971)
generally exhibit the same behavior. Thus, the electrons are
modeled with E_, = (1/3) E; = 1.25 keV.

We have 2 ion energy channels and 1 electron channel; there

are 21 species total:
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1971,

73



74
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The energy invariant, A, is actually put into the computer
simulation. To convert "average energy” to A, we use the rela-
tion kk = Ek[f(dS/B)]2/3 and a flux tube volume at ~20 Ry from a
Voigt model (personal communication, 1982). The values used for
energy are: Eli = 10,2 keV, E21 = 2.3 keV, and E, = 1.25 keV
at ~20 Rp, as discussed previously in this section. For flux tube

volume we take: (fds/B)"2/3 = 0.724 RE-Z/3 72/3. For the ion

temperature chosen, we then have

Xl = 14088
Xz = 3177
Xs = 1727

where 1 is for the high energy ion chammel, 2 is for the low
energy ion channel, and 3 is for the electron channel. (A is in

units of eV RE2/3 Y—2/3-)

2) Population lLevel "Channels"™

We also have to choose how much plasma to assign to each
species. We assume that we have the same total number of ions and
electrons.

From equation (II.C.1-2), we obtain:
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We have Ei, Eli’ and Ezi calculated in the previous subsection.
From this, we have n1i = ,18 ny, and n21 = ,82 ng, where the total
number of ions is calculated below. (For the electronmns, Nglectron
=ng = ng = n.) Here, we use N, the number invariant for the
ions, or electrons {see Chapter I.B.1). We use npgr based on
calculations at the back boundary, which is to be placed at
R ~ 20 Rz, We define Ninner t° be the number invariant for the
plasma that is closest to the Earth. These species are originally
placed at ~ 6 Rg.

The population levels are set up initially such that small-
content flux—-tubes are closer to the Earth and larger content
flux-tubes are further out in the plasma sheet. We want
the n chosen for the region of the plasmasphere at midnight
(i.e., ninner) to reflect the notion that the particle energy
density is less (by a factor of 0.3) than the magnetic field
energy density, since this is the region where the magnetic field
lines are nearly dipolar. We therefore take B8 = 0.3 in the
following calculation for R ~ 6 Rg. For R ~ 6 Rg, we calcu-

late Nynner based on 8 = 0.3 as follows:

8 = Particle pressure - p
Magnetic field "pressure” p2/3,
0

But, p = nkT/V, kT = (2/3) E, and E1+ Ee = (4/3) Ei, so that:
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n
8 = (—ifﬂ‘ﬁ_?_si G x £E)/(B2/2)).
B

Thus,

2
= (5.35 x 1018 weber-1) x %_ (f %i) for R ~ 6 Ry (II.C.2-1)
i

ninner

[B in v, E; in keV, f(ds/B) in RE/Y]. Values for B, and f(ds/B)
(flux tube volume) are from the chosen magnetic field model,
and Ei is based on observations of energy spectra. More discus-
sion of the chosen magnetic field, and flux tube volume is pre-
sented in the next chapter.

In the magnetotail region, the situation can be viewed as
a simple one-dimensional force balance between equatorial par-
ticle pressure and tail-lobe magnetic pressure. Therefore, for
R ~ 20 Rg, we take the equatorial particle pressure and the tail
lobe magnetic energy density to be equal. With this, we get

-1, B2 ds
= 19 1y 2 =2 ~ -
Moot (1.79 x 10 weber ).E (f B ) for R 20 RE (11.C.2-2)

i
[B in v, Ei in keV, f(ds/B) in REly]. Again, values for the mag-
netic field, and flux tube volume are discussed in the next chap-
ter.
With Npor» and Ninner calculated, we need to assign the ini-
tial amount of plasma to each step in between. This is done by

the following formulation. Here, we are concerned with the
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general method of assigning the nk's. In the next chapter, the
actual values used in the computer runs are discussed.

We define fy to be the fraction of Npor for each species k
(see section I.B.l). We already have assigned an energy invari-
ant, >‘k’ for each species, so that there are three energy "chan-
nels” (previous section). We now need to assign number invari-

ants, Ty . For the innermost k species, fk = ninner/“TOT (see

Figure 26). Let this ratio, fi, be equal to X. The plasma popu-
lations are assigned in terms of increments here, with zékﬂ n,
equal to the amount of plasma between the location of the inner
edges of the k and (k + 1)th species. An example of the proce-
dure: the plasma population increments are set up for the high

energy ion channel so that f7 = X; f7 -f , £ -f_, f5 -f =

6’ 76 5 Y

f. - f f, - f = 7/3 (see Figure 26). By

¥/3; £, - £, £ 2° 2 1

knowing f7, and Ny o ors (and choosing Y or Z) the other 6 n's
(n1 +> ne) can be assigned according to the f's (f1 > fﬁ)' (Values
chosen for X, Y, Z are given in the next chapter. Note that

X+Y+2Z2=10.)

3) Inner Edge Locations

We also need to include initial locations of inner edges for
each of the twenty-one species. The exact way in which one spaces
the inner edges is not too crucial since they quickly move a sub-
stantial amount due to earthward convection. For simplicity, we

assume that the high energy ions, low energy ions, and electrons
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Figure 26. Schematic of setup of inner edges. "Steps"
gketched for K=1 through K=T species. (Illustrated

for the high energy ion channel.,)
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start in the same location. The quantity I we use is the iono-
spheric grid index in the RCM. It is analagous to the "p" coordi-
nate in a flattened polar coordinate system. The RCM grid stystem
is discussed by Harel et al. (198la). This quantity I ~ 1 at mag-
netospheric equatorial distance ~20 R and I ~ 6 at R ~ 6 Rg.
Basically, I increases as R decreases, We approximate the curve

in Figure 26 by

-(I-1)/1
e

0 which is I =1 - 10 1nf (1I1.C.3-1)

I0 is found by use of equation (II.C.3-1) with £ and I for

R~ 6 Rg, which is the innermost initial inner edge locatiom.

4) General Comments on Inputs to the RCM

As discussed above, initial energy channels, population level
channels, and inner edge locations are needed as inputs to the
RCM, so that the initial plasma distribution is given. These are
varied as appropriate for the desired computer experiment.

Other inputs needed for the modified RCM are the polar bound-
ary potential distribution, the conductivity model, and magnetic
field model. The conductivity model and magnetic field model are
discussed in the next chapter. The model for the potential is
similar to that given in Appendix 2 of Harel et al. (198la) except
that there is more potential concentrated in the channel-like sec-
tion of the tail (and the throat region [see Harel et al., 198la]

is slightly smaller). Before, 20 kV was distributed between dawn
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(MLT ~ 6) and dusk (MLT ~ 18) to represent the quiet time cross-
tail potential drop. Except where indicated, for the runs in this
dissertation, the 20 kV potential drop is now distributed between
Magnetic Local Times of ~ 21 and 3. This 1is consistent with
greater flows (and lower plasma density) in the channel-like por-
tion of the tail (see, e.g., Hones et al., 1981), since this
assumes greater electric field in the limited local time sector.
The chosen polar boundary potential distribution is discussed

further in the next chapter.



