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Abstract
-

1

The configuration of the earth"s magnetic. field is,

-

strongly influenced by the, effectsy of electric currents

A -
g N

generated through the solar terrestrial 1nteractlon. In this

A

" thesis, sources of the Cross- tall magnetlc f1eld component

B,, which is allgned in a direction normal' to - the

‘nodn—midnight meridian"-plane are 1nvestlgated of prlmary

1mportance is the identification of sources responsible for -
h'

observed magnetic »Slgnatures ~which Jare 1ncon51stent with

those expected f r o stat1st1cally derlved models of . the

magnetotail In situ magnetlc f1eld and energetlc part1cle

measurements collected by the I1SEE sattllrtes in the CPS,

PSBL and tail lobe‘plasma regimes were analysed. LD
S
It was first demonstrated that botk magnetic and

enerdetic ‘particle” data -are required for the unambiguous
identification of the plasma reglme being sampled. Then,
: . - v

three distinct categories: of anomalous tail B, signatures
N S ’ . : \

corresponding to }encohnters of. the neutral sheet were

outlined' Some, but not all of tHese anomalous sionatures

could be’ partially attrlbuted to ch01ce of coordinate system

in 'whlch to order the data. The dependence of ta1l ‘B, on

“;magnetospher1c act1v1ty level and on relevant 1nterplanetary

parameters was also 1investigated, as was the possible

inflﬁence of the IMF By\componentgon the‘tail’B; field. Only

I S -
minimal justffication for the - postulate of IMF B,
"penetration" into the/magnetota1l as a potential source for
tail By enhancement was obtalned |

\'4
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Finally, it (was shown'thatvlarge—scale,fielj—aligned

currents (FAC) threading the magnetotail in the region Jf

the PSBL ‘can produce magneticlﬁpérturbations capable of

’ o N\ . O - ‘
skewing - the magnetotail field '~ such ¢ that :¥ the
"earthward/énti-eérthﬂard component of the tail magnetic

field in the vicinity of the PSBL is4cancelieq, giving  the

\
]

appearance of a neutral sheet encounter. It may, therefore,
‘bé.infefted that FAC in thégmagnegotaii can be a significant

source of the cross-tail magnetic field.

i

~
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Chapter 1
Int‘roductior? . | A
Magnetospheric sics is today a quite diversified and |
progressiVe seience that has developed.primabily through
attempts at efﬁlaining‘ observabf% phenomena ssuch - as the
polar auroral displays and 1rregu1ar fluctuatlons in surface
measurements og.the geomagnetlc =214, Desplte early models
of the magnetosphere being inferred solely from ground based
magnetlo observatlons, many fundamental concepts, 1n81ud1ng
the existence’ of’.the m?gnetosphere as the result of the
interaction of a solar plasmabwith the geomagnetic field,
~were derived through such analyses. Qith' the advent of
rocket experlments in the 1940's to study upper .atmospherig
regions, .and of satelllte technology the 1950Js, }n Situ ;
measurenen;snwere made posslble' The'wealth BF 1nformation
thereby obtalned 1llustrated the ““complexity of the
terrestrial magnetosphere 'asura ‘Eystem “of fnterrelatedv
electromagnetlc fields and plasma regimes.
 Currently, data avallable for magnetospheric studies
includes magnetic field measurements, both ground—based end
in'sifu, as ‘well as partiele-measdrements whrch define thé
oharacteristics‘ot.the various pEasma regimes comprising the
magnetosphere. Any reliable magnetospheriop' model must
provide agreement lbetween_ observed signatures of both'the
magnetjic- and plasma‘ kparticle) data. Furthermore, all
)

observed 51gnatures must be exp1a1nab1e in the framework of“

such a model . Our contemporary = perception of . the

~

-
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magnetosphere, however, 1is inadequate in several respects
; 3 '- ‘ .
regarding agreement between signatures in the magnetjic and

plasma data sets corresponding to a given event in space and

.

“time? -Moreover, certain magnetic signatures have been.

detected ' which appear to be in conflict‘with expectations
baséd on existing models. It is the intent of this- work to
identify and \interpret inconsistencies of /these -‘types

1

observed in the data sets pertaining to the region of the
magﬁetosphere known as the magnetotail. -Discrepancies
related to the cross-tail component of the magnetotail.

magnetic field will be of primary concern,

c

g1.]'Histo;igal Notes on the Study.of'GeomégnetiSm

The study of magnetic phenomena began many centuries

"ago with the discovery of, the attractive and "directive

nature bf the natural magnet, lodestone. The application to’
navigation of the ability of lodestone to locate what was

believed to be geographic ~north has been aufhentically

documented as -early as thé late 1100's (Chapman and Bartels,

1940)- %A prime observation 1leading ‘to the study oflﬁhe
Earth's magnetic field was that a suspended magnet did not
always and eyérywhere point to the ex@éf geographic north
bolq snd it wés gradtially recognized thaf this divergence
was a univer;al. phenomenon whi%h came to be known in the
early to mid 1400's as magnetic declinatidn.RGilbert, one of
the earl;est researchers to quantitgtivély study the Earth's

magnetic field, recognized in 1600 that the geomagnetic
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field resembled the field of a uniformly vmagnetized sphere

of magnetite or lodestone (terrella) (Chapman and Bartels, *

\

1940). He proposed that the source of the Earth's field was

"located ‘'within - the Earthx'itself} in contrast to the

contemporary view which attributed the pagnetngdlignment of °

lodestone to an,extrqter:eStrial influence. Halley was-.also

a major influence in early geomagnetic studies, having

2.

introduced 1in 1692 the idea of an Earth core, which moves
within the solid outer «crust, in an attempt to ‘explain

secular variation, or change with time at a given location,
. L. . v 1(; .‘\:) .

S o : . . o .. ./ . R . _
of the magnetic declination (Chapman and Bartels, 1940;

Jacobs,',1963). He proposed that if such a core rotated more
slowly than the outer cruét of thé Earth,';the éeomagnétic
field would drifk steadily.wesgward. His theory came very
close to our preséntvunde;§£anding of the phenomegon.. .
‘}Irregdla;' aﬁd rapid flﬁéﬁuations éf the 'magnetic
needle, which are now known as maénetic stgrms, were first

(Chapyan and Bartels, 1940), who noted that when -the

magnettic needle became disturbed,,thé northern lights would

always be observed. This conclusion ted to further

examination of the «connection' between the .aurora and

~

magnetic'éctivity and was to form the basis of much of the
gedmaéﬁetic investigation‘ of the foliowing years. By the
nineteenth century ft'bécéme clear to resehrchers that clues
to understanding the nature of the geomagnetic figlé vere’ to

be found not only through ‘investigation of. thg Earth's

~

<

sociated with the northern 1lights in' 1747 by Hiorter

!
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interior structure but also of phenomena in the atmospheric

. \
regions.

1.2 The Magnetosphere '
In the late: 1800's and- early 1900's magnetic
observatories were being built in _order to systematically

monitor - the éeomagnetic field. By this point 1in time,

researchers studying geomagnetism had become ' interested - in.

determining the causes of magnetic storms which were

observed as irregular fluctuations in the magnitude of
. 154 . v

surface measurements of the Earth's magnetie field. Most

early theories attributed these to the action of something

propagated from the sun to the Earth (Chapman and Ferraro,

1931), and this solar agentjwas‘Subsequently,proposed to be’

‘either somé éorpus;ular emission or ulfraviolet radiation.
Birﬁslénd in 1896 put forth the 4suggeétion that eléctrons
travelling fowérd the Earth from the sun wquld be defleafed
around the Earth's dipélarrfield and guided to the polar
regions, (Birkeland, 1908, {§13). He thus proviaed the first
insigft ;;to ‘the  physical tause " of both. high latitude
maénetic disturbances and .the occurrence of the aurora in
the polar regions. Lindemann = (1919) ~concluded that the
particles streaming from the sun must bék\electricélly
neutral in ordgf té prevent charge bUild up ih the ’ﬁgrth's
atmosphere * tﬁgzhzwould prevent continuoué entry of further
ch§réed pértic*es. Chapman (1923) suggested ' that such a

plasma stream would enVeiope the EBEarth and its field

P
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completely. The  concept of a magnetic cavity as the result

of the interaction of the solar particles and. the

s

geomagnetic field became firmly established with the works

of Chapman and Ferraro (1931, 1932) which dealt with a new

theory of magnetic storms. An early yisualizgtion of this
cavity is shown in figure 1.1,

Chapmaﬁ and Ferraro considered the mag;;tic cévity
configuration as associated only with .solar flares, and
hence, they believed that the cavity which formed about'the
Eérth due to the solar éaé was a transient'iphendmenon.
Studies by Biermannv(1951, 1957) onvth; behaviour of comet
tails, which conclusively showed that comet téils'are alwéys
directed away from the sun independent of the direction of
motion of th: comet;.indicated that there must be a steady
efflux of matter radially and in all directions from ﬁhq sun
into interplanetary space. Parker (1958a, b) ardued further
that the flow of the solar Wihd, 50 nahed'because *he
'dYnamical properties of < the \outwafd flowiﬁg gas are
“hydrodynamic in character( was a continudus phenomenon which

A

extended far beyond the orbit of the Earth. Consequently, it

¢

P

fy AL

became evident that the maénetic cavijty was a permanent

feature of the Earth's environment. This maénetic cavity‘vis
today knoﬁn as the magnetosphere and attempts to determine
its steady state morphology have been the focus of ' much
study by\magnetosphefic physicists.

Figure 1.2 depicts a son-midnight Eeridian crogs

-

section of the magnetosphere as it is visualized at the
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.present time. In our current understandlng, the Earth, along
with its magnetic fleld, acts as an obstacle in the path of
the supersonic,'super—Alfvénic solar wind plasma emitted

from the sun. The Alfvén speed is given by (Chen, 1984):
v, = (B /u p)1/2 (1)

where‘ B is the total magnetic field magnitude and p is the
mass density of the plasma.-As a consequence, a standing
collisionlessv magnetohydrodynamic' shock wave, known as the
bow shock, is created about 14 Earth radii (Re) on the
sunward side of the Earth. As the solar wind crosses throngh
the bow shock its velocity ‘becomes sub-sonic ‘and
sub-Alfvénic and its tempetature and'density increase. As a
' ;esult of the density increase, and. hence an increase in
dYnamic pressure, the frontside of the Earth's field becomes
compressed. The solag plaema is deflected around the
‘geomagnetic field forming a region of thermalized plasma
known as the maénefosheath ~ The geomagnetic fieid lines are
then pulled - behind the Earth to form a roughly cylindrical
comet-like tail which extends hundreds o: Re behlnd the
Earth and which has an average diameter beteween 40 and 60
Re. This extended confiquration is called - the ‘magnetOtail
‘and it is composed of two -hemispheres; 'the ndérthern

hemlsphere con51st1ng of sunward dlrected field lines and

TN
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the southern hemisphere containing anti-sunward oriented
field. The oppositely directed magnetic fields are separated

by a region known as the'neutral sheet, where the magnetic

field is directed perpendicular to the plane of the sheet

and .the field magnitude-is a minimum.

The magnetosphere - is separ;ted from the magnetosheath
by a boundary layer knéwn as the magnetopause at which there
is a pressure balance Abetwéén the solar wind and the
magnetosphere. The location of the magﬁetopéﬁse cin .bé
determined approximately by balancing éﬁe solar wind dynahic

pressure (kinetic pressure of the solar wind particles) and,

the magneﬁic pressure of the geomagnetic field inside the

‘magnetosphere. The average location of this boundary at the

sub-solar, point is approximately 10 Re 1in front of the-
Earth; however, it may be situated anywhere between 5 and 14

Re from the Earth's surface (Olson, 1984). The size and

shape of the magnetosphere then depends directly upon the
force of the solar wind blowing .against it; that is, upon

the velocity and mass density of the solar plasma. The

‘magnetospheric configuration depends as well upon “the

magnitude and'orientation of the sun's magnetic field which
permeates interplanetary spaée /and is. known as. the
interplahetany'magnetic field (IMF). -

The plasmas found in the magnetotail are extremely
tenuous. A good laboratory vacuum may H%)e a pressure on the

8

order of 10 torr, and this is found to be roughly eight

orders of magnitude more dense than the most ‘densely

4
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populated region of the tail (Lui, 1987) . Consequently,
collisions between , barticles are very infrequent, with the
mean -free path of particles in the most dense tail plasma

13 km, Qr,‘lQQ Re. The .lack

regime being of the order Qf 10
of’collisions is ihdicated by the departure of the vélocity
distriBution from a Maxwellian (Lui, 1987). Hence, the
plasmas of - the tail may be described as being
"collisionless". | However, because of the presence of
 magnetic fields in the tail, the particles . are constrained
by the magnetic field, so that the plasmas may also be
described in fluid terms. Therefore, . order to unde;stand
the existence and morphologsy of the various plasma regimes
\ comprising the magnetosphere, thé traZectories oi single
particles' under the influence of magnetic and electric
fields, and as well, releQant fluid * motions, musf be
discerned. h |

An electromagnetic field acts upon a charged ’particle
through the [orentz force which defines the equation of

motion of the particle as follows:
F = q(E + VvxB) ) (2)

where F is the applied force, B is the magnetic field, E is
the | electric field, v. is the particle velocity and g is the

electric charge. In the preserice of a uniform magnetic
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field, B, where an electric field- is absent (|E|=0) a
charged particle will exhibit simple cyclotron gyration
about-a magnetic field line, describing a circﬁlar drbit
about a guiding - center. This orbit 1is in a plane
perpendicular to the'magnetic field dif;ction. In addition
to. this gyration, the.particle drifts along B such that the
trajectory of the particle in a unifofm.'ﬁ field - is, in
general, a helix. The direction of gyratidn is such that the
‘magnetic figld generatedvbylfhe fharged:'particle Acts to-
oppose the externally imposed field; hence, plasmas are
.diamagnetic. )

If a finite electric field is introduced, an additional
motion is imposed on the particle, that of a drift of the
guiding ' center. This ‘drift will- be in a direction
perpendicuiar to both tﬁe‘electfic ahd the magnetic fields,
and it is called the convective or EXB drift. Both positive
and negative particlgs drift in the same direction under

f
<

such an influence so that the plasma tends to drift as an

ensemble. Consequently, the three dimensional motion of a
paréicle in a combination of uniform electric and magnetic
fields is that of a slanted helix with changiqg pitch.

In general, the drift velocity of\a charged particle is

determined according to the following relation:

N —_
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where F is an applied force acting on the guiding center.

Associated with each different force acting on the particle

is a different contribution to the drift motion. The ExB

" drift is attributed to the force exerted by the electric
field. Under the  influence of -a magnetic field which is
non-uniform a péfticle will undergo further gquiding center
drifts depending on the nature of the nonuniformity of the
field. When a gradient is presen£ in the magnetic field
(VB), a gradient drift will occur which is oppositely
directed for ions and electrons and {s pérpendicular to both

the magnetic field and the direction of the gradient. The

force in this case is given by,

where u is the magnetic moment of the particle. When the
magnetic field is curved with a constant radius of
curvature, a curvature drift will Yoccur. Here, the force

acting is the centripetal force,

?(;—'/%/f | (5)

where R 1s the radius of curvature of the field directed

&
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toward the centre of curvature, and t£=R/R. The above three
Fhe
o

drifts together can be summarized by the followxng equation,

where the first term represents the ExB drlft the second

the gradlent drift and the third, the curvature drift:

_ — — e
ExB e | BXVB 2¢,BxR '
+ + v

B* gB®>  QB*R® \

<l
f
o0

where €, 1s the transverse gneréy associated nwitﬁ‘ the
gyrational motion. about the field line 'aﬁd e, is the
longitudinal energy associated with the motion of ;hé
pégticle along the field line (Hines, 1963).

Under certain conditipns, the fluid nature of a yplasma
becomes wuseful in hnde;standiﬁg éharged partiéle motions in
the magnetosphere. A piasma may be considered to consist of
two interpenetrating -fluids, an electron fluia and an ion’
fluid. When a pressure (or density)" gradlﬁnt occurs, the
" guiding . centres of the‘ individual pagtlcles renfdin
stationary, and it is the relative movement of the particles
themselves wifﬁ respect to each other which?sauses the.
plasma motion. In the presence of’a pressure gradient_'(VP)
the f{gid motion is that described by the diamagnetic drift
which is defined by, '

vp = fa;ET—. U A7)
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The drift direction 1is perpendicular to both the magnetic
field and the direction of the pressure gradient. Since ions
and electrons drift ‘in opposite directions a d}amagnetic.

) ﬁlo@é,parallel to the direction of the
X

current ( SD = anD
diamagnetic drift. .

The geheﬁa7ized Ohm’s Jlaw is also significanﬁ in
understandingA the collective motion of a plasma, ané.it
describes the elecérical propeapies of a. condupting fluid.

‘It 1is obtained by taking the time derivative‘of thg current
wvhile satisfying the MHD conditiong existing in space. For
low collision frequency, low temperatufes and small currénts

(Nicholson, 1983), - the gene}alized ohm's law may be

approximated as follows:
J = g(E + vxB) : ' ‘ (8) )

where g 1is the conductivity of the fluid. Under ideal MHD
conditions, plashas are considered to be collisionless, and

so, the conductivity is assumed to approach infinity, since

"

N

/

) R
x - ‘ . _ (9)
J collision rate '

_ g
Hence, in order for current to be finite, it is necessary
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that

E = -vxB. (10)

: ®
Magnetic field 1lines are assumed to be equipotentials;

therefore, the electric field component parallel to B
becomes negligibly small (Eﬂmo),' and the majo;ity of the
electric field( then, 1is perpendicular to the magnetic

field, such that,

'&_LQ‘ I-;XE

. " - o | (11)

‘A consequence of infinite - ductivity is the frozen
fiéid condition. Because the magﬁetic ( field  is
divergence-free, (V-B=0), flux tubes may bé uSea to describe
fhe magnitude and direction of the magnetic field in spaéé.

::Each tube encloseé a given magnetic flux, A¢, -and tﬁé
\ magn{tude of the field ét_any-point)}s equal to A¢/AA, wh;re:
AA  is _the local éross 'sectional area of the’flux tube.

Hence, at all locations,

(12}
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4 .
h 2

It can be shown (see Rossi and Olbert, 197b; Nicholson,
1983) that the time rate of change of magnetic flux through

a surfgée_ AS: of the flux tube, perpendicu}gr to the'ffeld

.

¢
lines, N identically zeéro provided that the surface moves

with the fluid. While the plasma may freely flow along the
. r3 -

direction of the magnetic fi€1d lines, any - motion
e .

-~

perpendicular to 'the “field implies %%Ek the field lines
themselves mn?t have a component of/ velocity perpendicular_
to the field direction. Consequently, the plasma 'is said to
be frozen to the fleld and hence, it moves with the field.

'Conversely, as the fluid moves, the field lines'move'with
. i A ‘
it. - p (

To 5 first approximation, the frozen field cordition
provides a mechan1sm for the formation of 'the magnetotail
Axford and Hlnes (1961) proposed that the téll is formed as
e result of tangentlal stresses at the dayside magnetopause
caused ~by‘ a viscou; interection between thefmagnetgsphere

"and the solar wind plasma. In this view, the magnetoéphere

. . ladiad .
takes - on" a closed, tear-drop shaped structure. However,

-~

Dungey (1961) offered an alternate approach to tail
formation by employing the concept of magnetic merging or
reconnection of the solar and geomagnetic field lines. This

process Sallows for the. existence of d% . open magnetosphere
/

The question of wh1ch of these processes dominates tail

formation is one :of ‘ongoing ‘debate at the present time.
<«
/BTthough evidence for magnetic merging (particularly at the

dayside magnetopause) now appears indisputable, the role of

“

"
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viscous effects on magnetotail formation may also be of
significance.(Rostoker and Eastman, 1987). In either case,
magnetic field llnes at “the front51de of the magnetosphere

are pulled back behlnd the Earth by the flow of the highly
\
conducting solar plasma which 1is frozen to the magnetic

field. Hence, the Earth's field becomes elongated to form

N

the magnetotail configuration.

: Vi . L h ' - . > .
Magnetic reconnectiom 6ccurs when oppositely magnetized
regions of plasma come °‘in contact with one another..In

addition to the configuration of antiparallel fields as ~a

5 5

condition for reconnection enhanced plasma pressure is also
required to bring the-fieid lines together. In such a region
<tﬁe magnetic fiedd is vef} eak and theAplasma and field no
~longer move together. Instead, the oppositely directed field:

l*nes can break and reconfigure, and since the plasma is not

e g

frozen to,-the field lines, it may diffuse .or flow through

the recégnection region. As well, when field lines are

brought together, the associated magnetid fhela energy 1is’
J

dissipated through acceleratlon of the charged particles in

thelzfcinity_of the reconnection zone (Lui, 1987). Figure
1.3 Yindicates schematically how, and at what locations in
the magnetosphere, magnetic merging is understoﬁﬁ» to take

place.

The frozen-field condition suggesté that. the
magnetosphere is comﬁletely ‘impervious to the solar wind

plasma, and hence, that the Earth 1is effectively shielded

from direct influx of the solar wind with little mass and
' N N '
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Figqure 1.3 Proposed sites of  magnetic merging in the

¢ magnetosphere. Magnetic mergingiis believed to occur at the

“ front-side magnetopause as well'as at the - distant magnetic
neutral line (after Hones, 1986{?". /

i . { . .
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- momentum . transfer across the magnetopause. However, such

shielding.is not complete and this departure from perfect

shielding .is of great importance to magnetospheric dynamics.

Due to the process cfkdayside magnetic field merging, solar

plasma entry into the tail is explained, thus alewing,'in

part, for the formation of the -plasma regimes within the

magnetosphere. (An ionospheric source of plasma for the

magnetosphere is also known to exist.)
As shown in figure 1.3, magnetic merg: occurs at the
magnetopause where the IMF, when directed southward, can

merge with fqhe northward directed geomagnetic field.

3

Consequently, tﬁe IMF beqomes coupled to the Earth's field.
Field lines “such as Eﬁ%s which are connected at one end to
the sun and at the othe?Jend to the<Ear£h are known as open
field lines, ana they emanate from the high latitud regions

, v :
of the Earth. These open, or merged, field lines convect.”x‘

across the polar cap in the anti-sunward direction through
J Sy

the action of the solar wind. Closed field lines are those

)

which have both ends attached to the Earth, and these are
connected to the Earth in the "lower latitude regions. As
mentioned previously, IMF field lines have both feet rooted

in the sun.

7
L}

In the region of field, line merging at the daYside
K

magnetopause, solar wind plasma gains access to the
maghe osphere by diffusing through the reconfiguration zone

across the\magnetopause. Plasma may also obtain direct entry

throth a region known as the dayside polar cusp which

e

L
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separates the open and cl9sed field lines connecting to the
dayside ionosphere in eacg\h;;;sphef; (Akasofu, 1977). Each
cusp region contains what is knowh as a néutral'point, or,
. the point at which the magnetic field"is perpendicular to
the magnetopause éurfaée,'and»mathematica}ly at which " |B|=0.
At this' location the‘iconéépt of pressure ba}ance is

undefined, and the magnetosheath plasma,readily flows to the

low altitdde dayside auroral regions,
. A Iy . v
\ N

—Just 'iﬁside %he. magnetopﬁhsé} is the magnetospheric
.boundary layer throdgh whieh magnetosheath piasma eﬁters
into the magnetosphére. It con;ists of the Jow Jatitude
boundary IaYeP (LLBL) cdnggnéd to ‘the closed field lines at
lower latitudes and at the flanks of the tail, and the
plésma mantle at High latitudes located on open field lines.
Just below .the plasma” mahtle. is the Ibbe rég}on which
reéides on open field lines emanating frbmhthe polar ¢ap.

The lgbé is populated by very low density plasma, the
energy density being dominated by~tbe magnetic fieid (Lui,
1987).. Tbi%‘-region {swcompoSed of low @ plasma, where § is

defined as follows (Chen, 1984):

\

R Fr— Cy
N . 3 o ‘
particle pressure -+ .
B = - - - . ‘ . (13)
magnetic field pressure

-~ . . ~—
/ .
The magnetosphéric boundary -layer plasmas, as well as the

-tenuous - lobe - plasmas, flow downtail 1in the anti-suhward

<
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directioh}. . - _ .
?lasmalthat/HES gained access to the megnetosphere
through the reéion‘of field line merging enters the piaéma
mantle and streams dewntail along high‘letitude oben field
lines in the vicinity of the Earth. However, this plasma
experiences an_Eiﬁ drift towards the mid-plane as it streams
downtail ('I;Iardy\_.> et'al., 1979), and as it moves, the plasma
carries with it the ‘magnetic field lines which are frozen to
. the plasma. At a .location of approximately 80 Re dantail a
. second reconnection region is believed to exist where the
northern and s&hthe:ﬁ tail lobe fie}ds come together.