III. COMPUTER SIMULATION

A, Specific Inputs

In section II.C, the general method to be used in the compu-
ter "experiments"” was discussed. In the present section, we dis-
cuss the choice of specific population levels, and inner edge
locations. Also discussed are the conductivity model and polar
boundary potential distribution.

For the population levels, we have ny ... = 9.33 x 1019
(weber)”! from equation (II.C.2-1), with B, = 149 v, and fds/B =
2.34 x 1014 m3/weber from a magnetic field model discussed by
Voigt (1981). We also have npgp = 1.23 x 1021 (weber)”! from
equation (II.C.2-2) with By, = 12.6 vy and fds/B = 1.04 x 1016
m3/weber. (Values for the magnetic field and flux tube volume
from one form of the Voigt model are shown by Erickson and Wolf

[1980]).) From the discussion in section II.C.2, we obtain

= 1,68 x 1019 (weber)™!

Ny

ng = 3.06 x 1019 (weber)~!
ng = 3.06 x 1019 (weber)™!
n, = 3.06 x 1019 (weber)~!

n, = 3.76 x 1019 (weber)~!
= 3,76 x 1019 (weber)™!

n. = 3.76 x 1019 (weber)~!

81
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(We chose X = 0.08, ¥ = 0.41, Z = 0.51.) Note that we have ~17%
of the particles in the outermost step, and ~51% of the particles

in the outermost three steps.
We get the initial inner edge locations from equation

(I1.C.3-1) as:

I(1) = 1.0 (R, ~ 19 Rg)
1(2) = 1.4 (R, = 17 Rp)
1(3) = 1.9 (R, = 14 Rp)
I(4) = 2.5 (R, = 12 Rp)
I(5) = 3.1 (R, = 10 Rg)
1(6) = 4.1 (R, = 8 Rg)

I(7) = 6.3 (R, = 6 Rp)

Next, we need to discuss the conductivity and polar boundary
potential distribution. The conductivity model is the same as the
one previously used in the RCM and described in Harel et al.
(198la). It is briefly described below. The conductivity model
includes the effects of photoionization by sunlight, as well as
the effects of auroral electron precipitation. The sunlight
effect is described by Harel et al. (198la, p. 2234). Equations
(9) and (10) of Harel et al. (198la) were used in the RCM to infer
auroral conductivity enhancements from electron fluxes and average
energies measured by the S$3-2 satellite. The total conductivity
was obtained by summing the contributions from auroral enhance-

ment, photoionization, and base-level night side values, according
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to equations (A.20) and (A.21) of Harel et al. (198la).
The boundary potential is similar to the one previously used
in the RCM and described by Harel et al. (1981b). The boundary

potential (Vy) used here is as follows:

Vb = - V0 sin 2¢ Near Noonm, 10 ¢ MLT 14

v, = -V, Dusk, 15 ¢ MLT ¢ 19

vy = - V0 sin (Y - 2A9) Night time sector, 20 { MLT £ 22
Vb = - V0 sin (¥ - 3A¢)/2 Near midnight (dusk), MLT ~ 23
Vb =0 Midnight, MLT ~ 24

v, = - V0 sin (y + 3A9)/2 Near midnight (dawn), MLT ~ 1

vy = - V0 sin (V + 2A9) Night sector (dawn), 2 { MLT £ 4
Vy =+ Y, Dawn, 5 § MLT < 9

where { is measured eastward from noon, Ay = (2n/28) and V0 is a
constant which is estimated by using data concerning the cross-—

tail potential drop. (Specifically, V_ is half the potential drop

0

across the polar boundary.) In the simulation, V0 starts at 10 kV
and remains at this value until an hour before substorm onset,
but then gradually increases to 28 kV just before onset (growth
phase). In the hour after onset, the boundary potential continues
to increase gradually until V0 reaches 40 kV, The quantity V0
remains at this value throughout the rest of the simulation
(expansion and recovery stages).

Next, we discuss the possible time dependence for variable

flux tube content.
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B. When is Variable Flux-Tube Content Important?

One important point which has not yet been addressed is the
following: should n be taken as variable at the back boundary (in
the RCM) only when the substorm expansion phase 1s being modeled,
or is it varilable all the time? Otservations indicate that
region-1 FAC flows substantially equatorward of the electric field
reversal both during substorms and in quiet times for dawn-dusk
passes or night-time-sector observations (Heelis et al., 1980;
Smiddy et al., 1980; Doyle et al., 1981; Shuman et al., 1981).
Statistical studies (e.g., Mozer et al., 1980) normally include
both quiet and active times. The best way to model this effect
would be to monitor the relative positions of region-1 FAC and
electric field reversal during the course of a specific substorm.
Observations of the relative positions of region-1 FAC and elec-
tric field reversal during the course of one substorm would be
difficult to monitor. The clearest signatures of FAC and electric
field reversal patterns are available for periods during which
there is a strong southward IMF. This is because the clearest
region-l/region-2 Birkeland currents are observed during periods
when IMF B, { O and convection 1is strong. When there is a
strongly northward IMF, complex Birkeland current patterns are
observed (Smiddy et al., 1980). The plausibility arguments pre-
sented 1n section II.A. seem to imply that the depleted channel
will exist most of the time, since it provides a stable configu-

ration for the magnetosphere.
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There have been no statistical studies of observations to
determine whether this phenomenon of region-1 current generated on
sunward convecting flux tubes occurs to a greater extent during
the substorm expansion phase. (See the discussion in section
V.B.) Therefore, the RCM was run for several different cases.
Run 1 considers variable n at the boundary all the time and runs
2, 3, and 4 consider an even greater variation in n at the bound-
ary after onset of the expansive phase.

Variation in n at the back boundary is simulated by "holding
back" appropriate species of particles. For run 1, we hold back
17% of the particles. The flux tube content in the center of the
tail is then ~83% of the conteut in the flanks. 1In run 1, this
same "holding back” procedure is used all the time, and particles
are held back by pinning the outermost species for each energy
channel (K = 1, 8, 15) at the back boundary (I = 1, R = 20 RE) for
a night time sector of MLT = 22 to MLT = 2. In rums 2 to 4, for
an hour after onset, we hold back the K = 1, 2, 3, 8, 9, 10, 15,
16, 17 species, so that 51% of the particles are held back. For K
= 1, 8, 15, these particles are held back in the night time sector
of MLT » 20 to 4. For K = 2, 9, 16, they are held back in the
sector from MLT = 21 to 3. For K = 3, 10, 17, these particles are
held back in the sector of MLT = 22 to 2. Before onset, runs 2 to
4 and run 1 are the same. In runs 2 to 4, after onset, we use the
more complicated "hold back" procedure for an hour, but then use

the original run 1 hold-back procedure for the last 2 hours.
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Cc. Self Consistency of the Magnetic Field

It should be remarked that no completely self-consistent mag-
netospheric magnetic field model presently exists for a realistic
three-dimensional situation. The aim of the following set of com-
puter “experiments"” was to assess the sensitivity of the results
to the specific magnetic field models chosen.