Y

Because the magne&ic field ﬁere is Qery weak the lecation of
reconnection is t:nmed the magnetic neutral 1ine.

| Plasma whiich hes convected eo ‘the 1ecation of the
neutral line from the plasma mantle may be-injected into a
rec .n of the magnetetail called the.plasma.sheet which is
géstricted to tﬁe closed field lines threading the auroral
oval. The auroral oval is a roughly -oval shaped band "in the
ionosphere along which the auroral arcs or active ‘auroras
ere host lfrequegtly seen. This  oval encircles the
geomagnetic pole yet is dis;iaced towards the night
hemisphere ?y about 300 km. 1Its evefage- diameter is
approximately 4000 km, decreasing to about 3000 km" when the
auroras are fa‘nt and increasing to as hucﬁ as 6000 km when
the auroras are bright. The altitude of the lower edge of

»

luminosity is generally 100 to 110 km, however, the altitude

of the wupper edge is'highly variable, ranging from 400 t
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1000 km (Akasofu and Kamide, 1987).
The particles in the plasma sheet are confined to the
.magnetosphere and thgggonvect Earthward under the influence

~

of an ExB drift. The energy density the plasma sheet is
- particle dominated, thus, the piasm neet'plasmas generally
have a higher g (B=21) tﬁan the lobe plasmas. The plasma
‘éheet as.q whole is thinnest near midnight and its thickness
'incrgéses to twice its midnight value 'towardg the tail
" flanks (Lui, 1984). This regime is continually replenished
with plasmas of both'magnetosphéric and ionospheric origins.
In recent studies the plasma sheet has been shown to
cdﬁsist of;two distinct regions, the central plasma sheet
- (cPS) and the p asma sheet boundary Iayeh (PSBL) (EasfmanAet
al., 1984; Eastman et al., 1985a). Many studies prior to
this haé4 neélected the distinétion between these 'twp
domains, making reference only to the p. sma sheet. Further,
“.the bSBL 'had _previously been thought to exist only during
beriods of<high magnetospheric activity; howeQer,it’ is now
>béliéved‘ to be a *permanént feature of t?qimagﬁétotaii
(Eastman eé al., 1985a). The CPS maps to ‘the hregion of
diffuse auroras ,gnd is |chéracte§ized by isotropié plasha
diétributions, whéééas the,PSBL is thought to map to the-
region“ 6{; lactive or more structured auroras in the
i&noSpheré ﬂRostokér and. Eastmén}. 1987). The PSBL ais
characterized  by anisotropic plasma disfributionsvtypified
by fabidlylflowingl couﬁﬁgfétreaming ipn»beams. Also; ’brdad"

" band electrostatic noise is a typical feature of this plasma
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regime (Fairfield, 1987), being absent ih the lobes and

preseht only at a redﬁced intensity in the CPS. The ESBL
plays a major role in particle, energy and momentum transfer
in - the magnefdsphere and is 6ften‘one of the most dynamic
Plésma regimes. Whereas the magnetospheric boundary layer is
. the primary  transport region for the frontside
‘magﬁetésphere, the PSBL is the major region of transport for
the maghetotail (Eastman et al., 1984). ‘ |

The locations of all the above-mentioned plasma domains
and boundaries -are shown in figure 1.4 which is a

three-dimensional cross-section of ~he Earth's

magnetosphere.

1.3 Major Current Systems in the Magnetosphere
| In the magnétosphe:e there exists a variety‘of‘ current
systems whiéh are induced bj the motioh of gharged particles
under the ~influence of electrbmagnetic‘ fields. An
‘understanding of these current systems provides insight into
the dynamics of magnetospheric processes... There are fdu;
major current systems which are of primary importance; these
are tﬁe magnetopausé (Chapman-Ferrard)‘ cdrrents;f the - ﬁlng
"cunfent, the cross-tail (neutral sheet) current and
 fieId;é7fgned (Birkeland) currents.AA brief descrip;ion of
‘each system ‘follows.
The . Chapman—Ferra:o currents "flow within thé
magnetoééuse layer and their projéctipﬁ on the magnetopaﬁse

.
surface is indicated schematically in figure 1.5. They
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Figure 1.5 Schematic projection of the Chapman-Ferraro
(magnetopause) currents” on the earth's magnetopause surface.
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consist of two eddy currents, oné in each hemisphere
" centered abéut the respective neutral point. The current
\shéqth has a thickness at the sub-solar poiﬁt on the order
of an 1ion gyroradius (which. i5s dependené locally dn the
magnitudé of the geomagnetic field). The thickness is also
found to dépend on the oriefitation of the IMF, being
observed to be thicker during northward iMF than during
southward IMF (Russell and Elphic, 1978). The magnetopause
currents and thei; associated magnetic field vary with the
solar wind pressure and are thus controlled by pressure
gradient forces. |
The magnetopause curren;s,_ which are ‘'observed to
persist during both active and quiet times, can be
‘understood in#terﬁs of the trajectories of individual solar
wind particles‘as they interact with the éeomagnetic fiéld.
| When the neutyal solar wind plasma encounters the Earth's
field, the guiding centers of the particles experiénce an
“inertial drift due to the curvature of the magnetic field.
As a result, protons and electrons drift in Opposite
directions, with radii of curvature proportional.to their
respéctive masses. Furthgrl becaﬁse' electrons and- pfotons
have gﬁgnificantly different masses, -the protons, being much
héavier, will penetréte farther ihto the field than will the
electrons. Thié leads to charge separation which prodhces an
oﬁtwardhi directed poiarization électric fiela perpendicular
to the current surface. This electrié field will r;strain
the ions énd decrease thefir peﬁetration distance, causing-

]

i

y



AN
\ ) - 27
. | .

them to be returned in the incident direction beflore they
Have a chance to be *greatly deflected in the transverse .
direction by the mggnetic field. The electrons will gain
energy in. the polagizatioﬁ field which enhances their
transverse motion due to the influence of the Lorentz force.’
The combined mdtiqn of the‘electrQns and protons in opposite
directions and_transyefse to Ehe field direction results in
the flow. of Chapman—Férraro currents in the{maghetopaufe

layer (Beard, 1964{'Haerende1 and Pagchmann{ 1882). | |
| Because of the influence of tHe curvature drift which
causes deflection in opposite. directions of (the incident
particles, a component of current =parallel to the
magnetopé%Se surface is introduced. A magnetic field is set
up about_ this current cOmpohent‘such that on theAsunwgfd
side of the current sheet the magnetic field is essentiaily
cancelled and on the Earthwafd side it is‘approximately
doqbled (Beard, 1960). The current layer is, in effect, an
equépétential surface so that plasma cannot Qenetrate
through the sheath..All particles execute only one Léyration
bef&ge: being expelled from the magnetopause layer, and
hgﬂ;g, specular PéfI?ctidn is the term used to express the
inability of the particléS“ to penetrate ’gg;gséh to the
magnetosphere. < The Chapman-Ferraro currents, therefore,_‘
shield the Earth's magnetosphere, preventing solar wind
particles from%gntéring, and this results in cbnfinement of -

-the Earth's field within the cavity formed around the Earth

(Akasofu, 1984).
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Much attention has beer focussd on whether  the
magnetopause 1is a rotational or a tangential discogtinuity.
(where a rotational diécontinqity is represented by a large
amplitude standing Alfven wave, and a .tangential
discontinuity is an equipotential current sheet with unequal
particle pressures on oppositeyfides of the sheet (Kavanagh,
1972)). 1f the magnetopause is described by a discontinuity
of the rotational thpe, a component of the magnetic field
perpendicular tq‘the boundary surface may exist, and hence,
plasma can flow through the boundary at the Alfvén speed. Oﬂ
the other hand, if the di;continuity(if tangential there can
be no interconnection of the magdétic field lines between
the magnetosheagh‘and the magnetosphere. Therefore, the open
model of the mag;etosphere (Dungey, 1961) requires that the
magnetopause be a rotational discontinuity; whereas, tﬁe
closed model -(Axford and-Hines, 1961) favours a téngential
discbntinuity.
| The cross-tail current is solenoidal gn nature with one
solenoidal typé‘ldop enclosing each of the two hemispheres
-in the tail, as showﬁ in figure 1.6. The curreht is directed
from dawn to dusk in the region of the tail mid—plane which
separates ‘the oppositely directed magneﬁic figlds of the
ﬁortherh and southern hemispheres. The cross-tail cufrent
flows not only ih the plane of the neutral sheet but.§§ well
thfoughout the plasma sheet, since currents <flow wherever
drifting piaéma is present and gradients in plaéma.pressure

normal to the ambient magnetic field  exist. The current
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® & Directions of cross - tail
current flow

-—-= _ Neutral sheet

M

'Figuré 1.6 Schématic representations of the cross-tail
(neutral 'sheet) current in (a) a cross-tail projection, and
- (b) a noon-midnight meridian projection.’ .
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density distribution in the nedtral sheet can be calculated

from the curl of "the magnetic field (assuming pressure
gradients are perpendicular to the the current sheet).
Therefore, from Ampére's law (assuming slowly varying fields

such that %%=0), the cross-tail current may be expressed as,

udJ =V x B. ~ (14)
0 .
\ S &
/
7
\
Current oclosure‘ in each hemisphefe is around the

-~

magnetopause,‘and this closure is ﬁedéssary"in brdeff to
éxplqin the orientation of the magnetic field in each of the
two tail hemispheres (Olson, 1984}.' The current may be
thought of as being a source fér the tail lobe magnetic

field (Fairfield, 1987). The neutral sheet current persists

down the length of the tail, and it is a permanent current

feature.
. M /

The ring current is generated by the drift motions of

charged particles {n the geomag;etic field (Williams, 1985),

and it is shown schematically ih figure 1.7. This current is’

Y3
i

'feStrictgd £6~plasma/ trapped on the closed field  lines

(voigt, .1981), _and it is present during both active and

~
quiet times. Like the cross-tail current, the ring current

~originates as a result of pressure gradients. There are two
contributions to the overall ring current configuration, an
inner component flowing eastwards and an outer component
. : ’ - ) !

% -—
14
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Figure 1.7 Schematic representation of the ringvcurrent“~

shown here as a pro:ectlon on the equatorial pygné of the
magnetotail.
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respectively.- The Earthward edge of the tail current merges /
. , . !

and as well, sincé &

32

flowing in a westward direction (Rossi  and Olbert, 1970).
- X0 .

The latter ' component greatly exceeds the former in

1

magnitude; hence, the overall ring current flows from /.dawn

-

to dusk. The total current is given by (Williams,'1985),
(B-V)B). ; (15)

where P, and P; are the components of particle pressure

parallél and perpendicular to the ambient magnetic field, -
. /’ -

A . Iy
continuously into the,
. 3

gquatorial\%éng cugrent (Vvoigt, 1981)@4
b (

o 3é Chapman-Ferraro currents flow.in the

same sense as the croéé-taiﬁ current, the three systems méy
be considered as constituents of the same CUrrent'structure.

| Field—éligned currents (FAC) were first, pf;posed byv
Birkeland (5908) who recognized —that the geomagnetic
disturbances measured op\ the Earth's surface below #the
auroral régions were dué to .intense  currents flowiﬁg
hOrizoﬁtally'in the ionosphere, and thaﬁ\ these horizontal
currents were maintéined by an external’source of space

‘ N

charge which flowed vertically into,'and out of - -the

ionosphere.

a4

The vertical currents are today known as

'Birkeland or field-ali¢ned currents, whereas the horizontal

=

ionospheric components are known as the auroral electrojets.

The existence of FAC was confirmed through satellite

D)
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magnetic field observations by Zmuda et al. (1967); however,
" the first direct measurements were not obtained until quite
recently bylFrank et al. (1981).

As their name suggests, fi;ld-alignea currents flow
paFallel to magnétic field lines. They form four solenoidal
type loops which map from the auroral ovals in Ehp_

~ionosphere to the volume of gpace occupied by the plas;;
-sheet, in fhe magnetosphere, and so couplefthe’ionoéphere to
the magnetosphere. This solenoida% &(confighration, as
predicted bv  Bostrom (1964), is sho;FT’in'_figﬁre 1.8.
Specific reg: . of FAC flpw have been designafed by Iijima
aﬁd Potemra (1976);as Region 1 and ﬁegion 2, ghown in figure
1.9, (a) and (p);'for weakly disturbed conditions and active
_periods, respectively. The flow patterns remain basically
unchanged durigg varying nleveis of geomagnetic activity,
however, the'auroral oval is observed to expand equatorwérd
from the quiet-time létitude of =75°N to lerr latitudes of
=~50°N during strong magnetic disturbanées. In the northern

hemisphere, Region 1 current:s flow into the ionosphere in

the morning sector and away from the ionosphere in the

 evening sector (Potemra, 1983), both in .the region just

-

south of the polewérd edge of the auroral oval. Region 2
current directioné. are reversed with respect to their
Region 1 coupterparté, with the flow directed out of the.
ioﬁbsphere in the morning séctor ahd'infb the ionosphere 1in
the 'eveningl sector. However, these currents flow in the

reg-or. just north of the équatorward edge of the auroral
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Figure 1.8 Solenoidal configuration of the Birkeland
(field-aligned) currents in relation to a plane parallel to
and 'in the vicinity of the magnetotail neutral sheet (after
Rostoker and Eastman, 1987). .
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Figure 1.9 Distribution and flow directions of large-scale
FAC (a) for weakly disturbed conditions (|AL|<100 nT) and

(b) for active periods (|AL|2100 nT) (after Iijima and
Potemra, 1976). o _—
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oval. Flow directions 1in the southefn--hemisphere mirror
those of the northern hemisphere across -the equator.‘

Each FAC current loop is gloéed in the 1ionosphere by
Pedeﬁsen currents,. which flow Aacfoss the auroralioval te
_conhect the Region 1 and 2 currents. The Pedersen currents
flow southwaré‘ inA the pre-noon and northward in the -
post-noon regions, as seen in fiéure 1.10. Also indicated in
this figure aré the flow directions. of the auroral
electrojete ‘(oh. Hall currents). Downwerd field-aligned
current near local noon diverges into the ionbsphere and .
flows horizgntaliy‘in'an eastward._direction,. forming the
'eaStward electrojet. Downward FAC in the lete morning sector
diverges into the ionosphere _énd‘ flows westward as the
westward lectrojet ” (Hughes and Rostoker, 1977). The
eaétward.eieetrqiet flows past the dusk meridian and out of
the ionosphere neaf-midnight. The westward elecrojet flows
'\péstllocal‘miénight before flowing out of the ?onosphgre in
hhe_early evehing sector. Each of the'elecErojets is bounde@’
by the hgwardvand downwardfflowing éirkeland current sheets.
The region in the eGening sector where-the two electrojets
flow past one.another is known as the Harang Discontinuity.
The auroral electrojets are - int;mitely related to
,_magnetdephefic dyhamies since it has been observed that a
sudden -iqtenéificatjon ofvthe electrojets signals‘the onset
of a magnetoephericisubetorm expansive phase' (Kisabeth and

‘Rostoker, 1971, 1974).
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E Electric field

P Pedersen currpnt
iH Hall current

®  Directions of Birkeland ’ y z
® . current flow

Figure 1.10 Directions of Birkeland, Pedersen and Hall
current flows in the auroral oval (after Rostoker and

Bostrom, 1976).
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The genefé;ioﬁ of field—aiigqed current£ is outlined 1in
detail by Hasegawa and Sato (1979) and Sato (1982), Briefly,
the sources of FAC may be obtained by considering the
- divergence . of the total current density, J. Because

magnetospheric current 1is divérgence free. (v-J=0), it

\ follows that,

v - 3'-” = -V * J..L (16)
where J, and J, are t current components parallel and
perpendicular to B, respectively. Therefore, ~ the

field-aligned current  sources - may be determined‘\bf
investigating the nature of the divergence /of' the
cross-field current which flows perpendicular to B (Sato,
1982). |

Consider the single~fluid equation of motion (momentum

equation) describing mass flow and given by,

where p is the mass density, P 1is . the pressure, and F.
represents the momentum source from the solar wind due to

 viscous drag and/or dayside merging. In this relationship, F

S
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may be‘:neglected since it is only  significant at the§
% : )

interface .between the solar wind ahd the magnetospherlc

boundary layer. Taking the cross product of E w1th equation .

17, the current component perpendlcular to B is obta1ned

-

3, = (Bxve)/B* + (B.x p $¥)/m: S m
N = @b + Jih ’ ) (18)

where SD and J represent the diamagnetic and iqertia‘
currents, respect1vely Comb1n1ng equatlon 16 witn‘equatio

18 yields an expression for field-aligned currents:

‘J . P da(Q/B)-
L B . dt

2 . |
- —(J, - VB) T (a— x B) - Vp]dl , (19)

where § = (Vxv) “is the vorticity and 1 is the length of the
magnetic field line from the ionosphere to the planc of the

neutral sheet in the magnetosphere.
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: §
-From the eguation for parallel current it becomes

evident that there ‘are three independent sources  of
field-aligned current’ in the magnetospﬁere, one
~orresponding to .each of the three terms. The first term

represents . the contribution to FAC resulting from local

-~

accumulations or depletions of space charge in the

magnetosphere, where,space charge is defined as,

Space’ charge 1is gehgrated when there exists .a component of

the magnetic field parz lel to the wvorticity which¥® itself

vE

~results . from the velocity shear of two plasmas flowing past

one anot er witﬁ{a relative velocity v. Two such velocity

shear --zones at which FAC“genetation‘may occur are the solar

S N
; v
»

Y '

wind—magnetoéphere and CPS/LLBL interfaces.

* The second "source ..of FAC, representéd by the second

term “in equation 19, originates in a region where a .magnetic-
. 3 ot o '

fﬁeld gradient exists in .é%éz-dirédtion‘of a cross-field

. . ‘ N |
.. current”(ie: where the pressure gradient has' a component
. . Lag "

A : . ik : :
along the direction of the VB drift (Akasofu, 1984)). This

' source is.the one most. often used in “the model%jng of

4

L2 X

The third FAC source resides in a region *where a
density gradient is present in the direction of an inertial

’
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current. This: source is often regarded as being negligible
j-

* with respect to the second source discussed above. According
° ’ .

to Sato (1982),
/3D|=51o'. : ‘ (21)

Hdwevé&, it has been shown- by Rostoker and Bostrom (1976)
that inertial forces associated with the drift of plasma
towards thexflanks of the tail, provide sufficient energy to
"driQe the Birkeland current system. Therefore, it 1is of
apparent importance when investigating the generation, of
field-aligned currents to give careful consideration to éach
of >fhe three }proposéd current sources, and not toaneglect
any one source on | tpe basis‘ of order—of—magni;ude'

;comparisons alone. /

1.4 Téesis Objectives
Associated Awith each type of current sYstem in the
magnetosphere are magnetic perturbations which are
‘ 5uperimposéd on  the bacgground geomagnetic field. A
quantitative mégnetic field model must reproduce | the
.observed magnetic field vector at all points in the tail., It
must, t%egefore, include not only the field of the magnetic
_dipole, but also the mégnetic perturbations which result
from the Chapmah—Ferraro currents, the ;ﬁéhg currenﬁ,- the '

L2

d
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cross-tail current, and fieldfaligned currents. In addition,
any and all other current systems which contribute .to the
total magdetospheric B field must be taken into account. “IE
an ideal mbde} these currents and the corresponding magnetic
field configuration should represent a self-consistent
response .to . the solar wind-magnetosphere interaction.

N
However, such a self-consistent model of this ideal type 1is

" not avaiéfble at the present time.

! < .
The present statistically derived representations of

the Earth's magnetosphere do not, in all instances, reflect

signaturés“inferred through both ground based and Jin situ

magnetic field measurements. Furthermore, the magnetic

"51gnatures are not always consistent with thOSf deduced from

in situ energetic partlcle data. Through a sbudy of both the
magnetic and energetic particle data obtained via® satellite
in the region of the magnetotail between 10" and 23 Re

downtail-, several discrepancies, not only between the two

data- sets themselves but also between the in Situ.magnetic‘u

fieid data and the bresent magnetospheric 'mddels, bedbmé
apparent. Since an -acceptable magnetospheric model must
accurately-characterize the processes of which observed
sigﬁatures are a conseguence, therefore,(dev&ations from
expected behaviour indicaps that there are processes
occdrfing in 'the tail t& produce the observed signatures
which haQe, to date, not been accounfed for in the models.

Such phenomena’ must be identified and the data

re-interpreted in order that the magnetic and particle

-
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signaturesnmay be reconciled in a more .consistent . and
realistic model of the magnetosphere.

The primary objective of this research is to idebtify

/T;?Egularities in the statistically derived magnetospheric

picture which are manifested through discrepancies not only

/

between the magnetic/ and particle signatures vgof

‘instantaneous observations, but, as well, through- the

. ™ . . :
observation *of magnetic -signatures expected according to

. F

model predictions. The 1investigation will focus on the

b

cross-tail or dawn-to-dusk component of thé magnetotail
magnetic field in the parﬁicular plasma regimes of the CPS,
PéBL and tail ‘lobes. Ultimately, the identification of the
primary sources of this field component is desired..

The study wili begin with a deScription‘of_the magnetic
and’paﬁtiqlé signatureé, expected according to'the_pfesently
accépged modeis, for the regions of interest in the

magnetotail. Statistical analyses of th% magnetotail
12

- magnetic measurements, in conjunction with the energetic
. & . .

particle observations,‘will then be cdnducped. Comparison of

_the two data sets both with each other and with model

expectatiqpsiwill be made and any discrepancies that are

P ) >

observed Wé}l be outlimed. In addition,‘explanations will be

proposed which k may resolve the apparent inconyistencies
’ S .

between the anomalous signatures observed _-and the

statistical models of the Earth's magnetosphere.,

”~

N
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Sources of the Cross-Tail Magnetic Field Component

Before embarking = on a s$tatistical study of the

" cross-tail component of the geomagnetic field it is

essential first to outline what is presently known about

this field'component in relation to the present models. The

sources of the <cross-tail component and .its expecte&

behaviour must be determined. There are three major

contributors to this hagnetic field component, as well as -

one controverSial yet noteworthy possibility, and these will
be discussed below. ﬁowever, in ordet to outline-ttese
clearly, it 1is firsﬁ nrecessary to dischss “the coordinate
systems in whicﬂpo;serVations'sri_to be ordered.

2.1 Coordlnate System Definitions ' .

There are a number of coordinate systems presently
available for studies of solar—terrestrlal interactions and
the choice of sny given system is dependent upon the nature
of the investigation' taking place.‘ In this work, three
dlfferent cartesian| systems are of relevanoe to the orderlng
of satelllte measurements with respect to the Earth and sun.
| The geocentric soIaP ecliptic coordinate system (GSE)

is one of the most straight forward of the:various ~systems

(It is also referred to as the solar ecllptlc or SE system)
e, o R

~

The X-axis is defined as being along the sun-Earth llne with

positive X in the sunward direction. The positive Y-axis is

d;rectedeu ward in the plane of the eclipt{c;u and the

|
/ .

¥ | S 44 ‘ . o,
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Z-axis is oriented perpendicular to the ecliptic plane with

positive Z in the same sense as ecliptic north. Relative to

. « ’ a w X
an inertial framg of reference, the GSE system experiences a. .
v 1 4

yearly rotation. In such a ~set of coordinates, satellite
trajectories appéir elliptical 1in shape and are therefore
easily visualized. However, when dealing with measurements
peftéining to the magnetotail,. this system is not completely
satisfactory since the-st?ucture of the geomagneticl\iiil,
within about 12 Re behind the Earth, is governed by the

orientation of the Earth's dipole axis which is not parallel

to ecliptic north.
’ [

In general, the tail may be considered as a huge

windsock aligned with .the direction gf -the solar wind.
s " . . \

Variations in the solar wind velocity vector produce

corresponding changes 1in tail orientation. In addition to

this effect, the orientation of the tail is influenced ‘by

A -

aberration resulting from the motion of the Earth about the

sun. -*The neai-Eafth tail field structure, however, is

dominated by the effect of the tilting dipole axis. The
i . Y

™~

diédle‘tiit causes, the neutral sheet to be displaced ouf of
the ecliptic plane sugf that during northernvsumher Ehe
neutr%i shéét is shiﬁted above the ecliptic aha in the
‘ "is shifted beléw the ecliptic (Bowling, 1974).
Re thg#mtail orientation 1is influenced leﬁs

B

'ﬁhe dipole tilt and is erendent mainly upon the

IR

of the solar wind flow. Therefore, the effect of

direet Fomw
the dipole axis on the tail 1is to alter its otherwise

<
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cylindrical symmetry due to the interaction of the™solar

wind and the geomegnetic field. This "hinging” of the tail

is  “shown in figure 2.1. Consequently, despite its

)simplicity, the GSE system does not physically order the

satellite data adequately for near-Earth magnetotail
studies.
: ' 7
A coordinate system better suited to near-Earth tail
investigations is the geocentric solar magnpetospheric (GSM)
system. : As in GSE 'cbordinates, the X-axis 1is directed

positively towards the sun along the sun-Earth line.

However, the Y-axis is defined as being perpendicular ‘to the

Earth's dipole axis, or parallel to the magnetic equator.