During the expansive phase of the substorm, the magnetotail
is known to become more dipolar in a Sector near midnight (section
I.A.3). To model this ghenomenon, at the onset of the substorm
(for runs 3 and 4), some experiments were performed with the mag-
netic field. Figures 27a and 27b show magnetic field models
corresponding to "nominal"” plasma population and "depleted” plasma
population, respectively. These magnetic field models and dis-
plays are from Voigt (private communication, 1982). In rumns 1 and
2, the nominal magnetic field was used throughout. 1In order to
make the magnetic field model consistent with the channel configu-
ration (i.e., "holding back” procedure), a hybrid magnetic field
model was interpolated between the nominal and depleted models for
runs 3 and 4. From MLT ~ 4:00 past noon to 20:00, the hybrid and
nominal models are the same. For MLT ~ 20:00 and MLT ~ 4:00, the
hybrid model is 80% of the nominal model and 20% of the depleted
model. For MLT ~ 21:00 and MLT ~ 3:00, the hybrid model is 507% of
the nominal model and 50% of the depleted model. For MLT ~ 22:00
and MLT ~ 2:00, the hybrid model is 20% of the nominal model and

80% of the depleted model. For MLT between 22:00 past midnight to
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Nominal magnetic field model used for runs 1
and 2, Tick marks are at 1, 3, 5 B‘E’ etc. The

field lines start at 66° latitude and there are
2" of difference in latitude for subsequent field
lines, The sun is to the left in this noon-
midnight meridian cross section., From Voigt
(personal communication, 1982). See Table 1,



Figure 27(b).

Depleted magnetic field model used fof.part of
runs 3 and 4., See Figure 27(a) for format

of figure. From Voigt (personal communication,
1982).
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2:00, the hybrid and depleted models are the same. The interpola-
tion was set up so that it would roughly coincide with the simula-
tion of the channel region (i.e., "hold back” procedure) discussed
in the previous section.

Three runs were performed for the period 1000 to 1300 UT, the
three hours after substorm onset, in the situation where addi-
tional plasma was held back for the first hour after onset (see
section III.B and Table 1). The first time (run 2), the nominal
field was used. The second time (run 3), the hybrid magnetic
field was used. The third time (run 4), the hybrid magnetic field
was used for the first hour after onset, and the nominal field was
used for the last two hours of the event. The basic results
concerning the generation of region-1 Birkeland current are
unaffected by the differences in the magnetic field models. (See

the next section on results.)

D. Results

1) Overview

This subsection presents a general survey of the rumns per-
formed. According to the discussion in section IIL.B, four major
runs were completed. Table 1 summarizes these runs.

In order to allow the system to come to equilibrium before
the beginning of the growth phase (0900 UT), the simulation is
started at 0500 UT. That is, the time development of the model

from 0500 UT to 0900 UT represents the model coming to equili-
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TABLE 1. Computer Simulation Runs

Computer Run Percentage of plasma Magnetic Field Model
held back
1 177 throughout Nominal throughout.

(Runs 1 to 4 are the same
until 10:00 + €, onset).

2 51% from 10:00 + ¢ Nominal throughout.
to 11:00 UT;
17% from 11:00:30
to 13:00 UT.

3 Same as run 2. Hybrid (takes
depleted channel into
account) for 10:00 + ¢

to 13:00 UT.

4 Same as run 2. Hybrid for 10:00 + ¢
to 11:00 UT;

Nominal for 11:00:30
to 13:00 UT.
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brium, not the actual time variations of the magnetosphere in that
period.

The next subsections show inner edge locations through the
event along with equipotential plots, and Birkeland current plots.
Birkeland current is displayed in three ways. First, a detailed
display for a constant MLT, showing the latitudinal dependence of
Birkeland current is presented. Second, global plots which can be
compared to Iijima and Potemra plots are presented. Last, the

local time dependence of Birkeland current strength is presented.

2) Inner Edge Locations through the Event

Figure 28 shows the initial assumed inner edge locations.
The high energy ions, low energy ions and electrons were all
assumed to start at the same locations for simplicity. Each of
the seven different curves refers to a different population level
for the same energy invariant. Note that the outer boundary is
almost out to 20 Rg, which approximately doubles the distance of
the tailward boundary previously used by the Rice Convection Model
(see Harel et al., 198la).

Figures 29a,b, 30, and 3la,b display the inner edge locations
at 080G UT, three hours after the start of the computer simula-
tion. Inner edges that started at L > 10 all drifted sunward from
their original locations. The solid curve at ~15 Ry at dawn and
dusk is the boundary of the calculation.

Figure 29a displays the high energy ions (A = 14088), corres-

ponding to an energy of 32.7 keV at ~10 Rg. As in Figure 28, each
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Figure 28,

Initial plasma inner edge locations, in the
equatorial plane., (The sun is to the left).
UT = 5:00 K =1 (or 8, or 15) is the
outermost inner edge. X = 7 (or 14, or 21)
is the innermost inner edge.
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Figure 29(a).

Location of inner edges computed three hours
after the initial starting condition for the
high energy icns., UT = 8:00, K = 1 is the
outermost inner edge, K = T is the inner-
nost inner edge,



Figure 29(b).

Location of inner edge computed three hours
after the initial gtarting condition for
high energy ion species K = 4. Inner edge
shows tongue formation. UT = 8:00.
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Figure 30.
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Location of inner edges computed three hours
after the initial starting condition for the
low energy ions. UT = 8:00. K = 8 is the
outermost inner edge, K = 14 is the imnner—
most inner edgeo



Figure 31(a).

Location of inner edges computed three hours
after the initial starting condition for the
electrons, UT = 8:00. K = 15 is the outer—
most inner edge. K = 21 is the innermost
inner edge.



Figure 31(b).

Location of inner edge computed three hours after
the initial starting condition for electirom

gspecies K = 19, Inner edge shows tongue formation.
U7 - 8:00.



98
of the seven different curves in Figure 29a refers to different
population level "inner edges.” In Figure 29a, the outermost
inner edge (which 1is held at the boundary from MLT = 22 to 2)
displays a "skewing” due to westward gradient and curvature drift.

Figure 30 displays the low emergy ioms (A = 3177) correspond-
ing to an energy of 7.4 keV at ~10 Rgz. The outermost "inner edge”
does not come as close to the Earth near dawn as it did for the
high energy ion channel, since the gradient and curvature drift
are smaller as a result of the reduced emergy invariant.

In Figure 3la, the inner edges for the electrons () = 1727),
corresponding to an energy of 4.0 keV at ~10 Ry, are shown. For
electrons, the gradient and curvature drifts are eastward. Since
the energy invariant is relatively small, this effect is not
dramatic, as it is in Figure 29a.

In Figures 29b and 31b, note the formation of inner edge
forms resembling “tongues.” The tongues of plasma or plasma
"tails"” persist throughout the simulated event. In Figure 31lb,
this tongue is just beginning to form. For electrons, there is a
tongue of eastward-drifting particles (since gradient-curvature
drift is eastward for electrons). In Figure 29b, this tongue is
also just beginning to form. This is a westward—-drifting tongue
of particles (since for ioms, gradient/curvature drift is to the
west). Generally, inner edge forms are more complicated and form
fastest for the high energy ions.

Note the formation of a clear "inner edge"” at ~10 Rg in

Figures 29a, 30, and 3la. The innermost, lowest-flux-tube-content
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species (K = 6, 7 in Figure 29a, for example) remain separate, and
represent rings of trapped ring-current plasma. The species
representing higher flux tube content that are not held back (K =
2, 3, 4, 5 in Figure 29a, for example) approach each other and
pile up at a well defined "inner edge"” at R ~ 10 Rp, with a sub-
stantial density jump. The formation of well-defined inner edges
has already been seen (Harel et al, 198la; Wolf et al., 1982).
For a certain species, the quantity Aknk is uniform anti-earthward
of an inner edge, and is equal to zero earthward of an inner edge.
It is reasonable that the higher energy, higher flux tube content
particles tend to stay farther out than the lower energy, lower
flux tube content particles. The held back species (K = 1 in
Figure 29a, for example) remains at the modeling boundary in order
to enforce a gradient in flux—tube content at the tailward bound-
ary of the calculation.

Figures 32a,b,c display the inner edge locations at 1100 UT
(10 minutes after the peak of the substorm) for run 1. Comparing
this to Figures 29a, 30, and 3la, it can be seen that as time pro-
gresses, plasma sheet particles are injected close to the Earth.
The inner edges continue to move sunward with time. The inner
edges of the high and low energy ions drift around to the dusk
flank. The inner edges of the electrons drift around to dawn.
Thus, plasma sheet particles are being injected sunward and around
the flanks to form a partial ring current at = 6 to 8 Rg.

Along with inner edge plots, it is useful to also look at

effective potential plots. We plot these since they show instan-—



Figlu‘e 32(3)0

Location of inner edges computed ten minutes
after the peak of the substorm for the high
energy ions (run 1), UT = 11:00, K= 1 is
the outermost inner edges XK = T is the
innermost inner edge.
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Figure 32(b)e.

Location of inner edges computed ten minutes
after the peak of the substorm for low energy
ions (run 1) UT = 11200, K = 8 is the
outermost inner edge. X = 14 is the innermost
inner edge.



Figure 32(¢) Location of inner edges computed ten minutes
after the peak of the substorm for the electrons
(run 1) UT = 11:00. K = 15 is the outermost

inner edge.

K = 21 is the innermost inner
edge.
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taneous trajectories. That is, we plot contours which result from
a combination of corotation, gradient, and curvature drift, and
the potential directly found from solution of the differential

equations (i.e., V. . + (A/q) (fds/B)~2/3 + V).

c

All four of the runs previously mentioned are the same until
substorm onset. In Figures 33a,b,c effective potential plots are
shown for the three energy species for UT = 1050 (which is near
the peak of the substorm) for run 1. Figure 33d shows potential
contours, without corotation or gradient and curvature drift
effects for UT = 1050 for run l. Figures such as these (Figures
33a,b,c) showing effective potential contours are to be understood
as a competition of the terms mentioned above. For example, the
ion potential contours are more spread out near dawn, and closer
together near dusk. This is a result of the competition between
eastward convection and westward drift 2t dawn. At dusk, there is
westward convection and westward drift. For electrons, the poten-
tial contours are more spread out near dusk, and closer together
near dawn. This is a result of the competition between westward
convection and eastward corotation at dusk. At dawn, there is
eastward convection and eastward corotation.

The potential pattern (Figure 33d) at UT = 1050 shows some
electric field shielding equatorward of the inmner edges, which are
at ~10 Rz, This phenomenon and the general potential shape has

been seen before in previous runs of the RCM {(see, for example,

Harel et al., 1981a).
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o 14088 IONS; K= 1

Figure 33(a).

Effective potential contours (with corotation)
in the equatorial plane at 10:50 UT for the
high energy ions for run 1. Equipotentials
are 8 kV apart.
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3177 1IONS; K= 8

Figure 33(b). Effective potential contours (with corotation)
in the equatorial plane at 10:50 UT for the
low energy ions for run 1. Eguipotentials
are 4 kV apart. )
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-1727 ELECTRONS; K= 1S

Figure 33(c). Effective potential contours (with corotation)
in the equatorial plane at 10:50 UT for the
electrons for run 1, Equipotentials are 4 kV
a.pa.rt o
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Figure 33(d). Potential contours (without corotation) in the
equatorial plane at 10:50 UT for run 1.
Equipotentials are 8 kv apart.




108

Figures 34a,b,c,d present potential contours for rums 1, 2,

3, and 4, respectively, for the high energy ions for 1300 UT,
which is during partial recovery. Note that the different mag-
netic fields in runs 2 and 3 (Figures 34b and c) result in little
difference in potential contour plots. Figure 344 (run 4) was a
run with the hybrid field for an hour, and then back to the nomi-
nal field. The potential pattern for this run (4) 1is very similar
to runs 2 and 3. Furthermore, Figures 34 a and b (runs 1 and 2)
are also very similar. That is, potential contours look roughly
alike, regardless of the additional 34% of plasma held back from
1000 + € UT to 1100 UT for run 2. Figures 34e,f,z,h show poten—
tial contours, without corotation or gradient and curvature drift
effects for UT = 1300, for rums, 1, 2, 3, and 4, respectively.
The differences among the various runs seem to have had no appre-
ciable effect on the electric field pattern. By 1300, the near-

Earth shielding is apparent.

3) Comparison of Theoretical Birkeland Currents with Previous

Results
Figures 35 to 37 show comparisons of theoretically computed
transverse magnetic field variations with those observed by the
satellite S3-2 in the auroral zone during the substorm of Septem-
ber 19, 1976. Birkeland current densities computed from the model

are shown in Figures 36 and 37, averaged over latitude bins ~0.4°
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Figure 34(a). Effective potential contours (with corotation)
in the equatorial plane at 13:00 UT for high
energy ions for run 1. Equipotentials are
8 kV a.pa.rt.
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Figure 34(b)o

Effective potemtial contours (with corotation)
in the equatorial plane at 13:00 UT for high
energy ions for run 2, Equipotentials are

8 kV apart,
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Figure 34(c). Effective potential contours (with corotation)
in the equatorial plane at 13:00 UT for high

energy ions for run 3. Equipotentials are
8 kV apart.
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Figure 34(d). Effective potential contours (with corotation)
in the equatorial plane at 13:00 UT for high
energy ions for run 4. Equipotentials are
8 kV apart.




113

15

o]
@
!,

24

1g
=

Figure 34(e). Potential contours (without corotation) in the
equatorial plane at 13:00 UT for run 1.
Equipotentials are 8 kV apart,
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Figure 34(f), Potential contours (without corotation) in the
equatorial plane at 13:00 UT for run 2.
Equipotentials are 8 kV apart.
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Figure 34(g). Potential contours (without corotation) in the
equatorial plane at 13:00 UT for run 3.
Equipotential s are 8 kV apart.
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Figure 34(h). Potential contours (without corotation) in the
equatorial plane at 13:00 for run 4.
Equipotentials are 8 kV apart.