This axis is p051t1vely directed approximately duskward,

although it does not point exactly towards°:

usk since the
orientation of the magnetic eqg or is not fixed. The
orthogonal triad is complete ';by//;;ojecting the. Earth's
dipole axis onto the Y-Z plane such that the dipole axis
projection is oriented along the positive Z-axis.
Consequentl&, the Y-Z2 plane” rocks about the X=-axis with a
24~hour_peraéa as the quole precesses. In addltlon, the GSM
syetem exhibits a yeéarly rotation due to the motlon of the
Earth about the sun, ‘The three—dlmen51onal motlon of “the
dipole in the GSE system has, therefore, been reduced to a

two- d1mens1onal motlon in GSM moordghates, «/né one system

'may be transformed to the other by a rotation about the

X-axis., Because_  GSM coordlnates are based on the or1entat10n

of the Earth's dipole axis they more convenlently order data

1
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(a) Summer 7 ”
GSE ot
Dipole Axis
Neutral Sheet
) Sun X
GSE
i) P
(b) Winter
o
T
—10Sun ?
GSE

Ne

-
.......

Neutral Sheet

Figure 2.1 Hinging of the magnetotail and, *h» consequent
position of the neutral sheet (a) when the

geomagnetic
pole is tilted toward the sun (igg nort hemisphere
summer), and (b) when the north pole s tilte <ay from the
sun §ie: northern -hemisphere winter) (after Gosling et
1986) . ' )

al.-,

o



for t%e near-Earth tail.

Finally, the third set of coordlnates in which data may
bé represented is the spacecraft coordlnate system. In l'hlﬁg
system the X-axis takes on the same sense as in both the GSE
and GSM/\\stems, the Z-axis is parallel to the spin axis of’
the satellite, and the Y-axis completes the orthogonal triad
with positive Y irected approximately dawnward. When the
spin axis of a satellite is parallel to the dlrectlgn '6f

ecliptic north, the GSE and spacecraft coordinate systems

are identical.

2.2 Hydrodynamic Tail Flara

As a result of the magnetohydraéynamic .interaction of
the : solar wind with the Earth's magnetic field, the
magnetosphere experiences a flaring effect to a distance of
some 150 Re behind the Earth (Mihalov et al., 1968; Coroniti
and Ker :l, 1972), . after which a— cylindrical shapé is
assumed.;&%his flare 'can be compared to.the flow of water
ardund an obstacle, aad ”is,. therefore,‘ hydrodynamic in
nature. °

Tail flarezghfluences the orientation of the magnetic .
“field "in tﬁe tail.fﬁather than being directed predominantly
in the X directidh, aaAit would for a simplified cylindrical
tail mddel,é%he magnetic fiald has components both in the Y.
and the Z directions as well as'having a component in the X

direction.. The dawn-to-dusk component of the tail field is

known aISO;aaithe‘By component {the B, and B, components are

1
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Hence, tail flare is the first ‘major' source of t

dawn-to-dusk component of the geomagnetic tail field and-

&
this contribution may be considered as the background tail

By comehent.

The ‘amount of flaring of the tail is dependent upon the
-conditioné,of the solar wind and of the interplanetary
magnetic field. "~ During  intervals of southward IMF,
geomagnetic- activity is’ enhanced due ‘to an increased
-interaction of the solar ;ind with the geomagnetic'field.
Such increased actiwity 1is 1indicative of magnetospheric
. substorms during which a large amouft of energy gehegated
through the solafﬁ‘wind—geomagnetic field interaction is
‘deposited in the mégnetosphere (Rostoker et al., 1980).
During such phases of southward .IMF, implying conﬁitions
‘cbhducive to dayside merging, cOmpfession at the frontside
magnetopause is enhanced which is accompanied by a decrease
in the nose fadius of\ghe magnetosphére. As the”nose radius
aécreases; the tagl field strength is found  to increase.
which implies éh increase in the tfan:port of magnetic flux
from thé.dayside maghetosphere to the tail (Coroﬁiti and
Kennel, 1972). Both nose shrinkage and increased .tail flux
‘fequire that the néa;—Earth mégnetdpause beéome; flared in
order to maintain tﬁe hydrodynamic pressure balance of the
_tai1. A further consequence of the flare is;that the entire
tail structure must move Earthward; thus, the auroral oval

shifts equatorward. Changes in the solar wind conditions,

3
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then; gerrnvthe shape of the magnetosphe}e.

The effect.of tail flare on the orientatiop of the tail
magnetic field, end therefore, on the contribution to the
cross—teil or B, component,"is illustrated‘schematically in
figure 2.2, (a) aed (b). In (a), the Borthern hemisphefe.-
field 1ines are projectea'onto the equetqriai plane of the
magnetosphefe, whereas in (b), the southarn hemisphere field
lines’ are 'prOjected ‘ento the equetorial'plane. The total
meggetic field veepbr Tis directed towards the Earth,
However, it contains.a compehent in the Y direction. In the
northern ﬁemisbheré"dawﬁ’ sector the B, contribution is
positiQe, ‘ane7 in the northern hemisphere dusk sector the

o

contribution is negative. In the southern hemisphere the

7 magnetic field vector is.directed anti—Eérthward; hence, the

By component in the s?utherh hemisphere dawn Sector . is
negative ~and that in the southern hemisphere dusk sector is
pbsiti e. Conéequently, the B, comﬁonent changes bolarity in
both the dusk and dawn sectors»when the plane of the neutral
sheet (taken‘fbr simplicity here to be the X-Y plane) ‘is
travereed. By definition of the neutral sheet as the region
of field reversal between the two tail hemispheres, the tail
By . component due %o tail flare must change sign,‘and so, be.
of zero or very sﬁell magnitude. in the wvicinity of= the
‘neutral .sheet. Ae well, in each-hemisphere,lthe polarity of
B, 'reverses across the ' noon-midnight  meridian plane
(indicated here fot'simplieityyas the ?—z plane;K _

oot
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"Figure 2.2 Contribution to the cross-tail magnetic field
component due to flaring of the

field . contributions on the equatorial plane are shown for
(a) the northern and (b) the southern hemisphere. ;
\ -
. - \

tail. Projections of}\ the
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The same type of sketch may be made for aﬁprojection’of the
tail on the X-Z ‘piane, whlch would similarly indicéte
contributions to the 2 component of the tail magnetic field
as a reeult éf tail flare. Hence, the background magnetotail
field is the result of flaring of the tail, and the
configuration of the tail at any given time will‘governL the

magnitudes of the three conponents of the background tail

Ay 6ot
RSO
9

magnetic field. ™

“( . - s
p¥rent Contributions to tT Magnetota11 B

2.3 Ring G

i Y
Component

The ring current provides aasecond'contribution to the
£

B, component of the ta1l f1eld As prev1OUSly dlscussed the

overall ring current flows, from 8hwn to dusk in- the mldplane
regions of . the Pnear—Earth 7ta113 The direction Wof.'thé

2.

magnetic perturbatlons induced _about’ the current-flow%ié

:

dependent.upon the 1ocat10n ebové or below the .current
* : X . . :

sheet -as 1nd1caéed in flgure 2.3, (a) and (b),_which show
pro;ectlons of the northe?n and southern ‘tgil hemispheres,
respect1$§¥y .onto *the plane of the neutral ‘sheet.

Above the current sheet in- the ‘northern hemlsphere,

the magqet1c perturbatlons‘ﬂn the dawn and dusk sectors are
. 3 "VJ“‘ R n \ )

positive - and negatlve, ,respectlvely n - .the southern

’ 3 \-.‘ A ’ ‘ t

polar1t1es i reverse. Note that wﬁ@é'

R K

] 'M
hemlsphere, o

perturbatlons due;to the Tlng current in each of the four

. e 2

settors are addltlve i th the _contrlbutlons to, the B;

K
S/

cdmpgneht-resultlng from tail flame. Once more, the B, tail

P
bt
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(@) Northern . i X
Hemisphere '

dusk

dawn
(b) Southern
Hemisphere
A \’
dusk dawn

-—-  Dawn/dusk separation

&
Figure 2.3 Ring current contributions to B, 1in <(a) the
northern and (b) the  southern hemisphere, both shown as
projections onto the plane of the neutral sheet.

%
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“component is ideally of zero magnitude in the neutral sheet

~region. Also, in both situations,. the’ ﬁblarity‘ of the By

perturbations change acrosé the noon?miénight' meridian
'plane. Céntribuéions to th'vebtapil*Bz component dﬁe to . the
ring curfe;t are significént ‘at the inner edge of the
current sheet and are responsible for sudden worldwide
decreases in the. surface magnetic;field‘measurements which
accompany the .onset of magnetospheric storms (Williams,

1985).

2.4 Magnefic Perturbations Due to Field-Aligned Currents
Field-aligned currents (FAC) are a third sourcé for the
cross-tail component of the tail magnetic field. As

mentioned above, FAC can be thought ‘of in terms of fout

-

.ksblenoidal type loops, one én each of the four sectors of

the tail cross séction. For an idealized solenoidal current
S _ oo

v

sheet configuration, no magnetic peyturbations occur obtside
the region .containing the current }low, ‘and ﬁhe only
mzanetic perturbations  arising from such solqnoias are
observed within ‘tﬁe volume occupied by the field-aligned
currents (RoSfoker and Bost;ém, 1976). B, perturbations do
occur but only on a localized scale as edge effects of.the
main current sheets (see fof example, Rostoker and- Eastman,
1987).’_The magnetié perturbations resulting from these

idealized solenoidal currents (néglecting edge effects) are

indicated.iﬁ figure 2.4 which depicts a tail g¢ross sectional

view typical of a distance between 10 and 30 Re."behind the.

£

i -
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Earth. The primary magnetic perturbation resultingsfrom the
field-aligned current solenoids 1is oriented in. the Y
direction within the CPS and PSBL which are enclosed gy “the
FAC. The lobe is situated outside the solenoidal
configuration and so the magnetic perturbation in this
regime, due té FAC,Jis negliéible.

In the northern hemisphere dawn CPSUthe B, perturbation
due to the fie%d—aligned currents is oriented towards the
‘dusk, whereas that in-the northern hemisphere dusk CPS is
directed dawnwards. In the southern hemisphere the resulting
By is positive in the dusk sector and negative in  the da;n
sector. Theréfore, the polarity of the B, perturbation
feverseé froﬁ dusk to dawn in each hemisphere as well as
across the neﬁtraT shéet regidn. Once .again, tﬁe
perturbations in the CPS are édditive with those described

above resulting from both tail flare and the‘ring current.,

. »’ . } )'./
2.5 IMF By Penetration \\//

Assuming the Earthf§ Amagnetosphere" to be ah open
system, that 1is, the .}intgrplahetary magnetic field
inteyconnects“ with the geomagnetic, field as described byj.
Dungey (1961), it might be‘exﬁected thaé\the -magnitude and
direction of the IMF will in some‘)ﬁanner atfect the
magnetotail ‘cqnfiguration. As discussed previously, the
IMF B, coﬁponent pléys an important role in dayéid? magnetic

o P ‘

merging and hence, in the dynamics of the tail. However, in

recent years, much attention has been given to the possible

¢
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— A B due to Birkeland
current flow

&J) - ® @ Directions of Birkeland
/ current flow

-—:=  Neutral sheet ‘ _ _ y
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Figure 2.4 Directions of flow for the four Birkeland current
loops along with the resulting cross-tail magnetic

perturbations, pFojected onto a cross-section
“magnetotail (after Rostoker and Bostrom, 1976).
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influence of the IMF B, component on magnetotail structure..

Statistical analyses of magnetic field data have

Y

indigated, a positive Correlation beﬁ§.e
1”< oy

% the tail B,
c- aponent and the IMF B, Component. The f%ik#

statistical study of the mq@ﬁé&otall configuration conducted

. Ny
by ‘Fairfield (1979) who Vﬁsed satellite magnet1d\4f;e1d
: 4

observations  for all plasma regim

>N in the tail cross
¢

r

33 Re aowntail.

section and ‘for locations between 22 * dgd
Fairfield found a linear relationship between simultaneously
measured, hburiy averaged values for the IMF B, and tail B,
éomponents.'This résult'ié shown in figﬁre 2.5. The observed
relatlonshlp has become known by the term IMF B, penetratlonv
or partial penetration which suggests{that the IMF B, field
component physically penetrates the tail and hence affects
the taii configuration. According to Fairfaeld;s results,
13% of the IMF B, is found to penetrate the tail (where this
value is ;btained from the slope of the linear }egression
curve).

Lui  (1985) conducted a similar study with spécecraft
magnetic measurements obtained in the plasma sheet within 30
Re downtail. He alsé cémpiled ; plot of IMFVBYIas a function
of tail BY and his resﬁlts are shown iﬁ figure 2.6. Lui
~obta1ned a llnear relatlonshlp as well; however, his results

1nd1cate a. 50% penetratlon of the IMF B, ‘into the tail He .

1nterpretsf'thé‘ dlfference‘ between‘ his result and that of

"Falrfleld by suggestang that the IMF 1s shlelded less in the

‘plasma sheet than 4 the ta11 lobes. In a prev1ous study,

u! KNS "r’J

B
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Figure 2.5 Scatter plot of hourly averaged tail B, _

measurements as a function of simultaneously measured IMF B,
values. Data presented are those gathered by Fairfield
(1979). The linear trend shown was postulated by Fairfield
to represent an influence of the IMF B, on the tail B,
component which has become known as IMF B, penetration. From
the slope of the 1line, 13% of the IMF B, is proposed to
penetrate the tail.

~F
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BYT (nT)

e

B‘y" {nT) ®

Figuré' 2.6 Same as figure 2.5 for data compiled by Lui
(1985). A 50% penetration’ of the IMF B, is suggested.
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Lui (1983) found that the B, compone ‘*ral sheet
maintained a constant value durinc 4 segu=2nce -1: Jeutral
sheet crossings (from the above .is~ussion of B, soit. ~s in
the tail B, should change 1 rity :-~ross the r. <ral
‘sheet). He attribu;ed thi- » p« ‘tial penetratior o:I the
IMF B, ‘into the tail which e anced the tail B ccr aent.

a

His findinc will be investig. n chapter 4 of th< resent
work. ’ | i

Voigf et al. (1987) offer a ciffzren- -.anation for
the enhancement of B, in the plasma sheet. They ciaim,that a
certain fréction' of the IMF B, component is present in the
tail lobes .and plasma éheet, and that its présence is due to
partial penetration of ﬁhis IMF combonent into "the
magnetotail. However, they sugge§t that tﬁe presence of the
- IMF B, does not lead to B, enhancement in the plasma sheet
Pf the tail, but rathgr, that a éecond compénent due to the
field 1line shear found only in plasma dominated regimes,.is
the source of B, enhancement in the plasma sheet. This shear
is postulated to;ﬁé due Eo ionosphéric polar cap convection
which skews high latitude plasma sheet field lines, under
the influence ~of IMF B,, inlbpposite directions in the two
iOnospheric  poiar caps. Tpéy ‘state that the tail By

v

component is largest in the centre of the plasma sﬁeét and
’that it decreases monoﬁoniéélly_towards théﬂ PSBL, reaqhing
the -minimum background field in tﬂe‘lobés.

Cowley (1981) discussed observ;tions which suggest that

the IMF exerts a torque on the magnetosphere about the
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A
.

tubes to the tail lobes about the noon-midnight. meridian,

i

The twist in the tail which results from the torque imposed

by the IMF is shown in figure‘2.7. Quadrants of Tpreferred

field penetration" are proposed to be a‘consequeﬁcqyofjthe

asymmetric addition of flux to the tail, and this 1is  shown

in figure‘ 2.8. In this example, IMF B, is positive, and

. . . L@ .
therefore corresponds to the twist direction shé#wn in figure
. ) 3 ) B ’*:,;Y:_.‘ {\' . ‘

2.7; hence, penetration occurs in,? the ﬁﬁOEth—dawn and
': T
et

'south—dusk sectors of the tail. For‘ﬁegativé"IMF B, the tail

would Dbe torqued in the opposite difection, and penetration
of ﬁhe IMF would occur in the north-dusk énd south-dawn
guadrants. 'In both situations, the polarity éf the tail B,
component is then assumed to have the same.polarity as the

IMF By, component, and as well, the tail B, magnitude is

similarly dependént on the magnitude of the IMF B,.

» ‘ .
Asymmetries are suggested to occur in both open (polar cap)

and closed (auroral oval) field lj"ﬁgegimes. Sibeck et al.,

Y

(1985) discuss similar observation&?such as taiL”flattening,

field line twisting and field line bending, and find that

these are all significant during intervals of strong IMF B,.

Tsurutani et al. (1986) have conducted a study of the

deep geom. gnetic tail regions, at gistanQes greéter than 200
. Re downst.eam of the Earth, which involved ‘the éqrrelation
‘the IMF with the tail B, measuremehts.‘They‘took into
considerat.on a time lag between the solar wind magnetic

measurements and -the deep tail measurements, invoking a 60

suz—Earth axis resulting in asymmetric addition. of open flux-
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Figure 2.7(
result from

Twist . of the magnetotail which is thought to
a torque imposed on the tail by the IMF. The
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direction of\twist shown corresponds to positive IMF B, (the

direction is reversed for negative IMF -B,) (after Cowley,
1981). ;
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Figure 2.8 Quadrants of preferred IMF B, penetration
resulting = from the proposed - torque exerted on the
magnetotail by the IMF. Hére, penetration is postulated to
occur in the north-dusk and south-dawn sectors of the tail
corresponding to the direction of twist of the tail shown in
figure 2.7 (after Cowley, 1981).



minute time‘deiéy of the solar wind. They ploted the ratio

b

of IMF B, to ;éil B, for observations made in the northern

hemisphere dusk tail lobe. In this case, a linear regression

)

was made separately for positive and negative IMF By, as

[0

shown 'in figure_2.9. The results indicate a 2% penetration
of the fMF Bydiqto.thé tail for positive IMF B,, bu£ é 13%
penetrétioq for negative, IMF ﬁy..‘This is consistent with
Cowléy'é»ﬁmodel‘autlined abové in“that for the northern dusk
lobe,‘penetration SESUid be a maximum for ,ngqgtive IMF ﬁ}
(see figures- 2.7 and 2.8);.Thefefore, the theory that the
IMF B, component is respohsible for exerting a torque oﬁ the
distant ”tail' which causes it to be rotated and twisted is
supported. -

. The * concept vof * IMF By. pentration fequifes further
vinves;igétion before it may be accepted or refuted. However,
the possibility of such an effect on taii configuration must
‘be considered in‘aﬁy'Study of magnetotail B, perturbations,
and it will bé dealt with in chapter 4 of this work. "

T

2;6vSummary &f the Contributions to By in the CPS, PSBL and

Lobe ; ‘ - ‘ !

From the above discussion ,it can be seen taat the

3

combined ‘éffécfs %f“ tail flare, the ring current, and

Birkeland currents, provide a specific B, signature for each

of ~ the fplasma regimes ' in each of the foUr sectors of the

magnetotail c;é%é section. (Possible contributions rgsuiting
from IMF B,” penetration ' will not be considered»ih this

N BTN v g -

.
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Figure 2.9 Same as figures 2.5 and 2.6 but for data compiled
Ry Tsurutani et al. (1986) for the north-dusk tail lobe. In
his case, separate linear fits were made for negative and
ositive IMF B,, and these suggest that 13% and 2%,
respectively, of the IMF B, penetrate the tail in this
regime. (IS - ‘
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‘summary due to their controversial nature.) In each”seéfor
B, displays a given o;ientatién or' polarity which 1is
consistent in the CPS, PSBL and tail lobes.

For example, in the northern hemi;phere dawn Sector, B,
is positive for all three plasma regimes; however, its
magniéude varies from the CPS to the 1lobe, 'resulting from
fhe varying contributions of the three sources. The effect

~of hydrodynamic tail flare is approximately constant 'in all

three plasma regimes, providing 'a uniform background B,
' W - Vf:\‘_\ LI )).‘ ) M
component. The ccntribution from the rlnaﬁ current 1s

greatest in the CPS,v decreasing in magnitude towards the
lobe, ?erturbations duewto'FAC maximiée in the CPS, and " are
negligible 1in the 1lobe. ‘Therefore, the total Q; componpent
has its largest value in the CPS, and its smallest valuye in
the lobe, with the PSBL exhibiting inﬂ@ﬁmediate values. The
same polarity is observed in all three regions. By similar
reasoning, the‘sighatufes for.&?e other three sectors ma§\be
determined. | ' >

It 1is important to note that the overéll B, component
changes poiarity across the neutral sheet. As well, in the .
_tréhsition from dawn to dusk, a reversal .in the polarify of
B, must take place. Therefore, a. skewing of the tail
magnetic field is a diredf consequence of the B,
pgrturbations that result from the hajor current systems in
the tail. In the northern hemidphere the’ various B,
perturbations in combination produce a'gkew of the .m295231q_iu

- field towards the tail axis;, whereas _in the southern

*

DY
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hemisphere' the total perturbation results in a skew of the
field away from the tail axis. This effect was studied by
Mihalov, et al. (1968), Behannon (1970) and Roqtoker and
Bostrom (1976), who concluded that the magnetotail flares by

varying degrees in plghes paral%;l to the neutral sheet.

e,
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Chapter 3
IhStrﬁmentation and Data Presentation

:3‘fhe primary data base for this study consists of
1,-@eé$urements' gathered by the three;satellité International
;SﬁﬁQEarth " Explorer. (ISQE) prdéram. The co—orS?ging
Saﬁellyées, ISEE's 1 and  2, which carriéd similar

instrﬁmentatioh, were launchedrén October 22, 1977, with the

fundamen£a1 objective being .to collect 1near-Earth

magnetospheric observations which could be interpreted

‘unambiguously, bo;h spatially and temporally. The payloads
were carefuily matched té faéilitate cbmpérison of the data

from the two satellites, and;consequehtly, to remove the

. / :
uncertainty which arises when measurements from only one

satellite . are used to study the magnetospheric

configuration, Observations obtained by the closely but

variably configﬁred spacecraft>were'intended particularly to

enhance the investigation of the response to vériations in

"solar wind parameters of the wvarious boundaries in the .

magnetosphere. Determinations of the structure, motion and

stability; (specifically, calculations of velocity and

~

thickness), of boundaries ‘'such as” the f(@}' shOck;'

-

i

magnetopause, and neutral sheet, were_bf foremost interest

in planning the mission.

The third constituent of the ISEE mission, ISEE 3, was’

launched on August 12, 1978 into a halo orbit about the
isun-Earth 1libration point, approximately 240 Re sunward of

the Earth (Tsurutani, et al., 1986). It bprovided "essential

.- 68
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information about the solar wind conditions which ultimately
perturb the boundary structures and cause dynamic’ changes in
the terrestrial magnetosphere. It sampled the magnetic
- fields and particles in the interpianetary medium
approximately one hour before the correéponding plasma
arrived ét"the Earth. Consequently, ISEE's 1 and 2 monitored’
dynamical processes. in the magnetosbhere ~that had been
influenced by the interplanetary conditions previously‘
observed by ISEE 3. |
F _

A total of 32 ~experiments were flown on the ISEE
mission, 13 on ISEE 1, 7 on ISEE 2 and 12 on ISEE °, with 5
of the experimentg on ISEE 1 being duplicated on ISEE 2,
consequently forming five shAred studies (Ogilvie, et al.,
.-1977b). Of central ‘interest to this work are the LEPEDEA and
F7uxgate Magnetometer experiments’on‘ISEE'$'1 and 2 used to
obtain energetic:particle and magnetic‘ field measu;eménts,
respectié%ﬂy, as well/ as the Vector Hel{um Maghetémeter
experim?ht on ISEE 3 to-monitor the interplanetary magnetic
field. | These experiménts will Se discussed below. In
addition to phe ISEE data, IMF measurements thained by‘ the
épaceéraft IMP J, and ground-based observétions 6f auroral
activity are important for the;'eﬁsuing studies énd will,

therefore, be outlined.
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3.1 Orbit Specifications for ISEE's 1 and 2 (\\“

The mother and daughtet satellites, ISEE 1 and ISEE 2
respectively,x‘followed approximatelg the same elliptical
Earth-orbiting trajecto;y, with ISEE 2 travellingv behind |
,ISEE“1 by a knawn ané controlfable distance, varying;from'
J60{£1 km to 5000 + .1 km. The separation distance was
altered by :manoeuvering‘ ISEE 2. Perigee of.the orbit wasq
.,aboet 1.1 Re (700 km above the Earth's eﬁrface), apogee was
rougé}y 22.6 Re, and the orbital period was approximately 57
hours: The spin axes nwere aligned perpendlcular to the
ecliptic plane (+1°), with spin frequencies of 19.75 i O 05
tpm for ISEE 1 and 19"8 0.1 rpm for ISEE 2, giving spin
perioas of approx1matély three seconds (Ogilvie, et al.,
1977b) . Thg'orblt plane was initially'ihclined approximately
'30° to the ecliptic such that thev two satelllges were
farthest north of the tall mid-plane at apogee, cr0551ng to
_the southern hemlsphere relatively close to the Earth As a
result, preferentlal coverage of the. nqrthe:n ‘ tail
hemisphere was prov1ded However, the plane7ef theiﬁrbit
shifted southward by several:degrees ih each sebsequent year
- (to 23° in f978 and to 15° in 1980 (Dandouras et al., 1986))
thereby increasing the eeverage of the sduthern hemisphere
as time progfessed..v The epacecraft penetrated the
interplanetary medium for up'totthree quarters of an orbital"
period, depending ‘on the time of year. From mid—Ja%uary to
midJJdne,theY'spent most of\gach orbit within the tail such

that at perigee the dayside.maggiiosphere was traversed-in

s . 4
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the equatorial re§ions, and on the nightside the near-Earth
tail'environmeht was probed. For the remaining months ‘the -
satellites orbited pre&ominantly outside“the magnetosphere
within the solar wind:, . 4 ‘

Orbit plots tor /ISEE'S‘1 and 2 have been produéed by
the UCLA magnetometer-“group and are available on microfiche.
Eleven different representations for each orbit are'providea
and these are described in detail by Russell et al. (1980)%;_
o; primaty importance here aré the orbit plots-in both thejifw{;
GSE and GSM coordinate representations. In each coordinate
system there are three plots for-eQery orbi;;_depictfng‘the
three projections in the X-Y, X-2 and Y-Z planes. inﬁ either
sistém, any two of these provide enough information to
deté;mine the spatial chation of the satellite;, As’ well,
X-Z and Y-z and plots  which present phe‘peUtral.sheet
location in GSM.coorﬁinates accord%ng to the two ‘mogels‘ of.

Russell and Brody, (1967) and Fairfield

4 b

(1989) are of
interésg. :

u Figure 3.1 is a sample orbit plot in the GSM coordinate
system for . a typicai tail  tr$¥grsal by ISEE 1. (Thé 
'corresponding ISEE® 2 plot is almost identical_excépt for a -
shift in time.) This figure shows. the (X—Y)GéM projeétién
for orbit 199, 1979. Thé ~orbit number, satellite
specification, agd time of perigee (day 38, hour 20&08)' are
indicated ét the top of the plot. The grid spaging.onqboth
axes 4s one Re and each plot displays a 24 by 247vRe: region -

of space which 1is shifted from plot to plot in'o;der to
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" Figure 3.1 Sample ISEE 1 orbit plot in GSM cdérdinates.
Shown is the (X-Y)GSM‘projection for orbit 199, 1979.
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contain the orbit. The satellite trajeétoryvis marked with a

crosé at each hour and every four hours the Un{versal Timg

is specified. The same format .is also us;d for the other two

GSM prqjections. Note that the irregular shape of thé' orbit

results from the "rocking effect" of the GSM coordinate
3

system about the x—aXis; as described in section 2.1.

Universal Time (UT), also known as Greenwich mean time, °

is defined as the local time at the meridian of zZero

geographic longitude (ie: Greenwich, England). Local time at
the geomagnetic north pole is obtained by adding to the
value of Universal Time the number of 15° longitude sectors
(each representing ‘one hour ©f Universal Time) between
Greénwich longitude‘ and that of the geomagnetic north 'pole
(thi; v%@ue is obtained by meaguring longitude‘ west of
Greenwigg). The north geomagnétic'pole is.iocated‘4.65 hours
west of Greenwiéh, therefore, approximately 5 hours must be

added to the hour in Universal Time of a particular magnetic

observation made by a satellite 1in order to be. able to

determine the orientation of the geomagnetic axis for the
given magnetic event. In this work all events will be

referenced in.Universal Time.

3.2 Measurement ana\ﬁigplay of the Tail Magnetic Field

The instrumentation bnboard the ISEE 1 and 2 ségbecraft.
included 1identical UCLA fluxgate magnetometers which’
simultaneouSly méasuned the three: orthogonal componehts of
the magnetic field in the \spacecraft coordinate system

¥ , . L
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(equivalent to GSE coordinates for the ISEE satellites since
their spin axes are oriented in ; direction perpendicular to
the ecliptic plane). These instfqments are described by
Russell (1978). A wide dynamic range was required for tﬁe
magnetometers since the magnetic field magnitude 'neaf the

4 than that in the:

Barth 1is greater by a ‘factor of 10
mid-tail regions (at perigee ]§|550,000 nT whereas at apogee
|Bf=20 nT). TwO commandable ranges chosen for the
instruments were *8192 £1/4 nT, and +256 *+1/128 nT.
The magnetic field measurements obtained by
ISEE 1 and 2 were processed byAthe—UCLA magnetometer group,
and magnetograms with a sampling interval of either 64
seconds or 4 seconds are available on microfiches. The
latter format 1is employed in this study. Figure 3.2 shows
‘the ISEE 1 magnetogram “for hour 14, day 39, 1979,
qorresponding to a segmenf of the orbit reproduced in‘figure
3.1 above. Figure‘3.2 é&Sﬁlays Ehe‘ UCLA magnetogram .which
gives tﬁe componenné(‘of the magnetic field in spacecraft
(GSE) coordfnates.fﬁFour panels are displayed on  each.
magnetogram, one cérresponding to each of the three magnetic
field components, B,, B,, and B,, and the fourth
ol (from

representing the tﬁ@@} magnetic field magnitude, |B
1  to§ to bottoem, respeétively). The abécissa represents field

“ magnitude measured in nanoteslas and accurate to *1 nT, and

the ordinate indicates Universal Time in hours.
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Figdre 3.2 ISEE 1 magnetogram, in GSE coordinates, for  hour

-

14, day 39 (February 8), 1979.
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3.3 Magnetic Signmatures of the CPS, PSBL and Lobe
Satellite >magnétograms' provide the magnitude and
direction, as well as a qualitative cha;acter of the
magnetic field being observed by the spacecraft. According
to the polarity of the B, componént, determination of
whether the -tellite is situated in the nérthern or
southern hemisphere may be made since B, has a. positive
polarity in the norfhern hemisphere and a negative polarity
in the soufhern hemisphere for all ~plasma domains.
%imilarly, the polarity of the B, component dictates wﬁether
the satellite is situated in the dusk or ﬁhe dawn 'sector of
the fail, as discussed in section 2.6. ConseqUently, four
"guadrants" ‘may' be defined in the tail cross-section
according to the polarities of B, aﬂd B,, as shown ig figure
3.3.
| This régional'vdivision of the tail cross-section into
quadrants is, ~however, - somewhat simpiistic in that the
actual shapes~ and positions of the transition zones between
the northern and southern,hemisphgres, as well as between
dusk and dawn, are not this <clearly defined. The
dawn-to-dusk transition iS'thought( té .lie closer towards
dusk than dawn by =3° aé a résult of aberration of the tail
(Behannon, 1970). As well, there has been much discussion of
a curved or warped neutrél,sheet.(Russell and Brody, 1967;
Bowling, 1974; Fairfield, 1980; Voigt, 198;; and Gosling ét
al,, 1986). In particular, Qhe RusseILi@rody'and Fairfield

models for determining the shape of the neutral sheet are of
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dusk

G

=

- —- - Neutral sheet_ -~
= e

----  Dawn/dusk éeparation

~
'Figure 3.3 Idealized division of the tail cross-section fgto
four quadrants which are defined according to the polarities.
of both the X and Y components of the.tail  magnetic field.

For example, quadrant 1 (north-dawn sector) is defined by
positive B, and positive B,. .
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interest, since in both cases the neutral sheet position has

L~ . 4

1878 and .1979.  The 'calculated p051t10ns are available on

bedn calculated for the I§EE 1 and'2 'satellites throughout

m1crof1che 1n‘terms of orblt plots in the GSM coordinate

system. .

The basis of any neutral sheet model is that an equal

amount of magnetic flux must be presen;.in each of the two

tail hemispheres. In the Russell-Brody model, the neutral
sheet 1is represented by a curved surface whicn touches the
X-Y plane at the edges of the tail and which is farthesr
from the X-Y plane near the central axis of the tail. At ‘all
times, the nentral-sheet position depends on the centinuelly
changing orientation of the dipole axis (ifx&he dipole were
allgned perpendlcular to the X-Y plane then the neutral
sheet would c01nc1de with the X-Y plane7 In the region of
the ta11 for which |Y|211 Re and X2- 30 Re, the Russell- Brody
'

model " may be schematically represented as in figure 3,4(a)

(whlch gives the shape of the neutral- sheet that is

; Jpproprlate when -the geomagnetlc pole is tllted towards the

'sun,> that 1is, during northern hemisphere summer). The

Fairfield model also represénts ‘the neutral sheet as an

-

arched surface, shown schematically in figure 3.4(b), which

crosses the solar magnetospherlc equatorlal plane near the
flanks of the tail =+18 Re from the ¢tail axis. .In this
model, the shape and position of the neutral sheet do not
vary significantly with increasing "distance downtail. In

addition, Fairfield reports that the neutral sheet tends to

~
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Figure 3.4 Cross—sections  of the- _geomagnetic tail
illustrating schematically the (a) Russell-Brody and (b)

,'Fairfield model representations of the shape of the tail
neutral sheet (after Gosling et al., 1986).
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be ‘slightly‘ nearer qhe.tail mid—g}ane durihg intervals of
inteqse,mégnetosphgric activity. &

THE transition zones showﬂ -in  figure ' 3.3 strictly
represent an idealization, and £ﬂe question of their actual
shapes and locations is of minor importance in the following
studies. However, the ' above defiﬁitions of. northern wvs.
southern hemisphere'and dusk vs. dawn according-to B,”and B,
poiafities remain valid. | )
.g General guidelines from‘thé statistical magnetospheric
model may be outlined according to. which spécifitation of
the plasma regime being sampled by the satellite may be
;atteﬁpted. In either hemisphere, the B, component increases
ip magnitude towards the tail lobe,.since in this region,
tﬁ; {ield islmost tail-like, and hencé, B, vis largest in
magnitude here. The B, component., on the other hand, is very
weak in the lbbés. ToQards'fhe_CPS the field 1lines become
more dipolar in natufe; thus, the mégnitude of B, decreases
and éhat of the B, component increases. Therefore, B, is
smallest in magnitude in the CPS, and at the neutfal sheet,
. wherea_s the B, component'is larges} in ma%pitudé near the
centfe of the CPS and normally exhibits a positive polarity
there. In the PSBL, bbSth B, and B, are of intermediate
"magnitudes. The magnitude of By ié vefy weak in the zone
separating dusk and- daﬁn, undergoing a “polari;y change
there, whereas it is larger towards_tﬁe §lanks of.the tail.

The magnitude of this field component also decreases towards

thg lobe. In terms of Chéracter of thexmagnetic trace, lobe.
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traversals probide ‘smooth” or quiet traces, . the PSBh is'
characterized by noisy traces with small, rapid ‘field'
fluctuations, and the traces for. the CPS are also
comparatively regular (Elphic et al., 1985). However; these.
field characteristics are not alwaYS abserved, nor are théy
definitive. ! N | =

In combination, the above signatures form the basis of
the geomagnetic tail field model incorporating the CPS, PSBL
and lobe- plasma regimes. It must be emphasized that these
signatures present a- statlstlcal and idealized plcture of a
rather dynamic magnetotail ) Additlonal information 1is
'requ1red for accurate plasma regime 1dent1f1cat10n, and such{
is prov1ded by energetic partlcle ‘measurements.

Kl

3.4 Eneréetic.Particle Detection‘and Presentation

The instrument .employed on iSEE's 1 and 2 to collect
observations of plasma characteristics‘was a guadrispherical
low- energy proton and electron dlfferentlal énergy analyser
cr, LEPEDEA. This 1nstrument was developed by the Unlver51ty
of Iowa space physics group and it has provided the first
three .dimensional ‘plasma flow measurements. in  the
magnetosphere and magnetosheath, Previous instruments had
been limited to measurements of‘ bulk flow. in a plane
perpendicular. to the spacecraft spin axis. Due to the
capability of the tEPEbEA to -obtain entire velocity

distributions for low energy protons and electrons, direct

measurements. of current in the magnetosphere and at the
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magnetopause became possible. {
L ' t :
The LEPEDEA is. described i detail by Frank et al.
(1978a). It 1is essentially an electrastatic
ST .

incorporatihg‘ 14 continuous-channel electron mdltipliefs

which tqggether are capable cf_ determiniﬁg the Qireétional
intensities ~of both electfonS»and positive ioﬁs arriviné at
the satellite from all,but two percent of the wunit spherg.
The 1ions are a§sum¢d to be primarily protons (Eastman’ et
al., 19855). “The ‘instﬁumgnt contains seven ’ pairs~ of
detectors, each' gon$ist%ng' of an électron detector and an
ion)deteptor. The iséven sets are oriented at different
anglesf\oﬁ indidenée, ;incréhented in altitude as shﬁwn in
figufe'3.5(a). The ranges in pélar angng 9,i or latitude,

(measured in degrees from the spin axis), of the seven

individual fields-of-view are 9-18, °18-39, 39-71, 71-109,

analyser’

-

109-141, 141-162 5ﬁdr 162-171: degrées where north' is’

represented by 6;0°. Only the jcharged pafticles with
incident polar angles lying within the 9 degree half-angle
. . »

QQ; [

_cones,_centered about the spin axes (both 0° and 180°) .are

&

about its axis, seven ,Jatitudinal bands are swept out on the

unit sphere, as ~ indicafed in figure 3.5(b). Thus; the

‘angular distributions of pésitive ion and  electron:

?

and. simultaneously with the fan-shaped vfiéld-ofryiew

configuration of the LEPEDEA.

s

ol

_not sampled by the. LEPEDEA. Because each satellite spins

intensities 1in the seven directions are measured separately

o
Y.
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angular distributions of the positive ion and electron
Ifitensities, projected onto the unit sphere (after Eastman
“et al,, 1985b). - ’ :
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The energetic particle data were'collected'ét éither a higﬁ-

or a low-bit rate% At low- bit rate each a21muthal band is
- . r
incremented'into 16 equal and contlguous sun- referenced

r

sectors; howeve:f at hlgh b1t rate the LEPEDEA 1s slabed to'.

" the spacecraft clock, and-the spin period 5is- then - d1v1dedt“

into 12 equal angular segments. The ﬁdﬁber ofﬂ energyf;h

paseﬁands sampled‘dependsf on the data lmoae- ine_use;"Atv‘gj

“

Iow-bit - rate 64 passbands are sampled, spanning the full
3 enengy range of the instrument, and-at -high4bit rate lonly}

the highest 32 levels including energles above 215 eV are

LA
e

sampled. In high-bit rate mode each 1nstrument cycle

3

requires - 128 seconds for complet1on (32 energy levels } 4
L , \

~ seconds peyg level). Starting at the 1owest,>energy, each

detector sweeps through all azimuthal angles‘before stepping

up to the next highest energy level, such that l2 ,sectots

are sampled durlng‘each three second spin perlod and at each r

LN

energy. Further, 'all seven polar angles " are sampled .
simultaneously by - the correspond1ng proton “and electron
Hetectors, consequently, the LEPEDEA covers the fulli solid
Vangle range during ygach three second,;pln peeiod at each
eﬁergy level. In low*bit rate que‘the’time reéuired for a
:cemplete instfument_eycle is dbout eight minutes (64 energy,
~levels‘x 8 seconds per nl;?@l)‘ with 16 -azimuthal sectors -

kl

_be1ng Sampled _ _
. The UEPEDEA has an energy range of I eV < E/q S 45 keV
Co -~ _
wi?h ‘an . energy resolution of AE/E = 0.46 or 16%k)The
\ .

“intensity thresholds (or minimum intensities detectagie) for
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positive ions are 7x10 and 1. 5x10 (cm -sec-sr-eV) at

1. eV vand 45 keV' eSpectlvely The correspondlng electron

-1

threshold 1nten51t1es are 2x10 and’ 4x10 (cmz—sec -sr- eV)j

-at"17 eV and 45 keV, respectlvely The maximum ion and

—

electron 1nten31t1es w1th1n the ranges of- the LEPEDEA are a
factor of’ 3x]0 greater‘ than - the above correspondlng
thresholds (Ogllv1e et al. 1977h)

£ A Gelger Mueller (GM) counter fas also included in the

plasma’ instrumentation. It has a- colllmated conical 40‘

field-of-view directed perpendlcular to the spln axis of the

A
spacecraft, providing measurements in the vicinity of the

satellite midplane*\ The GM tube is sensitive to electrons

w1th‘E245 keV and protons with E2600 keV.

""""

Energetlc plasma measlrements obtained from the LEPEDEA
are ~available in two graphic, colour- -coded forms, the
) ener*gy—t’i}me (E-t) spectrogram .and the energy-spin phase
angle;(E;¢)‘spectrogram, and these vere " both proeessed 'by
the Iowa’tsoace physics group. _The identification of a

particular’ plasma regime'is usually unambiguous when’jusing
the three;dimensionaly E-¢ soeogrogramsf howeyer;
interpretations  based on the . two-dimensional E-t
vsoectrograms must;.rely on 1¢¢éf soatial and temporal

-

resolution, and therefore, short excursions from one plasma

-

o

regimef to another may not be detectable. Consequently,
" although the E t spectrograms provide information adequate
+for’ general surveylng purposes, the E-¢ dlsplays prov1de

. . /‘. ' . .
finer detail and are’ useful for more precise event analyses.:

~
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An example of the ehergy;£ime spectrograh format is
shown in'f{gure,3.6. At the top of each spectrogram the name
of the'safellite\which collected the data, as well as the
day number apd year are given. This apectrogram presents
energetlc partlcle data for day -39, 1979, The first four

£ ‘. .
panels display ‘'positive lon responses obtained by that

“detector which is centered on the equatdrial plane of the

spacecraft. The responses are averaged over four "look"

- directions or quadrants of view which are, from top to

bottom,” sunward (V), dawnward (<), anti-sunward (A) and
b4

"duskward(>). The bottom panel represants azimuthally

averaged electron " spectra, sampled by the
equatorially-centered electron detector. The vertical axes
represent  logarithmic energy scales (10910) in units of

electron volts and the horizontal axes indica‘e both

~ﬁniversal Time (in hours), and the location’ of the

-

spacecraft in solar ecllptlc (GSE) coordinates, where Re-"is
the geocentric radlaLJdlstanca to the satelllte (measured in
SE is the so;ar.ecliptic la§1tude, and ¢SE is
thé solar ecliptic 1longitude (bath measured in degrees);
Note that. the star; af first hour of each day is denoted’ by
00, ‘and  the " end of the last hour by 24. The color code on
the side provides a logarithmic indicatidn of  flux
intensity, encompasaing a range of four orders of magnitudé,
with red’rebfeéenting high detecﬁor responses and blue, ‘low
responées. This scale is used forvdisplaying the number of

counts per accumulation interval at both low- and high-bit
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Figure 3.6 An example of the energy-time spectrogram format
for displaying energetic particle data. This spectrogram
presents data collected at:low bit-rate for day 39 (February

»
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rates; therefore, no units are given since the accumulation

times for the two modes are different ~(Frank, et al., —

N

19785). At-ﬁigh-bit rate six hours of data are’ sho&n on a
spectrbgramA whereas at low—bitirate 24 hours are presehted.
The data for figure 3.6 were recorded at low-bit rate;
therefore, 24. hours of data are dlsplayed |

E-¢ sbectrograms for selected time 1ntervals during day
114, 1979 are shown ip'figures 357,'3§8 and 3.9. The start
time, satelllte specification, radial .d&stahce from‘ the
Earth day and year for each.sequence is glven at the top of
" the display. There are fifteen panels per plate, each
'represénriﬁg a three-dimensional particle response array.
The first seven indicate 'i&h distributions, denoted by.
1P-2P, the last seven show electron distributions, denoted
by 1E-7E, and'thekcenter.panel displays high energy particle
responses measured by the Geiger-Mueller eounter. The .
detectors are huhpered sequentially beginning.with the polar
detector wlrich has a fiela*of-view centered at the satellite -
polar ‘angle of 13° and endlng/ylth that centered about the
polar angle of 167°. For each detector, responses are
‘plotted as a function of spacecraft §pin angle (¢), w1th
each' frame displaying observatlons for 16 azimuthal sectors -
" as marked -on the abscissa. Slnce the spin axis is nearly

perpendicular to <the eEliptic plane, the abscissa may be ,
: Do . . N

{nterpreted as the solar ecliptic longitude with one frame

; : N , |

 width representing a 360° rotation of the satellite..The

sides of each 'panel represent fluxes approachfﬁg‘ the

*
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(b)

format
3.7(a)
i day 114

< :
Figure. 3.7 Examples of the energy-phase angle spectrogram

for displaying energetic particle data.
and (b) present data collected at low bit-r
(April 24), 1979, at start times of 11:08 and

UT, respectively.

(
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Figure 3.8 Same as figure 3.7 but for start times of (a)
11:17 and (b) 11:38 UT, respectively. '



81

Y

Figure 3.9 Same as fiéure 3.7 but for a start time of 11:45
UT. ' : :

$
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satellite in the ﬁarthward direction while the center of
each panel repre§en£é“anti—Earthwaﬁd ;directed fiuxeé. For ..
the elecron and ion respbnse framés, vaIués Of‘log10;0f the
particlé‘enerqy (in units of /eléctron'»VOlts);‘ ar; 1giveh‘
valongv the . ordinate: For the GM frame;"thef Qrdinage
represents Universal Time and the energies of the téetééted
partiéles aré not spécified. |
All frames within the energy-phase 2 _.c .cts,

inéluding= the GM framé,‘display reéponses seg. ~“ially in
time from bottom to top. The colour code shows a logarithmic
measure of flux intqnsity in units of log,, of the sensor
count rate. A vertical bahd of lafge *responses near. the
center of -each GM frame arises from sélar,x—rays (Eéstman et
al., 1984). It is important to note that detector 7E én
ISEE 1 haé deteriorated'since the launch of the.spacecré££, 
and therefore, the display of electron fluxes. in. the
corrésponding frame of each E-¢ spectfogram is not reliable.
Also, there is an enhanceméhﬁrbf electrons at low energies
in the B5E frame which 1is due to secondary électrons aﬁd»
photoelectrons resulting frbm “the instfuméntfspaéeqraft
coﬁfiguratién,(Eéstman'ef al., 1985b). ' o

[
R
I

‘3.5 Ehergeti;‘Earticl¢ Signatures in the CPS, PSBL and Lobe
The primary particlé éignakures of the CP< PSBL and

lobe, which are the Eeéions of interest iﬁ’this work, 'havé';

_béen outlineé byﬁ Eastmah et al. (1984) and Ea§£man et al.

(1985a, b). According to™Eastman et al. ,(1985b) the only
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reliable criterion for identifying the CPS is the occurrence
Cof guasi-isotropic.velocity distributions for both ions and
electronsr Tyo‘distinCt isotropic 1ion ~components, one of
"high energy (hot) and one of low: eneregy (cold), are

commonly observed. The high energy ion component in the CPS

. is most” frequently observed towards the center of the plasma

'sheet (in latitude, a21muth and radial dlstance) fhe
occurrence: of the two components has been correlated w1th
thellevel ot'geomagnetlc activity, the cold~component being
observed to dominate t-e P3 during periods'ot‘loQ,actiyity,v
‘while the hot component 1s observed when actﬁvrty 1evels-areo7
hlgh (Eastman et al., 1985b). Often, hoyever the particle
spectrograms will indicate a tran51t10n f)om one component
to the other’with no correspog%ing4ground—based indication
of a change in geomagnetic activity.

The PSBL is characterized by«significant anisotropies;
in the. partlcle velocity dlstrlbutlons, whlch often inclnde
 both hlgh and ~low ‘energy components. Counterstreamlng
high- energy 1on beams‘w1th energles of f'ke < E s?.45 gev

~

are ‘typlcally observed. As well ant1 sunward flowlng jon’
‘beams of ES1 keV are common in the vPSﬁL‘- Accordlng' to"
Wiliiams (1981), the counterstreaminglion d&strlbutlons are~
the result of near-Earth mirroring of ::h beams whlch have“
been accelerated towards.a he_ Earth from a source;region
roughly 80 to 100 Re downtail. Consequently, these energetic

ion beams are field—allgned. High ‘speed ion flows are

confined to the PSBL, not'being'observed*inleithepf'the‘ CP54.'

RN



94,

or the lobe (Decoster and Frank, 1979): Enhanced flow speeds
frequently appear im the PSBL during periods of high
activity; however,,éignificantbflow speeds also occur in the

PSBL during periods'of extended guiescence.