Fl@ure 35c

Data from various auroral crossings of the S3~2
satellite for magnetic field variations. The
gscales at the bottom show degrees invariant
latitude from the boundary; satellite invariant
latitude and maguetic local time; Greenwich
Mean Time in hours, minutes, seconds and also
in seconds.
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Figure 35(a). Dawnside auroral crossing of S3-2 satellite orbit
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auroral crossing of orbit 4079A (Southern hemisphere).
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hemigphere) UT~ 1130,



Figure 36.
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Comparison of present and previous models for the
same passes shown in Figure 35. Magnetic field
variations are shown in the top panel. The bottom
panel shows computed Birkeland currents for both
models. Both theoretical curves are for UT and MLT
listed for each individual figure. (a). UT = 10-¢,
MLT~4.8. (b). UT = 1010, MLT=19.2. (Present
model used was run 1.) (c)e UT = 1040, MLT<=1T7.5.
(Present model used was run 1). (d). UT = 1100,
MLT=9.2. (Present model used was run 2).

(e)s UT = 1130, MLTx6.5. (Present model used
was run 2,)
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wide. ©Each display in Figures 36 and 37 also shows results from
the previous Rice computer simulation of this event (Harel et al.,
1981a,hb). Only the "nominal™ run from the previous results
(referred to as "run 1" in Harel et al., 198la,b) is considered
here.

Several comments are necessary at this point:
1) The equation for finding magnetic field variations is

given by
— A [} ) -
AB¢(A) = + uOR.E on jup(A ) dA (I1I.D.3-1)

(Harel et al., 1981b) with ABcb equal to the eastward magnetic

variation, equal to Birkeland current density, A equal to

Jup
invariant latitude, and AO equal to the limit (in invariant lati-
tude) of the calculation.

2) There was an approximate 1-6° difference between model
boundary invariant latitude and the observed equatorward edge of
region-1 currents for previous modeling of this event (Harel et
al., 1981b). In the previous model, no region—-l currents were
generated. Before, these two latitudes were taken to coincide by
plotting "“degrees from poleward boundary of calculation,” where
the observed boundary was used. In this present model, the theo-
retically computed values have been plotted in the same manmner,
although now there is some ambiguity as to how to mesh the highest
latitude boundaries since the amount of region-1 Birkeland current

included in the model varies with time throughout the event.
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3) The conductivity model was an algorithm based on satellite
$3-2 data, but it is known to be too large by as much as a factor
of two in various locations (Harel et al., 1981b).

4) Based on comments 2) and 3) it is not expected that there
should be detailed agreement between observations and model calcu-
lations. In Figures 35 to 37, the most important aspect to note
is the comparison between previous and present model calculationms.

Figures 35a,b,c,d,e show the observed magnetic field varia-
tions for various times throughout the substorm. Figures 36a,b,c,
d,e show AB's and Birkeland currents for the same universal times
through the event as shown in Figures 35a,b,c,d,e, for previous
and present models. Note that the general shape of AB has
improved. In the previous models, AB had a tendency to have a
greater slope than data would indicate. The previous models are
all flat-topped with an almost vertical, very quick drop-off.
Thus, the latitudinal extent of Birkeland current previously pre-
dicted had a tendency to be too small.

There is a big improvement in the present theoretical curves
since region—-2 Birkeland currents are now more evenly spread out
in latitude. This is probably mostly due to the fact that the
energy of the highest energy ion channel has been almost doubled
(A = 8650 to 14088). The innermost inner edges of the more ener-—
getic ions have greater (westward) gradient and curvature drift,
and thus connect to relatively large region-2 Birkeland currents
further out in the tail. Thus, the region—-2 currents are more

evently spread out in latitude. This is a major improvement in
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the model. Note that in these figures, the lowest latitude
region-2 Birkeland current is also now better modeled. It con-
nects mostly to rclosed rings of high and low energy ions. In the
previous models, there was only one K species for each ion energy.
There was no representation of trapped radiation (pre-existing
quiet time ring current). The present model includes a pre-
existing trapped ring current, and this substantially affects and
improves the Birkeland current distribution. Figures 36c,d,e
show, respectively, computed AB's and Birkeland currents for:
1040 UT, ten minutes before the peak of the substorm; 1100 UT, ten
minutes after the peak of the substorm; and 1130 UT, at a time of
very early recovery. The absence of appreciable region-1 Birke-
land currents (due to the holding back) is because the local times
of the passes are in the day sector. The generated Birkeland cur-
rents in this model are in the night sector (see section III.D.5).

Figures 37a,b,c show AB's and Birkeland currents for 1010 UT
(ten minutes after onset) for runs 1, 2, and 3, respectively.
They display the differences between three different runs for the
present model. In comparing Figures 37a (run 1) and b and ¢ (runs
2 and 3), it can be seen that the significant difference here can
be discussed with analogy to the major difference between the pre-
sent run 1 and previous runs. As more particles are held back
(three times more held back in runs 2 and 3 than in run 1), the
latitudinal spreading out in Birkeland current increases also.
Note that in Figure 37a, there is a flat-top and then a vertical

drop off in AB in the previous run. In the present run 1, there
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is a flat-top, then a vertical drop-off, then another flat-top.
In runs 2 and 3, there is no dramatic vertical drop off as in rum
1. Recalling that run 1 was the one where there was 177 hold back
of the particles and comparing this to runs 2 and 3, where there
was 51% hold back of particles, we see that the additional par-
ticles that are held back contribute to higher latitude region-l
and region-2 Birkeland current now instead of lower latitude
region-2 current. The difference between runs 2 and 3 was the
magnetic field as previously discussed (see section IIIL.B).
General results concerning Birkeland currents are insensitive to
whether the nominal or hybrid magnetic field model is used.

The next section discusses the globél pattern of Birkeland
currents. After this, there 1s a discussion of region-l currents
in the modeling region for other local times than those discussed

here (see section III.D.5).

4) Birkeland Currents — Global Pattern

The next set of figures (Figures 38 to 4l) are global plots
of Birkeland currents. Figure 38 presents observational summaries
by Iijima and Potemra (1978) both for weakly disturbed conditions
and for active periods. These are to be compared with Figures 39
to 41 which are global plots of theoretical Birkeland currents
throughout the event. These figures are views of the ionospheric
auroral zone area. In these figures, a 2° offset from midnight of
the model coordinate system can be seen (Harel et al., 198l1a).

The outermost circle is at 60°, and the inner cross is at the geo-
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"R1 poleward" currents of strengths greater than
1 u8/n2 are shown,
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magnetic north or south pole.

It must be remembered that this model can generate some of
the region-1 Birkeland currents, specifically those region-l cur-—
rents connecting to sunward convecting, closed flux tubes in the
modeled region. There are still some higher latitude region-1
Birkeland currents, which are represented by a latitudinal thick-
ness of ~3.3° in latitude poleward of the high latitude boundary
of the model in these figures. The region-l Birkeland currents
just poleward of the boundary of the calculation are estimated by
the assumption that horizontal currents flowing into or out of the
poleward boundary are completed only by Birkeland currents (Harel
et al., 198lb). In Karty (198l), a more elaborate calculation was
considered for region—-l currents poleward of the high latitude
boundary for the previous model of this event. The simple assump-—
tion that horizontal currents which flow into or out of the pole-
ward boundary are completed only by region—-l Birkeland currents
provides a reasonable first approximation to the model of Karty
(1981).