The tail lobes are 1dent1f1ed by the occurrence of very,V»

lowv plasma densities which generally are not 1sotrop1cally
distributed. Frequemg intervals of low energy ion responses
(SO 5 keV) 4A€spec1ally a low energy ant1 sdnward ion
:;component are characterlstlc of the tall lobes. ‘The PSBL
also _contains a low zenersy 1on component whlch is often
1ndlst1ngU1shable from the- related low energy 1on component
observed in the lobes.'lons of E25 keV are not observed 1n?;
the lobe plasma domain, 'bot»ﬁlowfgenergyf (soft) electron

T

spectra are typ1dﬁl§-5; e T o - H

S0

During the onset of a magnetospheric substorm, a sudden
reduction in energetic_ particleN flux intensitf is often
. observed This is a typlcal 51gnature of substorm- activity,
~and it"is_.known as a plasma sheet dPopout A dropout is
intefpretedh as‘ 1nd1cat1ng the exit of the observ1ng

satellite ‘from the CPS throught the PSBL and into the lobe

S

as the pla’ma boundarles move past the spacecraft due tov a
thinning '65, the plasma sheet in response to the occurrence
- of the magnetospherlc substorm (%andouras .et .al;,;.1986)

Durlng ‘the substorm recovery phase, the satelllte mayppﬂ
:fexperlence a return the CPS from the lobe,-via'the PéﬁL

" as ‘the plasma ;she:,-aga1n expands and the boundariés move

past the satelllte. Dlasma sheet dlstflbutlons at the heartj°



”bolaritY”of*therE;~ and B, componentgv

~determined that ISEE /1 1is situated at X =

95
of the CPS show no _significant change in plasma flow near
the onset of a substorm, however, counterstreaming ion beams

are observed in the PSBL at this time. Durlng hlgh act1v1ty,\

the plasma sheet can be very thin and it 1s, therefore, not ,

) always detectable, especially in the E-t spectnpgram format.
\ -~ -V N

However, acc rding to Dandouras- et al. (1986), although gven
weak substorms can produce large perturbations of .the plasma
sheet[ the thickness of the plasma sheet can also locally

remain unaffected by intense substorm activity.
® T : '

3.6 Sample Event Analyses

The GSE magnetogram shown in‘.figure 3.2  features

. magnetic field signatures ‘typical -of the CPS. Positive

suggests that the

!

satellite = is located in the ,dawn sector of the northern

7

hemlsphere, with the magnltudes of these cqmponents(~be1ng
characteristic of "the CPS ‘regime. As well, a'pOSitive B,
component is expected in the vicinity of the tail mid-plane

within about 30 Re downtail. From orbit plots it can be
' o
GSE 14.2 Re,

Ysgp="13+3 Re and ZGSEf+5.5'Re. During the interval of 14:25

to 14:50 the satellitefappears'to be in the;vicinity~of ‘the
. ! .

neutral sheet sinceﬁ both the By 'and B, components exhibit

magnitudes of -only one or two nT. Further within this time

interval B, 1ncreases- slightly, 1nd1cat1ng that the

Jsatellite is closer to the neutral sheet than at the start

- : e

and end of hour 14. Aééording(to the magnetogram, ISEE 1

/
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appears to spend the- entire 'hour .within. the CPS since
“neither PSBL or lobe signatures are apparentrv

. The magnetograms in, figures 3,10, 3.11 and 3.12;for
hours 10, 11, and 12 of day 39 1979 may be 1nterpreted as

indicating a traversal of ISEE 1 from the lobe through the

' ~

?PsBL to the CPS. From the start of hour 10  until
approximately 1:30, the magnltude of: the By componen{ﬁ;s
220 nT, the magnltude of B, is =10 nT, and the B; component
magnitude is deryfsmadl. These signatures {ndlcate that” the
field lines are'tail—like, with the f1e1d being or;ented

- predominantly in the X direction. This suggests that the

Hat a

sakelllte is located w1th1n the lobe reglme. Because both By
and B, are p051t1ve' in polarlty,rthe northern hemlsphere
dawn sector is being sampled Further, 51nce the traces- of

all three components are generally smooth and steady in

nature, a qu1et or. reiatlvely non dynam1c plasma domaln is

being observed by the satelllte, whlch in this case,‘ls the[zﬂ

lobe (Slavin et al., 1985).
Between 11:30 and .11:55, the component traces become
\ : . C,
somewhat turbulent and exhibit an 1increased oise level.

This 1is 1nd1cat1ve of the more dynamlc plasma regime cf the

PSBL. Fluctuaf/bns in the magnetogram traces, partleularly-

Y o
in the B, component (transverse to the background field),

.can be attrlbuted to FAC flowing in the PSBL (Elphic et al.,
f
1985) As well, because --‘the "B, component magnltude has
&
decreased whereas those of the B, and B, have increased, the

‘spacecraft appears to be somewhat closet to the midplane of

e
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Figuré 3.10 ISEE 1 magnetbgram, in GSE coordinates, for ‘day
39 (February 8), 1979, houyr 10. _ E
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Figure 3. 11 ISEE 1 magnetogram, in GSE coordlnates, for day
39 (February 8), 1979, hour 11. '

-
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' Figure 3.12 ISEE 1 magnwetogram,. in GSE coordinates, for day
39 (February 8), 1979, hours 12, : :
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the tail..Together, these signaéures ybuld suggest that t%e
?SBL’haé been encountered. NQte,}how?ver, that the observed
maéietic signatures are not always apparént in a PSBL
crosginé. | |

Finally, between 11:55 and the end of hour 12, the
magnetic signatpres are sim?lar to those described for hour
14, day 39, 1979. The further,decrease in magnitude of the
B, component —accompanied by a continued . increase in,
'magnitude of thé B, and B, components indicates that the
satellite haé énﬁered the CPS, and it gets closer to the
neutral sheet as the hour progresses.

The ghree plasma regimes of the CPS, PSBL and lobe, are
clearly illustrated in the E-t sbectrogram of figure 3.6.
“The tgp four iop response panels indicate high—energy,
isotropic 1ion fluxes {0.5 keV < E < 10 keV), for thg,time
intérval of hour 7-to hour 9, ,as well as for hQurs 13
through 19, inélusive.‘Duriﬁg theée intervals, the particle
data indicate that ISEE 1 was situated withink-the CPS,
thereby ”‘confirming .. the ﬁrior interpretation of thé
‘magnetogram - of figure 3.2 which suggested that the
spacecraft was located in the C?S foF the whole of hour 14.
Note,£h§€ the energetié particle data can only indicate
whiéh" plasma domsin is being sampled; therefore, from the

- vgiékspectrogfam one cannot digtinguish between the northern

anaf‘southern hemispheres ‘within the plasma sheet, nor can

one identify the neutral sheet region. :

«r
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AY
It is also clear from the E-t spectrogram that the

intervalxof time between the start of_ hour 10 and the end of
hour 12 represents a(traversal of ISEE 1 from the lobe
through: the PSBL and into the CPé, as was described above
with respect to the magnetograms of figu;es 3.16, 3.11 and
3.12. The 1lobe is evident from the general absence of both
ion and electron resbonses from apprdkimately 10:10 wuntil
the first part of hour 11 (a low-intensity, low-energy
electron component,<”with E<0.5 keVv, 1is - present){ At
approximately 11:§0 ~the satellite detectéd a distinct
" anti-Earthward flow of ions (E<1 keV), and as well, the ion
distributions . in the four look-directions become
anisotropic, indicating that ISEE 1 hgs encounﬁered the
PSBL. Near the end of hour 12, 1ion responses appear
isotropic in naturs, suggesting that = the centrél ‘plaéma
sheet has been entered. ISEE 1 then remained Flearly within
the CPS until app-oximately the end of hour 19. Hencé; éhe
E-t particle signacures for this particular examp%g’confiﬁm
thevinﬁerprétation of the magnetograms in figures 3.10, 3.11

e

and 3.12.

~
Prior to 10:10 (the beginning of the lobe encouncer)

ISEE 1 appears to have been located within the CPS,

evidenced by the otcurrence of isotropic responses for the

ions in-each of the top four panels of the E-t spectroéram.
(

However, according to the spectrogram, the PSBL signature is

absent. This suggests ﬁhat the ‘spacecraft ekperienced a

( )

" rapid traversal from the- CPS to the lobe, and such *a

/



> 102

transition is indicative of plasma sheet thinning which

AR

accompanies.a magnetospheric substorm. ‘

A second exampl@ of such a sequence of events is shown
. . -
in figure 3.13 which represents the E-t spectrogram for day

¢

1%4 1979.- These ta were collected at high-bit rate,

o

prov1d1ng enhan' coverage - Of_ each plasmg regime

enc%vntered At approximately 11:00 ISEE 1 sampled the CPS,

"as indicated by the isotropic ion responses in the upper

u - A o
“four panels of the spectrogram. The energy range of the ions

spans .from 100 eV to 45 keV. By about 11:15 the spacecfaftr

“had abruptly entered the lobe reglon (E<1 keV), where it

remained for about half an‘ hoilr. The PSBL is not ea51ly

d15t1ngu1shed in the cross1ng from CPS to lobe. However, the

LN

PSBL was distinctly encountered jUSt after _11 30 as

evidenced by the anisotropic ion distributions (E210 keV) at

~this time.

.It is clear from the E-t spectrogram Ehat a coarse
survey of the plasma regimes sampled by a sapelllte is
possible; however, greater detail is d351red for more

accurate - analyses. Such detail is available from the

Aenergy phase ang’e spectrogram format, as illustfated below.

Data for the E- ¢ spectrograms of’f1gures 3.7, 3.8, and 3.9
were ~ollected at high—bit’ rate, consequently each
instrument cyqle reguired 128 seconds to complete. bigufe
3.7(a) is the E-¢ spectgogram'corresponding to the begin~ting
Qf the Eequencg of event; described in-fhe discussion of the

E-t spectfggram for day~114}u1979, hour 11. The start time
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1979.

R

Figure 3.13 Energy-time spectrogram\.fovr day 114 (April-24), = =
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for the spectrogram is 11:08.54 UT. This set  of frames

indicates that ISEE 1 was situated within the CPS, which, as.

in the E-t display, is characterized by'generally _isotropic
ions

"ion and -electron distributions (100 eV s E; " < 45 keV,

E

. < A
Eelectrons - 10 keVv). The detector responses are nearly

indeper 2nt of azimuth and 'altitude for both species of
'pgrticles. |

In'figtre 3.7(b) (start time of 1{:11.02), anisopropies
become Zvident‘especially in the elecfron'distributions for
‘deteCﬁors 38, 4E éhd 5E. Partiéle_ intensities in the
Earthward and anti-Earthward directions dominate these
‘rames, and such"bi—directional-fiows are indicative of a
PSBL‘encounter. Most of the,ions with energies <1 kev se;n
in the previous frame are no longer evidéﬁt, with only the
higher energy ions being observed;

By 11:17.25 (figure 3.8(a)5iﬁthe distinctly 1low
intensipf of both ions ‘and electrons indicates that the
spacecraft has entered the lobe. Essentially no ions are
observed at the energies di§blayed on the E-t spectrogram;
however, soft, anisotrbpiC’ electron spectra (E<1-keV) are
evident. Note the enhancement of low energy electrons in
frame 5E resulting from the spacecraftfinsfrument
configuration, as mentioned previously. The satellite ié
still __,_situatéa within the lobe at 11:38.43, as shown in
figu;q 3.8(b), which is unchanged: in character from the

previous set of frames in figure 3.8(a).
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At ’ approximately 11:45.60 - (figure 3.9), 1ISEE 1
re-encounters the PSBL as indicated by anisotropic
distributions particularly evident 1in the 1ion response
frames where high energy ions (E210 keV), are. observed
flowing primarily in the Earthward difection. Tﬁe electrons,
as'well; are anisotropic in nature. Hence, it is clear from
this discussion that tﬁe E-¢ representations of the

rnetic narticle déta provide considerable information.for
c--ailed  event analyses, as evidenced by the appearance of
the PSBL signature at 11:11.02 which was not visible in the

corresponding E-t spectrogram.

3.7 Measurement of the IMF and Solar Wind Plasma Parameters
The ISEE. 3 instrﬁmentation includes a Vector Helium .
‘Magnetomete; (VHM)gwhich made continuous observations of the
" interplanetary maggetic field near one A.U. while the"
osatellite was in its halo orbit (see Frandsen et al., 1978).
The magnetometer sensor is mounted at the end of a three
meter boom to remove it .from on-board sources of
interference. It measures three steady state components of
+ - ambient magnetic fieid in sbacecraft coordinates, and
>m these, the total field magnitude is calculated.

IMF magneﬁic field measurements are published 1in the
Interplanetary Medium Data Book - Supr’ement 3A (Couzens and.
King, 1986). These data were 6btained not only from ISEE '3
(until June of 1982) but also from ISEE 1 (when it's orbit:

’péssed.through the solar wind) and from the satellite, IMP J
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(IMP 8). The latter spacecraft was placed in a geocentric
. orbit of low eccentriéity with major and mindr axes of
.approximately 40 and 30 Re respectively; and with an ogb}tal
period of 12.5 days. Six to éighﬁ days of each IMP J orbit
wefe spent within the solar wind. When both ISEE 3 and IMP J
measurement® are available for a given interval.of time, the
IMP J data are.used since IMP J was situated closer to the
Earth than was ISEE 3 while in its halo orbit. However,
ISEE 3 data were preferentially chosen to ISEE 1
observations due to the availability of additional
pafameters measw;ed by ISEE 3.

The Interplanetary Medium Data Book tables include
hourly averages of the following quantities: the total
magnetic field (nT), the three components of B (nT) in the
GSM coordinate system, solar wind bulk speed (km/sec), solaf
wind  density (cm_3), and solar wind temperéture (1000 °K).
As well, specification of the satellite used to obtain each
average is given. The parameter‘of greatest.interest to this
study is the magnitude of the IMF ﬁy component which has
been correlated with the magnitude of the tail B, in order

to study the concept of IMF B, penetration.

3.8 The Auroral Electrojet Indices

The term "Auroral Electrojet Indices” '(D;>is  and
Sugiura, 1966), incorporates a set ‘of four indices denoted
by AU, AL, AE and AO, which together provide a quahtitative

measure’ of the global electrojet activity in the auroral
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ione as a function of Universal Tiﬁe. These indicés are
. derivedlfrom the horizontal component (H) of wvariations . in
the . geqmagnetic field at roughly one dozen ground-based
observatories lccated within. the auroral zone in the
northern hemisphere. The location of these stations is shewn
if figure 3.14. The AU index represents the largest value of
the horizontal mégnetic component from all the slétibns for
each samplihg interval, whereas the AL index signifies; éhg
lowest value recorded. For a given time interval, therefore,
both an upper and lower envelopé are defined from a
superposition of the H plots obtained from all the
ground-based mggnetic observatories. The AE index proper, is
derived by taking the difference Setween the AU and AL
indiées, whereas the AO index représent; the mean value of

AU and AL, © |
Physically, the AU and AL indices represent. - the
magnitudes of the strondest current densities . gf “ the
eastward and westward auroral electrojets, reSéectivelf. In
the ideal situation of infinite ground-based spatial
covergée, the AU and AL envelopes would, repre§ent at each
epoch the maximum positiv; and negative deviétions of the H
ﬂcomponent whichk osccur in the aﬁforal‘oval. Stations to the
east of midnight contribufe the most to the AL index'whereas
those west of midnight contribute to,the AU index. The AE
index’ provides a-measure of the overall eléctroth activity

level, or the total maximum amplitude of the eastward and.

westward electrojets., The A0 index is considered to be a
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Figure 3.14 Distribution Jf the 12 geomagnetic observation
stations from which northern-hemisphere . AE data are

gathered.



J . 109
|
measure of the eguivalent zonal current.

The auroral electrojet in%?ces~ are processed by the
World Data Center C2 for Geomagnetism and ‘published in a
series of Auroral Electrojet Indices Data Books (Kamei and
-_Maeda; 1981, 1982). The electojet data are presented either
in tabular or graphical format. Four tables are compiléa for
each month, one co;responding to each of tﬁe four electrojet
indices. Values of hourly averages, calculated from all
"~ available data from all sta%ions, are recorded. fhe
- graphical presentation is aisplayedAin figure 3.15(a) which
shows the auroral elecfrojet activity for day 39, ;1979,‘
correspdnding to the E-t spectrogram of figure 3.6. Values
of the fout electrojet }ndicesf AU, AL, AE, and AO, are.
plotféa (in units of nT) as a function of Unive:sal Timé.

A rise in tbe magnitude of the AE index is  indicative

: P
of the onset of a magnetospher. - substorm, and alternately,
a decrease in AE signifies the beginning of the recovery

£
phase. By this definition, substorm onsets are observed to

occur in figure 3.15 (a) at approximately 9:45, 16:00 and
23:00, UT. The substorm event beginning at 9:45 and endinga
at about 10:45 corresponds to the rpassing of the ISEE 1
spacecraftA from the CPS to the PSBL and then to the lobe,
and back to the CPS via the PSBL (as discussed in section
3.3) and. this is indicative of gﬁe plasma sheet thinning
during a magnetospheric substorm, The dropout at the sta{t

of the event sequence is very rapid, conseQuently the PSBL

' signature is not observed in the E-t spectrogram. A similar

-
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Figure 3.15 Auroral electrojet activity levels, AU,AL,AE,AO,
measured in units of nT and displayed graphically as a
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interpretation_may be made for day 114, 1979, hour - 11 when

-
-

the. correspondiag activity records are incorporaﬁed in the
analysis‘ (see figure 3.15(b)). | |
Tbe absenée of the substdrm signature on the auroral
electrojet magnetograms is not necéss?rily a definitive
indication of'geomagnetié quiescence. When magnetic activity
is high, the aurofﬁl‘oval expands gbuthward, often -‘beyond
the ‘detection rahge‘of the magnetic ob;grvaﬁoriés, énd as é
result, the asséciated substorm ‘may not be evident in the AE
index. Similarly, substorms often are rather localized
“events and if one occurs at a location not directly above
any of the magnetic ‘obsersatories, the variations in the H
componént at the recording stations may Se small, thereforé-
indicating é low level of activity. Consequently, although a
shafp rigp in AE is aiways indicativ; of substorm activity,'
-the abg;nce of the substorm signature does not alwéys
signify low activity, since a localized ovenfimgy be -taking

place, or alternatively, simce the aur-ral oval may have

expanaed”out of the range of the obser i j stations.



Chapter 4
Statistical Studies Invloving B§

The initial research for the ensuing stﬁdies of the
cross-tail component of the magnetosp%gfﬁc magnefic fiela
entailed a systematic and comprehenéivé\investigation of the
magnetogramé constructed ﬁrdm in sifu'obsgrvations made ‘by
by I1SEE 1;' Of primary “interest to these studies is thé
'reéion of the tail between 10 and 23 Re,behind the Earth and
containing thes CPS, PSBL and tail lobe!étegimes. The
satellite traversed this'spatigl domain predominantly ifrom
mid—Januarfﬁ to mid-June in both 1978 and 1979. Magnetogﬁams
in GSE coordinates correspondihg to times during which ‘the
spacecraft was located within this‘domain were examined.

The magnetic field signatures of the CPS, PSBL and
lobe, according to the present ‘ﬁodels'and applicable to
distances downtail between 10 and 23 Re, wgré outlined in
section 3.3. - Using thg magnetic signatures a§ a guideline,
the 1978 and 1979 ISEE 1 magnetograms were .anafysed -bf
comparing observed magnetic signatures with those expected
from -the statistically derived magnetospheric models. In
addition, an attempt was made in the analyses to idenfify
%;Q?//magnetotail plasma 'regime béing sampled by" the
spacecraft. Both magnitude‘and polarity of mainly the B, and

B, magnetic field components, as well as the characters -of

the field traces, were considered 1in the piasmé domain
R = :
specification. PSBL and neutral sheet encounters were of
. . . P «\ " '
pargicular importance in studying the magnetograms.

-112
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- From preliminary consideration of the 2magnetograms

élone, without reference to the correéponding energetid
particle data, 1t was ‘frequently observed that the
‘simultaneous tréces of the three magnetic field components
together dia not identify a distinct plasma regimé, the
observed traces collectively indicating siénétureé which do
not conform with those outlined in the stétistically'derived
models; The failure of any one of the three~magnetic traces
to fit the standard patterns suggests that phy;jgal
processes, of « which the atypical signatures are a
."consequence, are/ongoing-in the tail that have not been
accounted for in the statistical ‘models Identificétion of
suéh discrepénciesn as well as explanations for their
occurrence, is essential 1in }order for a more precd§¢,
unified model of the magnetosphere to be constructed.

One prominent exampleﬁ'og magnetotail»field component

<
' . . o
traces contradicting the average and expected patterns,
. s

v

~

congerps the .cross-tail component,.B<: sémpled when ISEE 1
appears to be in the vicinity‘ of theM.neutral sheet .as
defined by a polarity reversal in the B, ;:;aneﬁt. Ideally,
a neutral sheét eﬁcounter is 1identified by a change 1in
polarity of the- B, compbnenf, accompanied by a simultaneous’
_change in polarity bf the B, component. However, the B,
component frequently exhibits a non-zéro magnitude at a time
:¢oincident‘with a éhangg in polarity of/ the B,. component,

and this is 'in conflict with the present models. Cases of

- .
non-zero B, at an "dpparent" neutral sheet -encounter were

\ . —
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" observed to follow two patterns. In the first situation

H

non-zero B, appears unchanged,across khe neutral sheet.tlé\
the second scenario, a baseline shift séems‘ to occur such
that if the bzero baseline of ’By was -~ shifted either
positive.y or negatively by 5 specific amount} the apparent
neutral' sheet crossing would be accompanied by the'By
behaviour expec;ed according to t%e stati?tical models.

The second pﬁase of research invox;éd a comparisoﬁ of
the magnetogramé_yithbthe corresponding léneréetic particle
spectrograms, 'thé intent beiﬁg to verify the magnetograﬁ
ingérpretations. The energe;ic:particle sigﬁatures for the
plasma regimes o& interesf Q;re discussed in section 3.5.
Through a comparative analysis of the two data sets Eff
became evident that freguently the plhéma regime suggesfed-
by the magnetogram wasvin cor ‘radiction with that, indicated
by the parﬁicle data. Often, the magnitudes and cﬁéracters
of the traces for each of the magnétic field components did
not agree with those egpected frébm the model for the plasma
regime specified by ‘the speqtrogfams. The frequenéy of
disagréement betweég. tE? two dgta ;ets was significant,

: i

4

iggiqgting further that the statistically derived models of
the magnetotail do not adequately incorﬁorate deviations
from the averaggﬂconf?gurgtion of the magnetQE?hpre.' The
existenc?o of such deviations requires that the present
models be updated to provide cohsistenc§~betyeén the various
sets of observations. As well,'proceésesvyhich statistically

occur infreqQuently enough to be neglected 1in. a general

. ~
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e d
picture of the tail nevertheiess play a significant role in
magnetdspheric dynamics and mdst be included in the models.
An important issue is raised bylfthe occurrence of
discrepancies such as described above: can either of theftwq
data sets be reliaﬁly.used to identify the correct plasma
regime being sampled by the satellite? Furthermore, -tan the
discrepancies between tro predictions of plasma regime beiné
sampled, from the particle and magnetic. field data, be
reconciled? In the following .sections, the -usefulness of
both the energetic particie and magnetic ﬁield dgta sets
will be discussed in ﬁhis fegard;, A§ well, the primar{
discrepancies which were obsérved between ma =tic field
componént traces on ai given .magnetogram will be.
inveétigated.

13 .
4.1 Use of Energetic\‘\Particle Spectrograms for

ldentification of the Pldsma Regime Being Sampled

- That thé magnetosphgre was coqposedb of a number of
distinct plasma regiméé:was determined through ghe detection
of energetic particles with varying characteristics in
different spatial- domains., As a prime example, the existence
“of the PSB# was inferred-through study of energetic particle
observations (Qastman et al., 1985a). The distinctive set of
driteria outlin;d in section 3.5, according to which the
CPé, PSBL and tail. lobe regimes may be clearly

differentiated, are for the most part, diagnostic. Since the

plasma regimes incorpo.ated into the magnetospheric models
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ate each defined according to such a set of egergetic
particle signatures, the energetic particle ”spectrdérams

necessarily provide sufficient information to identify

precisely the plasma regime being observed by the satel}ite:r

In practice; the analysis ‘of an energetic particle.

spectrogram is not fin every case straightforward since

particle distributions sometimes appear quite cbmplex'rather

than conforming with the typical characteristics of a“‘gived“

domain. In such instances, a careful investigation of the

spectrograms in conjunction with various other plasma data

sets (such as observations obtained through the noise and.
v : | .

b

APL fast particle experiments,. both on ISEE 1), may he

.required in order to obtain a reliable interpretation.

Ve

However, the majority of spectrogram analyses' ar%

straightforward .and the plasﬁa regime being sampled i's

deflnable with a high degree :of certainty. In thé 197871979
data set appllcabfe to the present st udles the ndmber of
one-hour 1ntervals during whlch ISEE 1 was clearly situated
within one o. the CPS, PSBL or tail lobes, according to the
energetic’particlehsignature definitions, approaches 2000.
Therefore, despite'the existence of eccaiional events which

are difficult to interpret,  the energetic particle

spectrograms. generally provide an unambiguous determination

of the plasma regime being sampled by the satellite.
5, : .
Such reliability of a data set 1is an important
consideration regarding accurate plasma regime

identification. Since no obvious irregularities have been

-

>
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encountered 1in the particle spectrogram investigations., and
furthermore, siﬁce coﬁi}adiCtory‘ingérpretations of the E-t
and E-¢ spectrogram representationé have not been observed,
énergetic.parEicle.spectrograms may be reljably employed in.
determining the plasma regime being,”éravéfsed by the
observing satell}té. Consequently, the identification of
‘plasma regimes based on analysis of the energetic particle
spectrograms will be considered as definitive ; in | the
following studies. ) ' i
4.2 The Inadequac? of Employing Magnetic Field Data Alone

fér Magﬁetbtail Plasma ngimé Identification

IA order for the -magnetic field data 'rto be used:
jndependently  for determining the plasma domain befhd
sampled by the satellite, a sufficient .set- of diagnostic
criteria‘ is required according to whic% an unambi%BQGéA,
identification may be made.'%urthermore, the plasma domain
definéd by the ‘magnetic signatures must be in'agQQément with
the domnin.suggested by the coibcident plagma data. It will
be shosn in this section that no such Seﬁ of magnetic
criteria can, in fact, be compiled. The inability of the
magnetic daEa tg provide accurate identification of the
plasma regiﬁg being sampled b& the satellite istfhe focus of
this section, and _it will be studied here wusing a

statistical approach.
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" 4.2. Data Selection Criteriz .

’The following criteria for data selection were emp.oyed
to obtain,a ceneistent an reliable data set. The energetic
part1cle spectrogbams (E-t format) v~ first.scanned to
'select intervals of time, each of approximately one hour in
“duratlon, for which the satellite was 51tuated in one of the
CPS, PSBL or lobe for the entirety of the hour or majority
thereof (=45‘ minutes or more). The indication of plasma
regime“befﬁg‘sanpled,;acccrding to the particle:.signatu:es,

[

was assumed 'as definitive., For each hour selected, the

position .,of the spacecraft in GSE coordinates, hourly’

avéragea of the three GSE magnetic field component

maghitudes as . well as the correSponding hourly averages of -

IMF By,‘IMF Bz,‘and AE index were tabulated Hourly averages’

Of both B, and _B were obtalned by “ntermlnlng the

respective field" component magnltudes L five minute -

intervals from the GSE magnetograms from which the mean
values were - calculated. Hourly ‘averages of the LMF_vere
obtalned from the Interplanetary Medlum Data Book ‘(Couzeng

.and Klng, 1986) Because hourly averages- are employed,

> trans1ent or shopt temporal effects of much - less than one-

3 !
RE . L

'hour in \duratlon necessarlly remain unaccounted for in the
”follow1ng statlstlcal studles.n

A totalx of 1075 data p01uts for 1978 .were collected

‘accord1ng to the above select;on process;- and 790 were
tabulated for 1979 grov1dlng combined setfof'1865;pointsf

Only hours for which both magnetic and plasma data  were.
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available’were included. AE values were availablé for all
hours selected, however, IMF data were not available for a
large portion of 1978 and some hours in_1979. The hours for
which the IMF deta were not available were nevertheless
included in the data set. Only hours during which ISEE 1'was
located between -10 and -23 Re downtail were cohsidered. In
the cross—-tail direction any values of 'Y were acceptable
providing fhat the. satellite was not encountering the LLﬁL,
and similarly, all Z values were‘aCCeptable ’fer which the
magnetospheric boundary leyer or the interﬁlanetary magnetic
field were not being sampled. Limits to ooth  these
¢oordinates, therefore, are variable’, depending on temporal
changes in magnetotail st:uctﬁre. |
Several comparisons were consPdered in attempting to
decide upon cr1ter1a from the magnetic field data whicﬁ
could be used to: accurately determine the plasma reglme
‘being sampled. A description of .each : tudy and the.

subsequent results are given below. !

j
1! ' . |\
14.2.2 |B_| as a Function of Downtail Distance

"~ The first study attempts to define wﬁether or not a
relatiéﬁsbip exists ¢between. the magnitude of the B,
component end.distence downtail of the observing satellite}
A serles of seven plots are shown to illustrate not only the

.the var1at10n of |B,| with X for the plasma domains of the
CPS, PSBL and‘vlobe, but also to° 1nchate the spatial

.

sampling range of ISEE 1.
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Figure 4.1 displays all data available for 1978 and
1979 (1885 points), as chosen by the criteria outlined

above, Q%greas‘ figures 4.2, (a) and (b), show the data for

years 1978 and 1979, respectively. During the two years the’

northern ~hemisphere received greater coverage than did the
southern hemisphere (1581 positive B, vs. 265 negative B,
measurements). This is a consequence of the satéllite orbit
which resulted in prefgrenfial sampling " f the northern

’

regions ‘of the ttail, particularly in 1978. (Note that 19
points for which ,|Bx|=0h nT are not included in either
hemisphere). Recali that the 1inclination of the orbital
plane with respéct to the ecliptic plane decreased from
about 23° in 1978 to approx&mately 15° in 1980 (Dandouras et
al., 1986). Hence, during 1979 sputhern hemisphere coverage
was greater than during 1978 (535 vs. 30 points). This is
eyidéht from'figures 4.2 (a) and (b). The geﬁeral absence Qf
points,‘vthen,_for large‘x and negative B, represents uneven
éatéllite toverage and does ﬁot " have any further
-interpretable significance. This muét be kept in mind when
analyzing the remaining B, vs. X graphs, and it is pérhaps
more meaningful to base apy concLusiéns on thé noéthern
hemisphere'aata alone. It }s noteworthy also that th: -ature
of the~'p1§ttér :is such that if several points occur-with

identical ordinate and abscissa values, only one point

- appears: on the gfaph. Hence, it is not possible to chmenf'

on the density of points, since one point may ‘in fact

- represent sevdral samplings.

P N
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iA second observation may be made €rom figures 4.1 and
4.Suxvponcerning the overall distribution of points.
Consideéing primarily data fgr the northern hemigphere, it
is evident in figure 4.1 that |Bx| is approximately constant.
f?r all values of the X coordinate. Quantitatively, this
étatement is justified by the trend apparent in the
ldistributidn of the‘wbold diamonds in this figure: Each
diamond reprgsents the mean value of 25 northern hemisphere
By méésurements, selected consecutively according to the
magnitude of the X coordinate. Note that this averaging
‘technique takés into account all raw data points, therefore,
although several measurements of one (X, B,) pair may only
appear as one poinﬁ on the scatter plot .of‘ the raw data,
such multiple samplings will be accounted for in the
averaging process. Since the mean values for the northern
’ hemisphere\'fall in a roughly horizontal band of }imited
thickness, it can be concluded that the range of By
- magnitudes obsépvéd is relatlvely 1ndependent of distance
downtail between -10 and -23 Re. Slm1larly, 25- point B;
averages -for the southern hemisphere data are indicated in
figure 4.1 by the bold squares. Here, as well, [Byx| is also
‘rogghly constant for all X values. ‘ |

In the raw data for both hémispheres, there is a slight1
téndency for large B, to occuf clo%er to the Earth, but this
is expected 51nce the magnitude of/)the geomagnetic dipole
field maximizes at the Earth's surfage (spec1f1cally, at the

poles), and decreases as the inverse of the. cube of the
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radial distance from the surface. "Near the Earth the.
contribution from thé dipole fie'd dominates the magnetic
observations, wheregs, farfﬁer dqyntail the contribution to
the field due to the cross-tail current becomes* more’
dominaht. Since the field due to the cross—ta11 current does
not decrease in hagnitude with increasing downtail diétance
at the same rate as‘doés the dipole contribution, a leveling
off in the magnetic fiela magnitude observed b;'ISEE 1vis
expected, and this is reflected in figure 4.1. However,®
according to the figure, it appears that the total fiela has
already become dominated by the ‘tail field by -10 Re
downtail andk that the effect of»the dipole is mimimal at
this distance.

In figure 4.2. (a) the lack of data for large X and
small By in the nbr?hern hemisphere is satellite orbit
dependent. Since ISEE 1 crossed from high northern altitude
at apogee to low southern altitude at perigée, it sampled.
the lobe most frequently when situated farther ddwnpail, and
the CPS at locafions closer to.the Earth. This of course
assumes, according to the statistigal models, ;hat,small
values of B, are expected to be observed mainly in tha. CPS,
especially since |By| is sﬁall in the vicinity of the
VAeutral sheet. Taking into account only the northern
hemisphere data, no diétinctvincréase in |Bx| towafds the
Earth is apparent. Thi¥s is again illustrated guantitatively
by the relatively constant magnitude of the 25-point

averages of Bx values shown by the bold diamonds. 1In
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contrast, the 25-point averages of theb northern hemisphere
1979 data, represented by the bold diamonds in fiqure 4.2
(b), indicate a slightly more noticeable decrease in |[B,|
for larger values of. X. Once more, this result may be
explained in terms of satellite orbit. Since.. in 1979 the
plane of the ISEE 1 orbit shifted to a lower altitude, the
CPS wouid be sampled more frequently} near apogee in 1979
than in 1978. The‘meah of northerh hemisphere measurements
of B, for the 1979 deta is 20.2 nT which is. soﬁewhat lower
than the 1978 mean of 24.1 nT. Finally, since little'of the
1978 data corresponds to southern hemisphere samplings, the
1979 southern hemisphere data can be interpreted as per
figure 4.1. | | |

\\\ Consider next plots of B, vs. X for each of the three
plagagi}egimes of interest in this work. Both 1978 and 1979
data. are combined for - each regibn.ahd graphed in figu;ee
4.3, (a) and (b), and 4.4, whicb display the CPS, PSBL and
lobe data, respectively. For figures 4.3 (b) and 4, only’

. }/‘\ . .
the data available for the, northern hemisphere will Dbe

analysed, sinee southern hemisphere coverage of the PSBLgand :
lobe is.hot sufficient for relieble enalysiS{.

° In figure 4,3 (a) the distribution of vnorthern
hemisphere CPS Bx‘values»remains approximately constant for
all X, and this 1is verified by the trend evident in the
254point’Bx'averages (again, represented Qy bold_ diamonds)
which lie 1in a distinctly horizontal band. The mean B, for

the northern hemisphere CPS as a whole is 16.8 nT. Most

. ,r/
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points (=95%) lie in the range of 0<B.<35 nT. Several points

‘with B, values between 35 and 60 nT are observed and these ’

. The existence of*

mainly occur towards sﬁaller\values of tx
many very low B, values indicates ﬁhe‘fr;quency of neutral
sheet encounters. The southern hemisphere CPS data comprise
the majority of the 1978/1979 southern hemisphere
measurements, and hence, their interpretatidn correéponds to
that of the southern hemisphére data in figure 4.1 (the mean
B, value for the southern hemigphere CPS is 4i1.6 nT, which

-

differs slightly from that for the entire 1978/1979 data

o

set).
Similafl§, figure 4.3 (b), representing PSBL samplings,

does not indicate a significant ihcrease in [By| as |X]|

YN

decreases. For this plasma regime, =95% . of the B x

measurements lie in the range 0<B,<40 nT, with the remainder

. of heasurem&pts (withygﬁg?itudes up to 65 nT) occurring-

primarily towards shﬁﬁ%%r7“lxl. The 25-point averages of

‘northern hemisphere B, show a slight increase in magnitude

towards lower values of |X|, with the overall mean northern

hemisphere By value being 23.3 nT. From the raw data, it j}s

also apparent that the PSBL is enmcobntered less frequently

closer to the Earth, and this is a direct consequence of

satellite orbit.
Finally, the plot of B, vs. X for the lobé regime
(figure 4.4),'indicates that the majorify (S5%) of values of

B, lie within the range of 15<B,<55 nT. As ‘well, all "values

-

within this range may occur:at any distance béfween 10 and

-

e
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23 Re doyntail; However, as. is shown by the 25-point
northern hemisphere B, averages (represented . by bold
diamonds) there is a_slight tendency for larger B, values to
occur closer to the Eérth, and as with the PSBL, the lobe
also appears. to be sampled less frequently nearer the Earth.
Thg overall mean B, value of the northern hemisphere lobe
for the 1978/1979 data set is 27.9 nT.

The main conclﬁsion which caﬁ"be drawh'from fiqures 4.3
and 4.4 1is that there exists a range of B, values which
QCCUES at all downtail Qisﬁanhes between -10 and -23 Re and
in all three plasma regimes. Considering the northern
hemisphere only, values of 15<B,=35 nT are’ encountered by
" ISEE 1 in each of tHe CPS, PSBL and lobe and at all sampled
bdistances downta For the northern hemisphere, 57% of all
CPS measurements, 80% of all PSBL samplings and 83% of all
lobe values failgyithin this range. Tpis é&rongly 'implieé
that it 1is imﬁbssible to determine which plasma regime is
bé&ng sampled by thevsatellite-on the basfg\of |B.| alone.
In both‘the CPS and the’ lobe the magnetic. field character 1is

typically’ smooth; hence, when a value of B, between 15 and

ra

R &
35 nT - is encountered there is no criterion available from

the magnetic traces by which to distinguish the two regions.
In addition, althq?gh the presence of short period magnetic
Af%pctuations may be Ehé'distinguishing’ factor between the
/;SBL )ahd CPS or lobe wﬁen B, lies in the 15 to 35 nT range,

~ the fiuctuating_or noisy character is often”absent in a PSBL

magnetic trace, frequently due to the rapid passing of the
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spacécraft through  this regime. Conseqguently, based on
magnbtude and character of " B,, the plasma regime being
saﬁ?led cannot uniquely be\identified. §§ |

< N
4.2.3 |B_| and |By| as Functions of AE .

An intgreéting observation is evident in figure 4.3 (b)
which invo}Ves the existence of very low magnitudes of By
_6ccurring %at various downtail distances. Small values of By
(<19 nT)'are indicative of the neutral sheet- regiom, and
hence, of the CPS. What"proqess'or set of cir;umstanées can
produce values of northern hemisphere B, <10 nT in the PSBL?
As well, several B, values with small magnitudes (10 nT)
also occur in the lobe (figure 4.4), and this is not typical
according t& the statistical magnetospheric models.

As discussed in section 3.8, subsﬁorm activity may be
associated with 'perturbatioQ§ of \Fhe normal plasma sheet
configuration. Can such‘activity res&lt in atypical values

of B, being observed in the PSBL as well as thé lobe? An
\investigation of activity level with respect .to the B,
component wac conducted 'in order to dekermine whether or not

a correlation exists between activity level and wunusuall

wef”

Y

low values of B, in these two plasma regimes. -
y Figure 4.5 presents all AE data from both the néfthgrn
and .southern hemi$pheres in 1978 and 1959, graphed as a
function of corresponding B, values. The AE d§ta were binned

into intervals of 50 nT, and each AE datum was plotted at

the midpoint of its respéétive bin- (ie: as . a multiple of
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25 nT), réthér than as a raw measurement. The mean values of
bdth .northern ‘and southern hemisphere"Bximéasurements for
éach 50 nT interval ‘of AE were ‘separately computed, and
these are indicated b§ ‘boid "diamonds in the northern
hemisphere,,énd by'bold»squareé'in the southern hemisphere,
Averages were only’domputed fof AE bins in wnich more than 5
values of B, were recorded.

fIn each- hemisphere the mean values of B, eghibit a
~slight increase in magnitude as |AE| increases. Considering
thet noﬂ@hern hemisphere data . alone (since southern
hemisphere coverage :s less coﬁplete) tlie oncurrenée of very
highiAE,appears.to correspond to a limited‘rénge of +B;.’The
significance 6f_this exception is inconclusivé. due to the
low frequency of ”nccurrence of high AE vélues, as seen El
figuré 4.6, which displays the occurrenée_ frequency of AE
Nvalueé; grouped ints 50 nT bins, fqr'fhe‘entire 1978/197§
data set. 51.4% (959 véluesi of the AE observationd have
magnitudes <150 nT, 31.2% (582 values) have magnitudes in
the range 150<AE<400 nT, and the remaining '~ 17.4% (324
values) of the AE values exhibit magnitudes >400 nT. fhese
three divisions will be considered in thié work to represent
low, intermediate_ ana “high activity ranges, respectively.
Conéequentiy,-since high'éctivity measurements comprisé the
minority of AE obsefvations,'pérhaps a larger data set is
desirable‘inin;der to determine whether very high activity.
corresponds to all observed values of‘Bx‘(asiis the caqé

with the low and medium activity levels), or only to higher
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B magnitﬁdes. - _

Figures 4.7, (a) and (5),_and figure 4.8 illustrate
activity level as a function of By forv the - CPS, PSBL and
lobe regimes, respectively. The bold diamonds in each of
these figures represene ;he~mean value of.Bx‘ih‘each 50 nT.
AE interval for the northErn hemisphé}e whereas‘fhe bold
squaresviz figufe 4.7 (a) represehr southern hemisphere mean
values in each AE bin. (Southern hemisphere PSBL and lobe
meane have not been computed due to iﬁadequate data coverage
in. these regimes). Again,.means were“only calculat ¢ for AE
- bins in'which there were more than 5 B, measurements. In the“
cpS and PSBL, the mean ( -es of varemain approximately
constant for all levels of megnetosphe;ie activity.
iConSequeﬁtly, the magnitude of Bx in the CPS and PSBL
regimes appears to be independent of the magnitude of the AE
indéx, since all levels of AE (ie: low, intermediate, and
' highf coincide{with samplings of these two plasma domains.
However, in the lobe a slight trendAtowards {hcreESing'Bx
magnitudes with larger valees of AE is evident, .as was seen
in figure 4.5 for the nortHern heﬁisphere measurements.

Finally, because all levels of activity (as defined by
figure 4.6) are observed to coincide with the unu ,aily low
B, values in the PSBL anéﬂlobe, it cannot be7ceegiudea}-ﬁha§
pertu;batiogs of the plasma sheet during substorm AE}{yit§“'
(indicated generally By- high AE) .are the . cause of

‘measurements of low B, magnitude in these plasma regimes.
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NP .
For completeness, similar plots to those of AE vs. B, for

the CPS, PSBL and lobe were constructed for activity level

\as (a_ function of corresponding B, data (the complete data
set, withvboth northern and southern hemisphere wvalues, is
used here). These are shown in f;gores 4.9, (a) and, (b), and
4.10, (a) and (b), which present AE data as a function'of B,
for all regions together, and for the CPSj;PSBﬁ and lobe,
respectively; In each plot, all B, measurements
corresponding to each 50 nT AE ’interval ‘and for botp’
hemispheres together are averaged and displayed on tée
graphs, at the midpoint of ‘each b1n, by bolg squares. The
appro%imately constant value of B, in each fiqure for all
levels of AE, quantitatively indicates that no distinct
relationship exists between the magnitude'of the cross-tail
magnetic field and the level of magnetospheric activity. :
4.2.4 |By| as a Function of Downtarl'Distance -

To further'substantiate that the usefulness of magnetio
field data in d1st1ngu1sh1ng between plasma domains 1s qulte\
limited, plots of By, vs. X were compiled fdr the three
plasma regimes. Figure 4.11 (a) includes all available data
for 1978 and 1979, whereas Eigures 4.11 (b) and 4.12, (a)
and (b), represent samplings, for both 1978 and 1979, of the
CPS,‘ PSBL and 1obe, respect1vely In these‘graphs, positive
B, may be considered to represent measurements made in both

the northern hemisphere dawn and southern hemlsphere dusk

‘sectors, whereas negative B, repreéents both -the northern

l

g
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(b)

.Figure 4.10 Same as fiqure 4.9 but for
lobe measurements. :
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hemisphere dusk and southern, ~ hemisphere  dawn éector
observations (recail figure 3.3). A‘connectipn may be made
between the magnitude of B, and the Y ' coordinate, with
larger values of B, cor;esponding to larger Y. .This follows
“from the fact éhat the background B field component resulté
from hydrodynamlc tall flarg which maximizes near the flanks
of the tail and closer to the Earth (Mihalov et al. 1968) .
| By | consequently decreases towards the zone lelding the
dusk and the dawn, since in this vicinity B, must <change
polarity. l

As with the B, vs. X plots, nonuniform satellite
coverégé“‘is apparent)A;Qlthough this observation is not as
distinct here. In figure 4.11 (a), it is evident that
‘negativeA B, is sampled less frequently than posiﬁive By,
particularly at - large distances downtail (760 . -B,
measurements were recorded compared with 1105 +B, samples,
whereas none of the honly'averaged'values o%§By in the data
set had magnitudes of O nT);éjhe northern hemisphere“daQn

aQ

quadrant was traversed more f — lently than was northern

hemisphere dusk (978 values for the dawn as opposed te 622

values for the dusk). In addition, the southern hemisphere
was sampled less -completely  than was the northern
hemisphére, and althoé%% kthe southern ’hemiSphgre dawn
quadréht was traversed somewhat more often:thén southern
hemisph@ré dusk (138 dawn vs. 127 dusk values), \the
difference 1s not enough to»gverride ﬁhe.trend‘set by the
northern hehispheée observatiogﬁi Therefore, analysis_ based

¢
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¢
on positive B, samplings is perhaps more reliablé than that
based on neggtive B, measurements.
Consider thé portion - of the graph corresponding to
positive B,. The majdrity of péints (95%) =1ie in the.range
,‘r0<+BYS13 nT. The bold :diamonds represent 25-point +B,
averages for consecutiQe"values.of the xfcoordinate. These
meaﬂ values. lie in an approximately horizontal pattern, for
-distances 1es§Athan -16 Re behind the Earth, which suggests
that the magnitude of +B, is approximately indebendént of
disténce downtail between -16 and -23 Re. For this regior.,
the overall mean value.of fo“is 3.4 nT. Similarly,lthe bold
squares’ régréseht‘ 255§pint ‘averages; of -B, values, which
agaiﬁ lie in a roughly horizontal patterh.-The overall mean
value of B, for distances downtail betweeri -16 and -23 Re is
~3.4 AT. As well, 95% of the -B, values lie in the range of
-11<B,<0 nT.' For both “positive- and*hegative'By, a trend
towards larger B, magnitudgs clbéeri to the Earth ; is
observed, which would be expected'Siﬁce'fhe_eﬁfect’of tail
nflafe Is-largest near the Earth. Thét:this tfehd< doés Qof
distinctly continue as distance downtail incfeasés indicates
the existence of processes which cause the value of B, to be-
greater in magnitude tﬁan expected due to flére alone.
‘ﬁext, consider separately data for eaéh. of the thrge
plasma regimes under investigation . 3 encounteré for 1978
-ﬁgnd 1979. are shown in figure 4.1 gﬁ). The, overall
distribution in this plot fesembles"thagﬁgbsei&éd‘in,figure

4.11 (a). The 579 +B, ‘measurements are réyatively evenly

Y T : .
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distributed in terms of the X coordinate, whereas 'the 265
:BY sampleé: appear at a iower_frequency particularly at
large X. Bé}ond -16 Re downtail, tge'maghitudes of the +B,
25—paint averages are approximately constant (togal mean
value for these-X values is 4.2 nT)v 'hqwever, dué7\?3 the
smaller number of -By samplings[‘the‘éonstancy of the -By
25—point‘ayerages is somewhat le%s eléar (tHe total mean

value .of -B, for Xs-16 Re is =-3.7° nT). 5% of all

measurements of +B, lie in the range 0<+B,<13 nT for all

/
A

values of X, whereas 95% -of -B, values lie in the range
—11S—By<0 nT ﬁor all X. Again, larger values of both.
pogi&ive and negative B, (up . to %23 nT) tend to occud at
values of X closerito.the Earth. |
| in fzgure ’4.12 (a), which presents the PSBL data for
_1978 and 19?9, 95% of all observations 1lie in the region
-10sB,<10 nT (recall that no hoquy.averages of |B,|=0 nT
were obtained). Satellite cbverage near the Earth for this
region 1is sparse, again suggesting that the PSBL is less"
frequently encountered in the vicinity of the Earth “due to
the.nEtL“e of’the satellite orbit. The 25?poiht positive and
nega&ive By averages do not provide reliable interpretations
due ' to _;;e small number of raw data points disélayed (206
+8, and 105 -By values). Negative B, particularly is
relatiQely infréquent;y sampled, and therefore provides
little‘in thé‘way(of;significant,information.
In the 1lobe, _(figure 4.12 (b))év both positive and

negative B, values have a tendency to be somewhat smaller
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than in the CPS and PSBL, with 95% of positive B, values

lying in the range 0<B,<8 nT and 9%% of negative B, values

lying in the range -11<-B,<0 nT. This is expected since the

lobe 1lies outside ‘the FAC solenoids, and hence, the main i“
magnetic field component is necessarily B,.. The 1lobe ‘iS}:“

encountered near the Earth more frequently than is the PSBL,

and- frequency of -B, values is much greater for the lobe
than for both the CPS and the PSBL (390 lobe vs. 265 CPS and
105 PSBL values). The +B, 25-point averages are roughly

constant beyond -16 Re downtail whereas the magnitudes of

the -B, 25-pdint averages tend to decrease slightly more as

X .increases. The oyeréll +B;, mean value in the lobe for
X<-16 Re is 2.1 nT whereas that for -B, in this spatial
rangé is -3.3 nT. Once again, the larger vélues of B;vwhich
do occur are observed closer to the Earth.

Through the B, vs. X studies it has been determined
that values of the croésftail magnetic field éomponent (both
positive and negative B,) in the range of -10<B,<10 nT
_(where |B,|#0 nT) occur in all three plasma regimes and at
aL} distances downtail. Note that 89% of all CPS values, 96%
of all PSBL and-94% of all 1lobe measurements fall within

this range.