Figure 39 presents the global Birkeland current pattern for
10 -~ ¢ UT, which is at a time just before ouset. (This is an
hour after the cross—tail potential drop starts to increase for
the modeled event.) There is little generation of region-1 Birke-
land current in the modeled region. The majority of the region-l
current shown 1is from the additional band, attached to an area
just poleward of the high latitude model boundary. Note the simi-

larity between Figure 39 and the observed quiet time pattern in
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Figure 38.

Figure 40 shows the global pattern for run 2 at 1040 UT,
which is ten minutes before the peak of the substorm. By this
time, there is a rtelatively large amount of generated region-1l
current in the modeled region. This is the current directed
upward (out of the ionosphere) from ~18:00 MLT to about an hour
before midnight and directed downward (into the ionosphere) in the
dawn-midnight sector. Note the similarity between Figure 40 and
the observed pattern (in Figure 38) during active periods. There
is an interesting asymmetry in the pattern in Figure 40. On the
dusk side, there is a long "tongue" with relatively small current
density and on the dawn side, there is a patch of relatively
strong region-1 current at about 3:00 MLT, with small current den-
sities at ~6 MLT. To understand this, the shape and location of
the inner edges must be noted. The majority of the region-l
Birkeland currents in the modeling region connect to held back
species. The high energy ions have large westward gradient and
curvature drift, so that each inner edge that is held back has a
dawn-dusk asymmetry such that the inner edge comes much closer to
the Earth on the dawn side. (See this behavior in Figure 29a for
the K = 1 species.) That is, there is more of a "kink” in the
inner edge on the dawn side (in the dawn-midnight quadrant) rather
than the dusk side. Thus, for times in the first hour after
onset, there are large Birkeland currents connecting to the "kink"
with the sense of region-1 Birkeland current (directed into the

ionosphere on the dawn side). On the dusk side, for the high and
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low energy ions, there are no dramatic bends in the inner edges,
(except at ~1000 + € when for runs 2 to 4, additional hold back
starts), so that the connecting region—1 sense Birkeland current
(directed upward from the ionosphere on the dusk side) is rela-
tively weak, but spread out in local time. The region—-l Birkeland
current on the dusk side extends further than the "held-back-par-
ticles" region, which ends at MLT = 20:00 for run 2. The held
back species, even in the region which is not held back, contri-
butes to an area of region—l current which is ~2 hours long in
MLT. (The region-1 Birkeland currents in the modeled region
generally connect to held back species.)

Figure 41 shows the situation for run 2 at 11:30 UT, in a
period of very early reccvery (~1 1/2 hours after the onset). The
pattern is similar to the situation at 10:40 (Figure 40).

The next section discusses Birkeland current strength and the

local time dependence of Birkeland current.

5) Magnitude of Region—l Birkeland Current Generated in RCM

Region
Figure 36, which compared Birkeland current computed in the
new models with the old model values, showed little region-l
current within our modeling region. In Figures 36a,b, this is
because UT = 10 - e and 1010, respectively, which are both more
than thirty minutes from the peak of the substorm. In Figures

36c,d,e, this is because the passes were in the day sector.
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Figure 42 shows a plot of Birkeland current versus local time
for UT = 10:40 for run 2. Note especially the curve labeled "'Rl’
in RCM region.” The points around midnight (dashed part of curve)
are not generated from the new mechanism discussed in this thesis,
but probably result from the confusion around midnight as to what
is region-1 and what is region-2. (It is not unusual for experi-
mental plots of Birkeland current in the form of Figure 42 to
exclude a small local time region around midnight.) The curve
labeled "'R1' poleward of RCM boundary” was calculated by the
estimate that horizontal currents flowing into or out of the pole-
ward boundary are completed solely by Birkeland currents (see dis-
cussion in the previous section). It appears from Figure 42 that
on the dusk side, the maximum region-l current strength generated
by “"holding back particies" is about 25% of region—2 current,
while on the dawn side, the maximum region-l current strength is
about 50% of region-2 current. Although the current strength is
greater on the dawn side (as is expected by inner edge location,
discussed in the previous section), the currents are more spread
out in local time on the dusk side. It is probable that the
region-1 current in the RCM region could be increased by using a
more realistic conductivity model and smaller grid size.
Conductivity tends to be greatest in regions of upward Birke-
land current. This is especially true in the dusk portion of
region-1 current connecting to sunward convecting flux tubes,
as can be seen, for example, in the observations shown in Figure

9. For these reasons, the hour from 10:00 + ¢ to 11:00 was rerun
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using all the inputs as in run 2, but with a more realistic con-
ductivity (discussed below) and a polar boundary potential distri-
bution previously used in Harel et al. (198la) (see section
I1.C.4).

Figures 43a and b show the conductivity model used as input
for runs 1 to 4, for UT = 10:40. This conductivity model is dis-
cussed in section III.A. In order to provide a more realistic
conductivity model for the high latitudes associated with region-l
current, the conductivity model previously used in Karty et al.
(1982) (e.g., Figure 2c) was used here. From ~70° and equatorward
the previous model was used. Poleward conductivities were found
by integration of satellite data over a distance defined by elec-
tron flux enhancement, and then fitting the data to a trigonome-
tric function of local time. Conductivities in this higher lati-
tude region are dominated by auroral enhancement. Actual measure-
ments are at dawn and dusk. At all other local times, conductiv-—
ity was obtained by extrapolation. The lower latitude and higher
latitude conductivity models were then meshed together to provide
a somewhat smoothed model. TFigures 44a and b show the modified
conductivity model. Note the region—1 dusk conductivity enhance-
ment.

Figure 45a shows the global pattern of Birkeland currents at
UT = 10:40 for run 2, but with the modified conductivities of
Figure 44, and the previous boundary potential model. This should
be compared with Figure 40. Note the increase in extent and

strength of region-l current in regions centered around ~21:00 MLT
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and ~3:00 MLT,

Figure 45b shows region-1 Birkeland current versus local time
calculated from the RCM for the came conditions as Figure 45a.
This should be compared to Figure 42. Note that the region-l cur-
rents computed by the RCM have approximately doubled in both the
dawn and dusk regions.

The next section further discusses the dawn—-dusk asymmetry in

current strengths apparent in Figures 42 and 45b.

6) General Comments

This model has only considered the amount of current gener-
ated from R ~ 20 Rg earthward. The RCM cannot reliably be
extended past ~20 Rg since the assumptions of steady convection
and "slow-flow" do not hold much further out than ~20 Rg. Using
equation (II.A.2-5), we can estimate the current which should be
generated in the region of ~20 Ry to 50 Rp. Approximate values
for flux tube volumes which are needed for this estimate are pro-
vided by Erickson and Wolf (1980). We consider the amount of cur-
rent generated by the held back species of high and low energy
ions and electrons in the equatorial plane from ~20 Rg to 50 Rg.
Doing this, we get J,; = 356 kAmps. The maximum amount of region-
1 current generated inside the modeling region (see Figure 45b)
is ~(100 kA/grid point) x 4 gd pts on the dawn side and ~(50 kA/gd
pt) x 5 gd pts on the dusk side. Assuming the same amount of cur-
rent is outside the modeling region on the dawn and dusk sides, we

get that ~47% of the current is outside the modeling region on the
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dawn side and ~59% of the current is outside the region of the
dusk side.

Figure 11 shows that the observed average region-l current
equatorward of the polar cap boundary on the dawn side is greater
than on the dusk side. This figure thus shows less region-l cur-
rent strength (connecting to sunward convecting flux tubes) on the
dusk side than the dawn side. These S$3-3 satellite observations
show that although it is true that the phenomenon of region-1 cur-
rent connecting to regions of sunward convecting flux tubes occurs
more often on the dusk side than the dawn side, integrated current
densities are largest on the dawn side. This qualitatively agrees
with the somewhat modest dusk side current strengths seen in the
model (see Figures 42 and 45b, for example).

Furthermore, the observations of Table 2 from Iijima and
Potemra (1978) report average characteristics of large-scale
field-aligned currents. They report an average of ~2.7 MA total
region-1 current on both the dawn and dusk sides for active times.
Roughly 28% of the total region—l current is therefore estimated
here to be generated (by the mechanism discussed in thils thesis)
on the dawn side and ~22% on the dusk side. However, this value
of ~2.7 MA on each side includes an average estimate of the total
dusk side (afternoon to midnight) or total dawn side (midnight to
forenoon) region-l1 current. The mechanism discussed 1in this
thesis is most important in the local time regions of ~3:00 to
6:00 and ~18:00 to 21:00 (see Figures 42 and 45b, for instance).

Typically, data sets do not statistically look in detail at these
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regions exclusively. The greatest active time region-l cur-
rents usually occur in the day side regions of ~7:00-8:00 MLT,
and ~14:00-15:00 MLT (Iijima and Potemra, 1978).

Although the mechanism discussed here may be the main source
of region-1 current flowing on areas of sunward convecting flux
tubes in the MLT regions indicated here, it 1is possible that
another generating mechanism exists causing region-l currents to

flow on sunward convecting flux tubes in other local time regions.



IV, DISCUSSION

A. General Comments on Current Systems

In previous chapters the addition of a new current is dis-
cussed. This current connects to some of the region-l FAC, speci-
fically that portion of the region-1 FAC which is on sunward con-
vecting flux tubes. Before outlining the new view of magneto-
spheric current systems, a discussion of the "traditional” view of
magnetosphere-ionosphere current systems is presented. The first
part of the discussion in this section follows the approach of
Atkinson (1978, 1979).

There are three general categories of large-scale currents in
the Earth's magnetosphere and ionosphere which are cross magnetic
field current. There are magnetopause currents, ionospheric
Pedersen and Hall currents, and currents associated with drift
within the magnetosphere and tail. Atkinson identifies seven
types of current systems from the three general categories:

(1) The Chapman-Ferraro curreats are due to particles of

solar wind incident on the magnetopause. The currents
close on the surface of the magnetosphere.

(2) Ring current closes exclusively by particle drifts in

the magnetosphere.

(3) Divergence-free ionospheric current closes in the iono-

sphere.

(4) The partial ring current system is composed of drifting
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particles in the magnetosphere and closes by region-2
FAC connecting to ionospheric currents.

(5) The “line-tying current"” system involves some magneto-

pause current closing by FAC to the ionosphere. "Line-
tying" current connects magnetopause current to iono-
spheric current via day-side region-1 FAC on antisunward
convecting flux tubes.

(6) There exists a system of magnetopause currents which
close by particle drifts in the magnetosphere and mag-

netotail, This is called the magnetotail current sys-—

tem.

(7) The "short-circuited tail current” system involves mag-

netopause currents, drift currents, FAC, and ionospheric
currents.
The "line-tying current” in (5) and the short-circuited tail cur-
rent in (7) constitute the traditional type region—-l currents.

The observed properties of substorms imply that tail current
is diverted along magnetic field lines to the ionosphere. There
is a significant redistribution of plasma, with tail current
assumed to be due to ion drifts and FAC carried by electrons. The
behavior of the coupled ionosphere-magnetosphere system during a
substorm can be described by means of an equivalent electric cir-
cuit (Bostrdm, 1974). In this substorm current system there is a
short circuiting of cross tail current, as described below.

In the expansive phase of a substorm, the tail field lines

change from a tail-like to a dipolar configuration (see Section
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I.A.3). This a change in field topology. The usual neutral sheet
current disappears. The current which enclosed the tail lobe is
redirected; it flows along field 1lines to the ionosphere and
closes there forming the westward electrojet (Atkinson, 1979).
See Figure 46, The formation of the slot should be equivalent to
the addition of an eastward tail current. This eastward tail cur-
rent, FAC, and auroral electrojets are believed to be the current
system responsible for the expansive phase of the substorm.
Though the collapse of the tail-like field line to dipolar field
lines may start in a limited local time slot, it is probable that
this slot configuration spreads both azimuthally and radially

during the substorm.

B, Field Aligned and Connecting Currents

This section considers how the current discussed in this dis-
sertation could connect to the generally accepted magnetosphere-
ionosphere current systems.

Sonnerup (1980) studied the low-latitude plasma boundary
layer. He assumed that the high latitude (region-1) FAC were
associated with the boundary layer region, and that region—-2 FAC
were associated with the region of sunward return flow adjacent to
the boundary layer. (This is the conventional view as discussed
in Sections I.A.l1 and I1.A.2.) This boundary layer is supposed to
exist over most of the magnetopause surface, with flowing plasma

near the boundary layer assumed to be of magnetosheath origin.
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Figure 47 1is an adaptation of Sonnerup's wodel. "R2" indicates
region—-2 current. "R1-A" refers to region-l current flowing on
antisunward convecting flux tubes. "R1-S" refers to region-l cur-
rent flowing on sunward convecting flux tubes. “RO" indicates a
possible sheet of Birkeland current poleward of region—l current,
and "R3" indicates a possible sheet of Birkeland current equator-
ward of region-2 current (Doyle et al,, 1981). In the equatorial
plane, only the component of gradient and curvature current in
the dawn-dusk meridian plane is shown. This current compoment in
the §-direction is shown divided into two parts. The part desig-
nated as 10Y is a constant current, which gives Fx = jOy B, the
sunward directed force, helping to drive the return flow. The
currents designated as jy are nonconstant and close the field
aligned currents. This figure shows a possible configuration
whereby the “outer V n" current connects to the region—l current
flowing on sunward convecting flux tubes. (This "outer Ven" cur-
rent is also shown in Figure 23 of section II.B.2.)