4.2.5 |By|’as a Function of |B_|
Conclusions reached in the above s:udies may be further
. investigated through a comparison of simultaneous}y measured

B, and B, vajlues. Figure 4.13 is a plot of all available

T
_,\‘. et
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1978 . and | 1979 .'data. for the three regiéns under
cénsideration. This representation may be interpreted as
showing ogsgrvétiohs made in eacﬁ of the féur quadrants og
thé téil cross section as defined in ,figufe 3.3, Several
points of interest rgquireA diééussion.‘ Limited southern-
hemisphere‘(negative B,) covérage, dué to the nature of the

spacecraft orbit, is once again evident. That the majority -

R

of southern hemisphefe‘poiﬁ%g were obtainéd:in'1979. is not
vaious from thié~ particular, graph. A large range of
combinations of the two parametersaof B, and B, is apparent,
iﬁdicéting ‘ghat'~éorresponding ‘to a given value'of B, 1is a
laréeqrange Qf By values. | |

3

The most striking feature of figure 4.13 is that the

‘data are ordered in the form of a large "X" which is filled

with measurements both to the right and left of the X (in

. terms. of the X coordinate), but for which‘lfhere is a

distinct ‘absence of.poiﬁts both above and below thé_x shape
kin vﬁermS‘_ of pgsitive and negative  B,). :Careful
céﬁsideratioh of this-result suggesté that, in écfuality, it
indicates .what would be expected from thé statistical

magnetospheric models. When |B,| is small one would predict

3

8 ey

in the CPS. According to the models, |By | should also be

small near the neutral sheet. Consequently, the X pattern

observed in figure 4.13 generally satisfies the model
T L , . S
predictions 'in that when,.|Byx| 1is small, so is the

corresponding |B; |. However, according to figure 4.13 values

SRemmn
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Figure 4.13 B, plotted as a functlon of B, for the complete’

1978/1979 data- set.
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of B, as large as 10 nT are also observed®’to correspond to
|B.|~0, in contrast to what is expected. This observation
will be dealt with in detail in following sections. .
Figures 4.14, (a) and (b), and 4.15 present 1978 ahd
1979 data for the CPS, PSBL and lobe, respeerively. CPS
observations 'follow the same overal} trend as seen in figure
4.13. As mentioned earlier, 19 measurements of‘lB;l=O nT
were made, and of tha&se, 17 appear in figure- 4:14 (a), -
indicating that the majority of occurrences of |B |=0 do

take place 1n5”k' CPS, and llkely at the neutral sheet . (the

remaining twd® values of |B.|=0 appear: in flgure 4 14. (b) for
PSBL samplings). Cautlon must be used : however, in making
this statement because only hourly average values were used

to complle he graphs for these stuales. ‘AS w111 be seen on.

a smaller rlme—5cale analys&s ;h, following studles,,thea
occurrence ofAIB |=0. is not necessarlly 1nd1cat1ve :of@,

neutral ‘sheet encounter, Blthough on the time frame of one
hour) suen wouldﬁfappear"to be -theu indication from a

statistical p01nt of. v;gw. From flgure 4, 1a (a) it is also
‘ g [ v '/f‘ K .
ev1dent thﬁ& many cpmblnatlons of B and--B 'ex1st in~'the
) .
~CPs, and’that no spec1f1c dlagnostlc set of comb1nat1ons may

e « v -~

be chosem from thlS ﬁlgure wh1ch canyunlquely ;dentlfy then_

. ‘vﬂ) - . . _..’
plasma reg;me be1ng sampled e Tﬁ,._ L
mgureé’% 34 (b) and 4 15"‘“‘hic§ﬁ"ﬂdigp‘1ay the “PSBL afd
I : k7

lobe encounters? ’reSpthlvely,‘ 4lso indicate that a great

. - ' - P & w'xo . )
variety of B, vs. ‘B, cembinations are observed within these

- i
~ plasma domains. Southern hemispnsfe coverage'is minimal for

‘
e
R
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Figure 4.14 B, as a function of By for (a) ¢cPS and (b) PSBL
measurements for 1978 and 1979. ‘
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Figure 4.15 Same as fiquee 4,14 except for tail lobe
measurements. . ‘ . LN ,

<
]
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. both regions, however, for the northern hemisphere data,vthe
distribution of points in each case 1is quite variable.
Values of B,<10 nT are not typically expected to be
encountered in either the PSBL or the lobe according to the

statistical tail model, although such points are in fact

observed. P . f( .

From the three individual plots of CPS, PSBL and lobe
data (figureé 4.14, (a) and (b), and 4.15, éespectively), it
may be noted that a certain range of B, ;s. B, points are
encountered in each of the.three Arggioﬁs. Considering -the
porthern hemisphere only (because‘ of -greate; satellite
co?eragé), a significant number of ﬁbints in the 'ranges of
15<B,<35 nT and -fOSBys10 nT occur'in each of the CPS, PSBL
and lobe (48% of all CPS values, 78% of all PSBL and 79% of-
all lobe measurements fall within these limits). This
further, substantiates the conciusion made from the B, ys. X
and B, vs. X studies Ehat maénitudes of.the tail magnet'qv////
field components alone cannot be used to determine which of
tha;*three plasma regimes in question is, in fact, being
éaméied by the satellite.

A final comparison T;f B, vs.'By>involves analysis of il
the data 'in three groups based on downté?l distance from the
Earth. Three X bins are chosen for this purpose, 10<X<14 Re,
14<X<18 Re, and 18<Xs23 Re, which are labeled bins #1, 42
andA#3, respéctively; For each bin, data from both years and
all three'plasmé reg&mes are plottéd, and these\are shown ini

~

: - _ Y
figures 4.16, (a) and (b), and 4.17 in ascending order of X
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«

'bin. Consider again only the northern hemisphere where

!

coverage is more complete. The total humberL of QQrthern
hemisphere points in’eaéh bin are 370; 554 and 657 for bins
#1, #2 and #3 respectively. B \

A . distinct pattern is observed;in each of the three
plots. Data for the X bin nearest the Earth (bin #1) shows
the ‘largest amount of variability in distribution of both By
and B,; however, a noticeable absence of points occurs in
the region of approximately '8<B,<30 nT, and -5<B,<5 ET,
which is'indicated on the graph by solid lines enclosing
this region. In the second (intermediate) "X bin, the
distribution in B, and B, magnitudes is somewhat decreased
from that observed nearer the Earéh, and Ehe."hole" in the
distribution for the first X bin has been filled in to a
ce;tain degree, although there is still an absence of points
in the small region of about B8<B,<20 nT‘and_OSByS3 nT, shown
again by the solid lines. Finally, the data in the third X
bin shows the least variation in By and_B; magnitudes of the
three X bins, and the ﬁhole"'in the distribution seen in the
first two bins has been filled completely. -

The. "hole" in ‘the distribution can be explained in

terms of satellite coverage. Recall that B, changes polarity

_in‘ the transition from dusk to dawn; henée, the observation

of low values of By‘sungest that this transition =zone is
being sampled. Due to the nature of the satellite orbit,
this zone is not often encountered near the Earth (ie: in

/ .
the region of 10<|X|<14  Re). Here, the satellite
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Figure 4.16," By vs. for a division of the 1978/1979 data
into three groups’ based on distance downstream of the earth.
The two categorles "shown here are for values of X in the
ranges. of (a) 105[X|S14 Re and (b) 14<|X|$18 Re (X bins #1
- and #2 respectlvely) 1 . ,
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Figure 4.17 Same as figure 4.16 but for the third range of
distance downstream given by 18<|X|s23 Re (X bin #3).
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preferentially samples thé flanks of the magnetotail as itﬂ
prepares to swing around the Earth, However, for distances
downtail in the range 18<|X|<23 Re, the transition region
from dusk to dawn is freq$ent1§ sampled, and therefore, 1lo®%
values, of‘ B, are observed for this X bin. At inter@ediate

" distances the frequency of low B, sampling is increased from"
that near the Earth. It istapparent, then,.-that as‘distance
downtail inc;easés, the dawn to dusk transition: region is
more frequently encountered, as ébserved in figure§ 4.14,
(a) and (b), and 4.15. |

| In thesé figures, the range of values qbserved earlier
to persist in each of the ﬁhree‘ plasma regimes, thaﬁiAis,
15<B,<35 nT and -10<B,<10 nT (northern hemispheré only))yis
found to occur in eéch bin. However, it isNalso evident that
as distance downtail 1increases, a different B, range s
dominant in each X bin. For the bin representing values of X
nearest the Earth, larger B, values tedd to be recorded, and -
as distance dqwntail increases, the magnitude of the B,
measurements tends to decrease. Despite this tendency for B,
to increase in magniﬁhde towards the Earth, there still
remain  too many combinations of |Bx|‘and IBy| in each X bin
“and in each regiqn to define a speciﬁic set of criteria from
which.thg plasma regime béihg'travgésed by the satellite may
be ‘uniquely and unambigpoﬁsly*detérmined.

| For completéneés,n§10ts of B, vs. B, for the different
plasma regimés in each of the three X bins outlined above

were constructed. éigure_4.18 presents 1978 and 1979 data in
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the three X bins for the CPS (283, 324 and 237 points for
_bins #1, #2 and #3, respectively), figure 4.19 shows data

for the PSBL for both years (45, 113 and 153 points for bins

#1, #2 and #3, respectively), and fia "ays lobe
observations for 1978 and 1979 (17~ , 208 ard 328 > ts for
“bins #1, #2 and #3; réspecti A The general 2nds
observed in figures 4.16, (a' .. (b), -d 4.17 preve . for
each plasma regime. This dis® . tic. of points 1is a_ ways
most varied in the bin - _resanting 10sX<’ . F= ad it

decreases s X increases. La ~ values of By cccus 1 the
lobé and smallest values of B, ar= seen in ~he CPS .aowever,
the ranges of 15<B,<35 nT and -10SB,=1C nT ° .11 apparent
in each of the plasma regimes. As well, the "hole" in- the
distribution of data points observed in figures 4.16 (a) and

(b) pérsists in each of the three plasma domains.

4.2.6 Sumﬁéryj

The preceding statistical studies, which employed

particle spectrograms to identify the plasma regime being

sampled, have clearly illustrated that cdrresponding to each

plasma regime in guestion are many combinations of the X' and

b
Y magnetic fig}dﬁ;component magnitudes. Because of the .

diversity of these combinations it is not possible to select

a finite set of criteria based on field magnitude by}which
to uniquely define each plasma domain. Specifically, the
grey zone of 15<B,<35 nT and —1OSBYS1O nT is apparent in

each of the plasma regimes (northern hemisphere only). As

-
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well, the lack of association between the magnitude of each
field component trace and either ground based activity level

(except perhaps, 1n the. lobe) or locatln cf the satel tegin'

distance downtail) further impedes the attainment of
cr1ter1a by ’Qﬁich to;'diétiﬁ"uish the CPS PSBL and tail
lobes. It is clear that on the ba51s of magnetic data alone,
no set of  reliable c;iteria can be outllnedraccord1ng to
which accurate ané unamblguous determ1nat1on of the plasma
regilme being sampled by ISEE 1, whether 1t be the CPS, PSBL

or "lobe, may be made.

;4.3’Nonfzero_By at the Neutral Sheet

: As a result of irregularities observed in studying the
in situ magnetograme obtalned by AISEE 1, the choice of'
vmagnetlc 51gnatures for def1n1ng a neutral sheet erncounter
in ;he“ statistical magnetospherlc models hasldemaeded some_
invéstigablon. Strictly speaking, both the By, and B, field
componenti’ must simultaneoueIY“ change vpolarity when the'
neutral sheet 1s ctossed Some researchers (1e McComas and
Russell, . 1984) have .ignored the occurrence of a -~on-zero By
magnltude'co¢nc1dent w1th anjapprox1mately zero- magnltude B,

component, and have chosen to 1identify such events as °

7 *

neutral sheet encounters on the basis of the B, ,hégnitudef
alone. . As w1ll be seen in chapter ‘5, the practice lof

overlooking a. non-zero magnitude By 51gnature “concurrent

~with zero-magnitude B« may lead to incorrect identification

-

m.
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of the region ofithé tail‘being éampled'by the.satéllite,

© which further fesp;ts in erroneous analygis of
magnetospheric processes..

A statistical appédach will again be employed in the
follpwing study of apparent neutral sheet encounters.&Here,
"apparent” will be ~used'~pb "indicate gveng;,/ﬁiﬁch {are
cohsidered to be heutral‘ sheet encounté}g when on%y_the

nature of -the B, component is considered, and without regard

to the simultaneous B, signature. From the data set utilized .

in section 4.1, all hours during which at least one

occurrence of |Bx |=0£1 nT was observed were tabulagted,
’

providing a total of 302 such hours. (Note that the # nT

té_‘

‘“uncertainty is quoted in order to incorporate the éegree of
'accurécy . to Yhich~ any 'cgmpénent trace of én ISEE 1
 ‘magnetogr§m can be read). .For each data entry, the
s}multaneous B, magnitude,‘the plasma regihe being ’sampled,
aghnd as well, the hdurly averages 6f the AE ‘index, IMF B,,
and solar wind velocity, density and temperature were

recorded.

The 302 selected hours were subdivided into four

Catégories” accofding to the nature éf the B, component
signatﬁre, as follows: ‘i
1. Zero By Bias (Well-Defined Neutral Shéef Esbounter):
both B, and B, simultaﬁeously exhibit magnitudes of 0%1 nT.
2. Positive By 'ias: a zero-baggline shift'towardé

positive B, is observed such that B;fis more positive than

it should be when |B,}=0+1 nT.

- -

¢ "
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3. Neéative By Bias:-ja geroibaseline shift.Eodafds
negative B, is Qbserved such that‘By is more negative than
it should be~when | Bx|=0%£1 nT. ﬁ

4, Constant, Non-zero By at an/”AppaPent” Meutra] Sheet
Encounter: the B, component typically exhibits an
approximately constant magnitude during the _transition
'thfough |Bx|=0£1 nT, |

Due to the limited accuracy of the magnetic traces
~mentioned. above, any :eYent for which |B,|s2 nT coincident
with |B.|=0 nT wil" be classed as a wei%%dﬁgined neutrai'
sheet encounter, or zero By bias event. This range of +2 nT
takes into account the~t1 nT uncertainty in reading each of
the B, and B, traces. The time corresponding to |By|=0 nT is

considered to be the actual time of the encounter, that 1is,

‘the B, component is, in effect, deemed?accurate in order to

simplify analyses. . eﬁﬂ)
0f the 302 hours in ,which the X componefit of the

magnetotail magnetic field exhibiged a magnitude of Id nT,
enly 27.2% (or, 82 events), involve unquestionable neutral
sheet encounters according to the above cr1ter1a 41.7%, - or
126, of the total number of entries are cases of positive By
ibiases, 4.6% (14 events) exempllfy negatxve B, biases, and
the final 26.5% (80 cases) represent constant; non-zero B{
magnitudes coincident with zero—maénitude By values. |
These results 1llustrate that a 51gn1f1tant number of
events for which |B, I—O nT are not representatlve ofgneutral i

sheet = encounters ‘in compllance with the strict deflnltlonf

A

<7 : : ,
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outlined in.the statistically derived magnetospheric models,
This raises several queries regarding neutral sheet

identification, particularly in. studies pfgsented in the
literéturé. How have researchers déalt with the 73% of
|B.|=0 nT events where |B,|#0 nT? As evidenced by published
works, the issue of constant, non-zero'By magnitude ét an
"apparent" neutral sheet crossing has not been discussed in
much detail and tﬁat of positive and negative By-biases has
not, to the kﬁowledge of the'author, been addressed. Are
such events, then, being 1included as neutral sheet
encounters proper despite their contradicting the neutral
sheet deiinition?'A§ 'noted ~above, there is evidence to
suggest that ,this is, in fact, the case. Is it, therefore,
acceptable to‘ term events which exhibit B, + biases or
constant, noﬁ—zerq B, magnituun as’legitimate neutgal'sheet
encounters? If so, the d-screpant B, behaviour must Be

explained in térm§ "of ohysical processes onéoing in the
magnetotail. Alternativel~, su. occurrence; may not, ih
reality, repfeéent_'lethipate neutral sheet: encounters, in
which/gase ﬁhese magnetic event: must be re—analysed.and the
circumstances which result in. the B, component having a
"zero" magnitude at a loc 'i~n other than the neutral sheet
must be identified. v

Eveﬁts representing 2ach of the four categories of B,
behaviour..at the "éppafenb" neutrai sheet are given in table

4;1; In this table are listed the following information for

each of the events to be discussed: position of the

T

~
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bsatelhite in both GSE and GSM coordinates, plasma regime
being sampled, magnitudes of the observed (BV)GSE bias (when
. applicable) and of (By)GSM at the time of the neutraiA sheet
encounter, as well as the~ distance of the observing
. satellite from the neutral sheet as predicted by both the
Russell—Bredy and Fairfield models. o )

An example of a magnetogram illustrating a well-defined:
neutral sheet encounter Qas~shown in figure 3.2 in sectien
3.2 (February 8 (day 39), 1979, hour 14). A second similar
ceee is shown in*ffgure 4.21. In this instance, a neutral
sheet "erossing"‘(; crossiné from one hemisphere to the
other), 1is displeyed. ISEE 1 crosses:the neutral sheet from
the‘northern to the southern hemisphere dawn sector at about
14:28 UT and then back to the nortﬁern hemisphere et about
14:36 UT on Marcﬁ 14 (day 73), 1979. For this event, both
the B, _and‘ B, components change -polaggty at the same
instant, | |

= | , :

In poth of the above examples, the magnitudes of B, and
ﬁy sim%&taneously approach zero . as the neetral sheet is
encountered, and this 1is accompanied by a concurrent
incqeese in the magnitude o} the positive B, component; As
' well,A the B, and B, traces tend to follow vefy similar
patterns, the component magnitudes increasingvand decreasing
propoffionately and‘correspondihgiy in time (ie: they track
one anotﬁer). The plasma regime being sampled by ISEE 1
duriﬁg theee4vevenes is the CPS within which neutrel sheet

encounters ‘are expected to be _observed. However, ‘as is’

<
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Figure 4.21.ISEE 1 magnetogram for hour 14 of day 73 (March

14), 1979. |
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ev1dent from the StatlStICS quoted above, clear cut neutral’
sheet encounters of this_nature are not frequently observed.

\

A final comment regarding these two events concerns the
predictions of the distance from the satell;te to the
- neutral .sheet determined aceording both” the 'Russell—Bfody
and Fairfield models (see table 4.1). For hour 14 of day 39
the two models suégest, respectiVely that ISEE 1 situated
2.2 and 2.7 Re above the neutral sheet, whereas, for'hour_14
of day 73, disfahces below the neutral sheet of 1.3 and
1.2 Re are pred}cted from. the two models, respectively. In
both cases the model pfedictions provide some confirmation
that‘ the neutral. sheet is in fact being encountered since -
the predicted values of neutral sheet: ldcation :;fe
comparable to the position of the satellite.

‘T;)-In approximately 46% of all occurrences Of |Bx|=0d nT,
the shape of thé B, trace very cldsely'resembles that of the
B, trace, and an appropriate poSitéve or neQatiye, B,
‘baseline adjustmEnt eould' bring the two vtpaces into
allgnment such that a.well- deflned neutral .sheeF edcodnter‘
would - result. The majorlty of ‘the B, baseline biases are.’
positive in sign; that is, B, is more positive than ié
should be at the neutral sheet. In the data set for this
study, such p051t1ve biases range in magnltude :from- the'
minimum of +3 nT (the limit of accdracy of the magnetograms)
to +17 nT.

Examples # of positive B, biases are shown in figures

4.22 (day 126, 1979, hour 03), and 4.23 (day 42, 1979, hour

&
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18), which both indi%ate a bias of approximately +4 nT. On
day 126, hour 03 the observing satellite (in this case,
ISEE 2) wfs jocated in the northern hemisphere duskv sectcr,
‘and the plasma reglme belng sampled was the, CPS In such a
- location, the B, component should be of negative polarity.
At about 3:35, the time of the apprqach to- the neutral sheet
according to B,, the B, component magnitude maximizes, as 1is
expected at the neutral sh~rf. Conseguently, it would appear
'thaf B, has been positi ely biased, and if the B, t:ace Qe}e
'shifted in a negative dir< 1on by about 4 nT then the three
magnetic component traces wouid‘ illustrate the . expected
signafnres when the satellite is situated in the‘northern
hemisphere dusk CPS. On day 42, hour 18 the Cés of the .
southern hemisphere dawn seccor was being traversed by
I'SEE 1. ﬁOth Bx:and B, are of negative polarity for ‘the
majority of = the hour, as expected for this quadfant,
.however, |B,| is more p051t1ve than it should be, especially
at- 18:25 Wthh appears to be the time of the neutral sheet
encounter according to'the,magnitude of Bx,\Consequently, By
appears again to have Beer positively biased. Note that in
'this~example»{B,| does not increase as the neutral sheet 1is
nappfcacned and although not the expected signature, this is
-fréquently observed '?

'When -the- predlctlons-v of - neutral sheet chaticn
suggested by the Bussell Brody- and Falrfleld modeis’>are
consxdered ’fpri these ,two events, the neutral 5§hee£ is

\

estxmated to be located about 7.5 Re below and 3. 3 Re above
‘E . r
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Figure 4.22 1?7% 2 magnetogram for hour 03 of day 126 (March
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.



‘ 170
99 FEB 11 DAY: OM2 4 SEC. DATA ISEE-1
4 | N 1 M 1 4 . 1 i | ! 1 i d T | ! { !

Figure 4.23 ISEE
(February 11), 13979.

1

magnetogram

for

hour

18

_UCLA
nAYy 2 01

of day 42



1M

the satellite for hour 03 of day 126 and hour 18 of day 42,
respectively (tHe/two models are in close agreement). These
values do not clearly support to  the magnetogram
interpretations made above which suggest that the neutral
sheet 1s being encountered.-

Typically, a B, baseline bias appears to pertain to the
'eﬂtire hour in queSEion (as in the above two. cases).
waever, in some instances the value of the baseline shift
may be different for'one part of the hour than for another.
This 1is 1illustrated in figure 4.24 which shows the ISEE 1
magnetogram for hour 07 of February 28 (day 59), 1979 during
which time the satellite was sampling the CPS of the dawn
sector of the tail, crossing back and forth from northern to
southern :hemisphere. -"Each time ISEE 1 crosses the neUtral’
sheet,'By;is expected to change polarity simultaneously with
B,. Threéggneutral sheet crossings are thus observed during
this hour. K positive B, bias is maintained throughout the

hour; however, the respective B, biases decrease 1in

magnitude frgﬁ$+7 nT at‘approximately 7:07 to +5 nT at 7:17

2 ,

and to +1 nT‘atﬁ§bout 7:30. Thprefore; therpemggral duration
of any givén biasihay range from severalg?hiégfes to more
than an hour. For tﬁigleve@t the RusSell—ﬁtgg}‘;nd'Fairfield
models predict the ngngpce from the sétéiiitei.to the
neutral sheet to be +0.§1ﬁﬁﬂdmf2ﬂ3xéé, respectively. The
first of these values éoes agreed/Q?éh:‘the corresponding

magnetogram analysis; however, the second provides little

support for the interpretétion that the satellite -is rear
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Figure 4.24 ISEE 1 magnetogram for hour 07 of day:59
(February 28), 1979. . ‘

o



173

the neutral sheet.

Only 14 examples of negative B, baseline ﬁggses have
been observed in the data set. For these. events, baseline
shift. magnitudes wvary from -3 to -10 nT. Figures 4.25 (day
64, 1979, hour 10) and 4.26 (day 90, 1979, hour 11), show
two examples of negative B, baseline shifts, the first
representing a bias of -4 nT and the second of -8 nT. I?
each éase, B, increases as B, approaches zéro nT, supporting
fhe expecﬁation that B, should also approach zero nT as the
neutral sheet 1is .enCOuntérgj. For both event; ISEE 1 was
situated within the no}thern hemisphere dawn sector of the’
tail, therefofe, B, should exﬁibit positive polarity during
both hours. As well, the. central plasma sheet was .being
sampied throughout each hour as indicated by the
: simultanegﬁs energetic particlé spectrograms. The
Russell-Brody and Fairfield neutral sheet position
pred%gtions provide ;easoﬁable supportvfor the magnetogram
interpretations in the first case; however less so in the
second. 'Foji hour 10 of day 64 the Russell-Brody and
?airfield models indicate that ISEE ¥ is situated 0.3 and
1.2 Re above the neutral sheet, respectiveiy, whereas for
hour 11 of day 90 the two models both suégest/that the
satellite is about t@b* 2.0 Re above the neutral sheet.
Furthermore, Cién'ceiboth ﬁy traces“closely follow the trends
of thé corresponding B, traces it is Cléar thgt. a hegétive

bias in the B, components has resulted in the B, magnitudes

being more negative than they should be. A shift " towards

~
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positive B, in each exampie would produce the magnetic

N

signaturesl expected when ISEE 1 .1is 1located within the

northern hemﬂsphere dawn CPS,

. 5, - L o '
Finally, eﬁamp%es of constant, non-zero B, coincident

with |B.|=0¢1 nT are given in figures 4.27 and 4.28 which
are ISEE 1 magnetograms for March 24 (déy 83), 1979, hour
01, and March 17 (day 76), 1979, hour 00, respec;ively; In

figure 4.27, B, remains approximately constant and negative

in polarity thjpoughout the entire hour, despite B, changing

polarity four times. During ‘this hod? I§EE_1 was located in
the CPS of the northern‘hemisphere dawn sector.- In figure

' 4.28 B, maintains a constant positive magnltude during four

apg§%¢Mt neutral sheet crossings . 1dent1f1ed according to the l“"

.Bx component. durlng this hour ISEE 1 was agdin situated
within the A CPS "~of the dawn ‘sector in ~the northern
_hemisphere. - In both events, B, clearly does not respond to

. the changing polarity of the B, cofiponent as- ISEE 1

encounters what appears to be the neutral sheet. For hour 01

of déy 83 the distance to the neutral sheet predicted by the

Russell-Brody and Fairfield models is +2.6 Re in- both cases,

Qhereas for hour 00 of day 76 a value of +0.3 Re is obtained u

o

from both models. In the second iﬁstance, this valug/is
small which indicates that the neutral .sheet models. appar

accurate in this case.