Recent observations indicate that the convection electric
field is generated on closed field lines (Heelis et al., 1980).
These closed field lines supposedly connect in the magnetosphere
to the low latitude boundary layer. The electric field reversal
(and thus the convection reversal) does not define the boundary
between open and closed field lines. Although sunward convection
is confined to closed field lines, observations indicate that
antisunward convection may be associated with closed as well as

open field lines (Heelis et al., 1980; Doyle et al., 1981; Bythrow
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et al., 1981; Smiddy et al., 1980). Heelis et al. (1980) define
two regions of the closed field line region:

1) The Boundary Plasma Sheet (BPS) is characterized by
latitudinally structured precipitation. The gross con-
vection reversal occurs in this region.

2) The Central Plasma Sheet (CPS) is a region of relatively
uniform morphology.

In the BPS, there is a movement sunward and antisunward. Figure
48, which is a view of the equatorial plane, illustrates these two
definitions, along with proposed linkage to field aligned currents
for various regions. (This figure does not include region-1 FAC
that connects to open field lines.) In Figure 48, the region-l
currents connecting to sunward convecting plasma are of most
interest to this dissertation. In this picture, antisunward flow
in the ionosphere poleward of the reversal results from a vis-
cously driven convection pattern. According to Heelis et al.
(1980), the convection electric field is generated in the low-
latitude boundary layer by a viscous interaction between solar
wind and magnetospheric plasma. This schematic is not consistent
with a completely open magnetosphere. A hybrid magnetosphere is
implied (Bythrow et al., 1981). However, Smiddy et al. (1980)
question the closed field line boundary layer. Still, Doyle et
al. (1981) assume that the single generator for the lowest lati-
tude region-1 FAC and region-2 FAC is to be contained solely in

the closed field line portion of the magnetosphere.
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Chen et al. (1982) discuss a needed change in the traditional
view of the substorm two-current loop picture (see Figure lé6a of
Chen et al., 1982). They conclude that while the traditional
tail-current interruption loop 1is probably correct, a westward
partial ring current centered near dusk is not consistent with
observed region-2 currents. {(The traditional loop is 90° out of
phase with observations.) A loop made up of region-l FAC and
region-2 FAC and ring current is shown in Figure 16b of Chen et
al. (1981), as a correction to the dusk-centered loop. An adapted
form of the figure from Chen et al. is suggested in Figure 49
here.

It should be noted that this a figure illustrating the
notions of several endeavors mentioned in this section. It is a
supposed configuration combining the two current systems of Figure
16b of Chen et al. (1982) with the "outer Ven current” discusseal
in this dissertation. The "outer Ven current” is probably asso-
ciated with the cross-tail current interruption discussed in the

previous saction of this chapter.
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V. CONCLUSION

A. Summary

The following are conclusions that can be inferred from this
work.

l. A configuration in which small flux tubes have higher par-
ticle content than large flux tubes tends to be magnetostatically
unstable, but can exist stably in the presence of steady convec-
tiomn.

2. A magnetotail channel-like configuration would be stable
if it formed.

3. A magnetotail channel-like configuration causes region-l
currents to be generated on sunward convecting flux tubes.

4, There are apparently at 1least two different types of
region~-1 Birkeland currents, connecting to phyiscally different
regions of the magnetosphere.

5. In S3-3 satellite observations, the generation of region-1l
current on sunward convecting flux tubes is most prominent on the
dusk side, but the current strength is greatest on the dawn side.
The model also predicts greatest current strength on the dawn
side.

6. The new model presented here agrees, better than its pre-
decessors did, with the general shape of the magnetic fileld varia-
tions observed by the S3-2 satellite data. This is due to an
approximate doubling in the highest ion energy considered and to
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consideration of a trapped ring current.

7. Basic results of the model seem insensitive to the speci-
fic magnetic field model chosen.

8. Results of the model show that the generated current in
the RCM region can account for approximately all the region-l
current on the dawn side and approximately 50% of the region-l
current on the dusk side. A theoretical estimate predicts that
an additional 50% of the current generated by the mechanism dis-
cussed in this thesis exists outside of the modeling region on
the dawn side and an additional 607% exists on the dusk side. The
mecnanism discussed in this thesis contributes to current in
regions of ~18:00 LT to 21:00 LT and ~3:00 LT to 6:00 LT. In
other local time regions, it is possible that yet another mech-
anism exists that causes some region-1 current to flow on sunward

convecting flux tubes.

B. New Concepts

The investigation into the nature of region—-1 current on sun-
ward flowing flux tubes has led to new concepts and new physics
learned about the magnetosphere. Traditional ideas of the magnet-
osphere may have to be modified to assimilate them with the chan—
nel-like region discussed here. The new type of region 1 current
generation discussed in the thesis could lead to a new interpre-
tation. It is possible that a substorm is the process which

allows plasma-sheet flux tubes in a limited local-time sector
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to lose some of their content, becoming depleted. After a sub-
storm expansion phase, plasma could again start to "fill" in the
depleted area by injection of ionospheric plasma into the magneto-
sphere or by convection from the tail. (This could be the recov-
ery phase.) When plasma returns, higher plasma content flux tubes
tend to stay further away from the Earth than the lower plasma
content flux tubes (as was shown in the bubble analysis). It was
shown in Chapter II that a magnetotail channel configuration would
be stable. Flows would be greatest in the middle of the tail
(Hones et al., 1981). Convected plasma might start "filling” in so
rapidly that too many high plasma content flux tubes are getting
close to the Earth causing an instability. (This "filling-in
time"” could be the growth phase.) Then, the area is "swept" by a
nonadiabatic release of plasma (Erickson and Wolf, 198Q) and a
substorm occurs. Onset of the instability could be associated with
the onset of the expansive phase. When enough plasma is released
from the channel-like region, then the magnetosphere relaxes back
to its pre-substorm configuration (i.e., recovery phase). The
different amounts of channel depletion at various times could
account for the observation that the relative location of most of
the region-1 FAC and electric field reversal vary considerably.
That is, at times of greater depletion, there may be more region-l
FAC connecting to the sunward convecting region-equatorward of the
electric field reversal. Here, the triggering mechanisms for the
expansive phase involve some instabiliﬁy relating to the amount

of plasma "allowed” in near-Earth flux tubes. The triggering
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mechanisms for a substorm are believed to start at ~5 to 20 Ry
(McCormac, 1972), but not as far out as 100 Rg. The variable flux
tube content “mechanism™ would be relevant in the appropriate

region.

C. Future Work

This thesis represents a first attempt at understanding the
generation of night time region-1 currents on sunward convecting
flux tubes. Obviously, more complicated boundary conditions
for n should be investigated. Also, on the second generation of
runs, a more complicated input conductivity pattern could be used
to answer the question: If a midnight—centered channel 1is
depleted at the onset of a substorm, what would happen if the
ionospheric conductivity in the same region was enhanced by sub-
storm—associated precipitation? (This would be the feedback sys-
tem that is discussed by Atkinson (1979).)

With access to better input data (i.e., conductivity, polar
boundary potential, plasma sheet energy spectra) and a more ela-
borate time dependent magnetic field model, this adaptation of the
RCM could be improved.

This work has demonstrated that some region—-1 Birkeland cur-
rents can flow on sunward-convecting non-boundary-layer field
lines. At some time in the future, the observed relative loca-
tions of FAC and electric field reversal should be monitored so

that the time dependence of the depleted magnetotail channel could
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be better defined and modeled.
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