'If all occurrences of |B,|=0 nT do 'in fact Vrepresént;

¢

legitimate neutral sheet eﬁpounters, then. how may both

-

. 2
positive and negative B, baseline shifts, as well as

,
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constant, non-zero B, at the\geutral sheetgbe. understood? It
\

’is unllkely - that . there ‘exists one all-encompassing
egplanation for thevfhree'scenario;T‘however, two mechanismsl‘
by which the discrepant B, behaviour ma; p0551bly be
explalnEd requlre 1nvestlgat10nh The first ' of these deals
with both da11y and seasonal sun-Earth geometry, and the
second with the dependence of maénetotaif“ magnetic field
magnltudes on either the level of magnetospherlc act1v1ty or

on variations of one or more of the solar wind parameters.

These will be discussed ﬁndividually in the following two

Fad
A )
i

chtions.
' A(&/n, N ' . . . 2
4.4 The Relationship Between Sun-Earth Geometry and Bi"

-

Biases N .

%oth the"Seasonal}y varying tilt of the Earth,ﬁand as
well, the diurnal change in orientation of the -geonagnetic
axis ‘relative to the Earth's Spin axis with respect to a
f1xed coordlnate system (e;ther GSE or GSM) 'significantly.
1n{1uence the magnltudes of the magnetotall magnetic field
components.,The spin axis of the Earth is orienbed at an
angle of 23 5° w1th respect to ecllptlc north thle'the
geomagnet1c axls is inclined to the axis of rotation »by ‘an

'angte‘ of ,approx1mate1y 11.5°, w1th the north geomagnetlc
| .pole beigghlocated at 78.59N, 70°W and ‘the south geomagnetic
| pole at 78.5°S, 110°E. The, maxigum. angle. between the

, .
geomagnetic axis and ecliptic north, therefore, isf359, with

. cye minimum anguher sepa;atlon be1ng 129,
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- During the northern hemisphere winter the magnetotail

-

is deflected southward, in the GSE coordinate system, in

o / . ’ . .
response- to the seasonal tilt of the Earth's spin azxis,

!a ’ -» N
while in the. northern hemisphere~ summer ‘the tail = is

deflected .northward  (recall figure' 2.1). At 'the time of

_either tfe winter or summer solstice the spin axis is tilted

«

entirely in  the (X—Z) E plane, consequently, no twist _of
the tadil about the X-axis in the (Y- Z)GSE plane results from

the orientation of this axis. Howeven,.as the Earth révolves
& : )

about the sun after the winter solstice, the orientation ot

the spin axis"begins'tonintroducelé twist of the magnqtic

field configuration in the- (Y Z)GSE plane about- the X axis,
- © g

which maximizesvat the'vernal equinox. At the'yernel equinox -

the effect of the spin axis tilt is a rotation ‘entireji’ in,

the (Y—Z)GSE plane, with ‘no accompanying rotation in the

%

(X-2) plane.

GSE ! \

Con51der the effect of the changing orientation of the

Urotatlon axis -on the magnetlc field (in GSE coordinates)

vobserved "by a satellite when it is located in the vicinity

of the neutral sheét. A consequence of the or :ntation of
. : _ _ .

the spin axis is a positive enhancement of the B, component

magnitude‘between' the winter and summer\tilstices (ie:

3

spring season), and a negat1ve enhancement of B,.between the

summer and wrnter ‘solstices* J}e: autumn). -Positive B,

¢

enhancement incteases in- ‘magnitude between the  winter
\ -

solstice and the vernal equinox. jét the time of the vernal

equinox, the twist or rotatlon of the magnetlc conf1gurat1on

' )
X : S |
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~

about the X axls is a maximum, and tﬁerefore, the positive

enhancement of By is also max1mlzed After the equinox, the
i

p051t1ve senhancement again, decreases until. the minimum .
effect of the summer solstice axis. orlejtatlon isJ_reached{

In such a scenario, the,By component in sprlngtlme is always

9,

enhancded in the positive ' sense with respebf"to that 'B,

¢

magnitude which would exist if the spin axis was parallel to

o

ecliptic north. In the fall season thgﬁBy component becomes

-

more riegative as a result of the spin axis tilt.
Also}wwheh the satellite is- in the vicinity éf the
neutral sheet, a positive enhancement of the magnetic field

component in the xGSE direction occurs between the vernal
~4‘)e-

and autumnal equ1noxes (1e'»summerY\£ihlowed by a negatlve

3

14
enhancement of B, between the autumnal anid vernal equinoxes

[

(ie: wintér) due to the Earth's tilting rotation axis. The
. ) . . - i : .

. : A : - ’ -
maximum ’‘positiveé -By enhancement occurs at the summer

“solstice and the maximum negative enhancementiaﬁ the winter
solstice}‘with smoo£h variations occurring throughout thé‘
inter?ening months. Thréﬁgbout: the ygar,' {B.| is always
reducgd as a result of spin~axis £i1t,.from the value it
* %ould - have“ if t?é‘ rotation axds qu.pérallel to ecliptic
;north | B

In addition to the above influence on the magnetic
fiéld»cémpénents;'thé'diurﬁal precessjon,of'tﬁé :beomagnetiéh
“axis abépt the fgeogfaphic axis produces avgotation‘qf the
tai? in b°t§.Fhe;(X_Z)GSE and (Y—Z)GSE’planes,:and therefo?e
‘induéés‘ alterations (which vary wigh_the changiné time of

-
[ . »
a
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N
day), #in the GSE magnetic field component magnitudes. As the

spin axis changes poéition througﬁbut the year with respect’

o) : — :
to the GSE coordinate reference frame, the resulting effects

. on both the B, and B; magnitudes due to the geomagnetic axis
. (

- position also change. For a field line projected on. the

(X—Z)GSE'plane at the time of the winter solstice "with .the

satellite located near -the neutral sheet, the geomagnetic
axis is aligned in the piane cohtainipg'fhe spin and ZasE
‘axes at local midnight‘;h Fhe time frame of the geomagnetic
north poles In fhis situatic , the effect of th~ geomagnetic
axis tilt enhances the effect due to the orientation of thé
rotation axis (since at this time the Earth is essentially
tilted with respect to .ecliptic north by a total anglé_of
35°). However,_at local noon.at the geomagnet:: north pole,
the effect of the geomagr.etic axis will s. otract from that
aue to the spin axis since the total anqle 6f the Earth's
tilt with-reSpéct to écliptic north is reduced to 12°.

In general, then, the B, perturbations‘ due to .the
diurnal precession of . the geomagnetic axis about the spin
axis Qill vary in magnitude and'they will either add to vor
subtract from those perturbations resulting from spin axis
tilt depehding on the time of year and hour of the day. 1In
the most extreme situations, the magnetic field components
may be reduced or enhanced due to the geomagnetic axis’ tilt
by as much as 50% of that effect due to the spin axis

orientation .alone.

R
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According to the above analysis, it ﬁay be 'suggested\
that from tﬁé winter sdlstice to the vernal eguinox an
jﬁcrease or bositive biés in the B, component of the
méghetic field (in GSE coordinates) would be obsgrved‘whjch'l
maximizes aE ey equinox and which-has 24 hbﬁz periodicity
dbg to'thg\ omégnetfchaxis tilt. This would be followed by
a decrea'se in positive bias, 'again with an oscillation iﬁ
bias magnifude everyh24 hours,.uhtil the summer solsticé is
reached. Th;oughout_the spring season, then, ail B, traces
should be positively ~biased, and it should be possible to
" systematically apply a correction factor to  all B,
observations such that ' the positiYe bias could be removed .
from the data in order to festore all B, traces to those
which would be observed if the rotation and geomaéneti; axes
of the Earth were'aligned with the direction of‘»;cliptic
ﬁhorth; . : | _ ' \

A question whéch is raised by the above discussion
Concerns‘~ the choice‘ of coordinate system which is most
appropriate for disptaying and ahalysiﬁg satellite
observations of the maénetoSpheFic magnetic field. In this
study, magnetograms qonstrudted for the GSE coordinate
sysﬁim were employed due not only‘to their availability but
as JeLl, b?cause enefgetic pérticle spectrograms were
recorded in SSE, or spacecraft, coordinates. However, use of
thé GSM system fbr ordering in situ magnetic déta is
widespfead in the literature. (Recall that the +Z coordinate

in the GSE system is aligned with ecliptic north whereas
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W )
i : " SN ./ '
*ZaoM is the projection of the geomagnetic axis of the Earth
on the. Y-Z pléne, and in both orthogonal systems, ¥X is
directed from the Earth to the sun). Consequently, -when
s?eé}fically disqussiﬁg'biaées in the B, component resulting
from the changing orientations of the spin and geomagnetic
axés,. perhaps a coordinate sYstem sth aé the GSM system,
which automaticélly incorporates.these effec%s, is better

.

suited for ordering the ISEE data.
. i ) . . -
In the wicinity of the Earth, where the dipole

cﬁntribution to the total magnetic field is a ﬁaximum, thé
variations‘in magnetic field component magnitudés due to the
éontinual change in orientation of the spin and geomagnetic
‘axes, afe best accouhted for in the GSM system. In fact, the
(EY)GSM ' component necessarily represents the un-biased
_crosgrtail component since it isvca1CU1ated in the frame - of
reference of the dipole axis. On the other hand, no—%iases
in the (B*XéSE qompénent occur sipce 'in  both ;oordinate
s;%tems the B, componenf'is identical. In GSM coérdinates,
changes in-the magnitudes of B, and B, are complimentary.
That 1is, an.increase in B, is accompanied. by a decrease of
the same .magnitude in B.,. Conyérsely, if-|B,| decréaséé‘by.a
given amdhnt,.[le will increase by this same amount.
At largef distances downtail, the effect on ‘the
magnetic field ,Con%iguration due  to the direction of the
solar wind flowvinéreases (recall that the tailxis "hinged"

at =-12 Re downtail), and as well, other processes may begin

to affect the tail orientation (such as the torque on the

-
-



tail resulting from .IMF ' influences, discussed by Cowley

(1981)). The effect of the“dipole tiltfhéyfbecome less

"significant as |X| increases, and therefore, the GSE system

may become increasingly' more appropriate as the system in

which, to order ‘the in situ magngtic measurements. At

‘intermediate X values a coordinate‘s?ltem which combines the

GSM andvGSE systemsn is perhaps desirable. Unfortunately,

-

since no accurate measure of the chang1ng orlentatlon of the

tail field with 1ncrea51ngvdlstance downstream of the Earth‘

is ~ available, it is difficult to quantify the
. _ - R . N . .
appropriateness of one system with respect to any other.
The overall trends in B, biases)expected to influence

the (By)GS field component will be inbestigated using the
‘ ) Lo

E

results of a computer'program‘which calcplates.these'biases.

,The GSM coordinate system will be con51dered here' to

represent the un-biased magnetlc field conflguratlon, 51nce

it incorporates the pos;tlon of the geomagnetic ,axis. -The

progr%m‘ determines the relative GSE components of.a unit
magnitude magnetjc field vector in GSM coordinates which
mrepresents the field observed by a satellitekwhen it is

positioned at the neutral sheet. That is, for an idealized

\ % 5 (
neutral f sheet ~ encounter, \~|B|=(|BZI)GSM=1 /xgand
(1Bx ) gom= (IBY|)GSM=O' Also, because the X component of the’

field - in both 'coordinate' systems is identicalf “then

" (Bu)gggl= |(B )ggm! =0 at the neutral sheet. Since |By| 1is-

also expected to be approxlmately zero at the neutral sheet,
(‘

then the value of (B,) obtained through the calculations

-

GSE
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represents the B, bias in terms of a fraction of the total
lﬂ/,} ~ .

maghétié field maghitude. Biases calculated in this way will

A

‘rgpfesent the maximum'ppssibie bias _in (B;)GSE which can
' result_‘f}om— the spin/ and geomagnetic axes oreientations.
Note that no  conclusions may be drawn from these
éalculaf&ons regarding either the chénge in- bias with
‘aowntail distance of the.satelfite, or the effeéts on B, due
_ to.aﬁy pbssible tbrque‘exerted on thé tail by fhe/?;;.

The prqgrad\~listing is given L in appendix A. ‘The’
algorithm | is based‘on a sepies of coordinate transformation

métricég/ gg;lined by Russell (1971). Essentially, the

4

e L e . . .
transforﬁ%t&bns from GEI (geocentYic equatorial inertial) to
_ : g . . g
GSE coordinates, ‘and from GEI to GSM coordinates are
required in order to calculate the transformatidn from GSM

to GSE coordinates. Both the method and notation wused in
/ - ‘

this program identically follow those wused by Rué§ell;

therefore, further details wil;fge omitted here.
) . N N - L4 74- - - J
A second version of the program (listed in appendix B),

—

is a modification of version one, and it calculates " the

-

unbiased B, component (ie: (By)ggy)+ In this case, the time

y

of the event (UT) as well as the day and year;,and tﬁe three
magnetic. field componefit magnitudes measured by the
satellite in the GSE'§YStem, are the input parameters. |

From theébutput ofbversion one of the program‘(abbendix
A), it is evident that the magnitude of the B, bias at the
neutral sheet in GSE coordinates changes throughout the day

and as the year progresses (recall that .bias values are
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calculated as a fraction of a total field. of 1 nT) .At the

winter solstice (=day 356 for 1979) the B, bias at the

neutfal sheet may be positive or negative in sign depending

‘on the time of day (ie: depending on whether the effect of

the geomagnetic axis tilt adds to or subtracts from that of
the spin axis tilt). The maximum positive and negative

biases on this day are eSSentially'fthe smallest maximum

biases observedy;throughodt the year (except that they arev

equalled at the summer solstice). ThlS is expected 51nce" at -

the wlnter solstice the sp1n axis is aligned in the (X- Z) SE

plane and consequently the only contrlbutlons to By arlse*

through the dlpole axis tilt. The maximum positive bias for

‘day 356 is.+0.22 which occurs at =hour 23 UT, whereas the

maximum negative bias has a value of -0.21 which occurs at,

~hour 11 uT. These results are also expected. For the winter

solstice, theé maximum p051t1ve b1as occurs at 18 00 in the

local time frame of the geomagnetic ‘north pole (the max1mum;

positive bias of the day is expected when the dipole is

$

oriented towards dusk). The maximum negative bias occurs at
6:00 1in. the ’time frame of the geemagnetie»north pole (the
maximum negative bias is expected when the dipole axis is
tilted towarde dawn); Minimum positive and neéative biases
of £0.2 occur at hours 17:00 UT amd 5:00 UT respectively,
which ttanslate to local times atkthe geomagnetic north pole
of 12:00“and.e0:00 respectively; and this also confirms

expected results. Variations in bias throughout the'day.are

‘smooth and periodic. : _ﬁ

.
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Negative biases are expected in 1979 until mid-January.
By January 15".the negative biases, which occur for only
selected hours depending on the combiﬁedl effects of axes

orientations, have become negligibly small. After this time
. . ,

only positive biases are observed until \approxihately - ¥
days briof'tq the summer solstice (=day 147, near the'epd of
May). Therefore, throughout the spring season only positive
biases are  expected _to be observed in the (B,)

GSE
measurements. The mdgnitude of the positive biases maximizes

at the vernal equinox*(=day 80). The maximum positive bias

of +0.57 occurs on this day at hour 23 UT, whereas the

.

minimum positive, bias of +0.21 occurs at hour 11 UT. These

times correspond- to hour 18 and hour 6, respectively, in the

A

local time frame of the - geomagnetic north pole, ~ and
v o

therefore provide the expected results since the maximum
positive bias at the vernal equinox should occur when the
dipole axis is tiltec wards «dusk!‘ and similarly, the
miﬁimum positfve bias at this time should occur when the
dipole is oriented towardé the dawn. As well, the minimum

‘bbsitive bias at the equinox is of approximately the same

Mg

magnitude as the maximum positive bias at the solstice. i\

" Finally, between the summer and winter solstices B,
a _

biases mirror those which occur between the. winter and

summer solstices, except that the ;;ﬁardty is reversed such
GO ' ' . '
that:%egative biases prevail 1in the autumn season (the

maximum negative bias occurs at the autumhal equinox and it
'équals'the magnitude of ‘the maximum positive bias which

N4
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occurs at the vernal eguinox). ‘

'ZThev_maximum_ positive bias (which occurs at the vernal

'equinox)rhas a value of +0,57,,and this number represents

the‘“bositive increase in By, from the expécted B,=0 at the
neutral sheet; for a‘totel fleld magnltude of unlty Hence,
for a total fieldi of, for example, 10 nT at .the neutralA

sheet, & maximum B, bias of"’apprqximately» 6 nT 'may  be

observed 1in the (By)GSE data. In "other iWOrds; ,fer a
measurement of (By)sqy of zero r - . a maximum (B )GSE
component - magnitude of 6 nT s..uc.ol. -bserved in the data -
due to the influence of the-spin " ~~-magnetic axes tilts,

and this would occur at the vernal equ1nox.
Consequently, from the B b1as calculatlons, it may be
noted that for.the data set employed in the studies of this

chapter, which inEOrporatej events throughout the spring
o o

season (mid January to mid June), positive:biaSes in (By)gdp

will predominate/;nen ISEE 1 1is located at - the neutral_"
sheet. Fnrthermore, a B, bias of approximately 60% of the

total tail field‘is;the maximum bias that - can occur as a.
reSult' of sbinfand geoméénetic axes orientations. legative

blases are p0551b1e only for the early part of January and

'beyond the end of May. These negatlve b1ases are observed

for only some hours of -the "day, and as well, their
magnitudesi are very small. Therefore, negative B, b%;ses of

ahy appreciable size (2.0 'nT) - observed .in the spring

‘between mid-January and early ne are not explainable

withfh thisgrqgejfrk..
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Now that the trends in B, biases due to spin and
geomagnetic axes tilts have been established, it mai be
determined whether or not it is possible for these expected
trends'—to ‘account for positive’By biases observed in the
magnetotail magnetic field measurements during the spring
season. In terms of iong'range temporal expectations,.since
the sampling‘rate of the ISEE 1 magnetometer is about four-
seconds, the exiStencer:of any drurnal as well as seasonalhv

/shlfts in B, should be read;ly v151ble 1n the data However, . o«
there 1s no 1nd1cat10n of e1ther a seasonal or a dally trend
in By biases, as,rs ev1dent1;n frgure 4.29 which is _ a plot
of B, riasf‘aa a fanction’of'both time'of;day and year for
the 302 events in the data set'of'sectron 4;3lLAn'inepéctfonv
of the éraphu reveals Xpo distinct se555ﬁ51' increase in
positive bias towards the equinox, which is marked yin'kthe
figure by ‘thel‘vertical dotted'line; The expected trend in
bias, for a total field of 20 nT, is indicated by the solid -

Asinusoidal ourver‘ However; the'magnitudes of the‘positive
‘biases vary randomly throughout the season.with no -distinct
bmas'max;mum_belng apparent at any time. Furthermore, events
eihibitingﬁnegatiye'B b1ases ones for which B, 'is constant
ana. non-zero 9at'uthem apparent neutral sheet and as well,

‘Ce;amples of well-defined neutral sheet enc0unters, lalso
appear randomly throh%hout “thier data set If a systematlt
variation in positive B, bias was to occur, then.jon’ Vwouldrf'
not egpect tofjohserve‘ any well-defined neutral .sheet
encounters near equinoxhrsince the magnitude ©f the B,

¢
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component would always be larger than.it should be at this

»

. . N -~
time of year. Clear-cut neutral sheet ‘encounters. are,

¥

however, observed near. the Sprlng equ1nox. It appears, then

from these observations, that the. steady variations of the

tilting Earth's axes do not’ adequately account s for .the -
occurrence of positive B, baseline.sgifts. o v
In order to partially understand why .the expected

results do not evidently agree with observation, . the SN

i

assumptions made in calculating the magnitudes of the
expected B, biases require-consideration. The results of the
program which calculates the B, biases represents a first
“order aoproximation' tonthose biases which would occur if a
more realistic model of the.fgeomagnetic tail were to be \\

incorporated in' thef modelllng routine. The program, as it

~;vstands,' considers fthe Earth s magnetosphere be' an

idealized dipole of 1nf1n1te extent whlch 15 unaltered by

A - ' ‘ ;‘N.e"*"" 7

the. solar,w1nd The effects on the B b1ases, therefore due

to. temporal and spatial :fluctuatlons i the magnetotail

AR .

tonfiguration; are not reflected in the calculations, and as

well, " no indication is given regarding how the B, biases o

change with increasing distance downtail.” Consequently, the (f}’

program results are .best used as guidelines according to

——

"which trends 1n By blases may be 1nvest1gated
'fIt is of 1nterest~ in the framework of the fore901ng

analysis to study spec1flc magnetlc events included earlier

s

in thss chapter 1in order to determlne whether or not the

influence of the spin and geomagnetic axes orientations 1i5s

—_

¢

h s
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‘
great enough to produce biases which occdur in actual_
,megnetogram observations.. Of -pagticular i@portance is the |
guestion'of whether or not it is possible-tohaccount for the
ﬁaonftudée of the B, biases observed through str;ight'

forward alteratlons in tail geometry resulting from varying

AN '
or1entat10ns of both the rotation: and geomagnetlc axes.

’Recall ‘the dati listed in table 4.1, wh}ch 1nclude$ the

GSM’ forfthej51x Byﬂb1a§ events in

calculated value of AB,)
question (ie: two events for each of oositive, negative- and’

)

Zero B biases). Consider first the biaseé'and“satellite”
locatlons for the two p051t1ve B bias events., FOn‘ day- 42,
1979 hour 18, whlch 11es ap rox1mately half’ Way between the
w1nter solstlce and the verﬂil equ1nox, 'ISEE 1 was located
.relatlvelyv close to the Earth. For ‘the neutral sheet

encounters of this event = (ie: .18:24 and. 18;26),

([By|)GSE +4 nT (ie: a bias of +4 nT). On day 126, 1979,

‘ﬂhour 03 whdch'v7ef5roughly’ half " way betwéen the vernal

B

equ1nox and the summer solstxce, ISEE ¥ was located faxthe:

downtall af X-—18 Re.’ For the neutral sheet encounﬁer oﬁ

this event (}e: 3:36), (IBy 1) =+2.5 nT coincident with

GSE

~f(|Bx|)GSE=+2.O nT. However, since the satellite was located
C : e e
in the northern hemisphere dusk sector at this time, the
« f - . .
polarity of B, should be negative. AKonsequently, the By

.! o

'trace;,appears biased by +4.5 nT. In comparing these two
. . ‘

situations it may be"noted that the difference in downtail

distance of the observing satellite did not result in a

: , -+
larger bias for day. 42 than for day 126 as mlght“ be
. : ' { A
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expected. Rather, both events are approximately equally
displaced temporally from the equinox, (ie: one before and

one after), and so, the effect of the-Earth's spin axis tilt

should be comparable in each case- - | -

153 7 : Y W
Fo' the event of day 42, the calculated value = of-
A : J.
(|By|)gg,, is +0.4 " nT, and for that .of day ~ 126 "

[ . . o~

(|By|)ggy="0-4 nT. In Jboth! cases the calculated (By)gom
magnitudes approdach 0 nT as is expected at ‘the neutral
shegt, and on day 126 (B, )GSE is nggative as }t'should be in
the northern dusk se o>r. Therefore, for these two examples,

the positive B, biases observed in the (By) g

'

B traces can be

attributed, at. least in prfnciple, to the choice of

coordinates in which . the magnetic data were presented.
Consider next the two negative B, bias'events liStéd in

vtable 4,1, For the neutral sheet encounfef at 11:33 oa

8 nT (1e. bias‘of -8 nT

Pl

" day 90 (March 31), 1979, (I8,])

GSE~
is observed), whereas on Jay 64 (March 5& __1979‘ at :abot%
0:34 .cand 10 42, (IBY|)GSE -4 a7 (- 4 nT bias). Ho ever,

since the two events both take place' in the late spring,
negative biases are noi expected. The -([By|);cpy values
calculated for the two events are —8.9.and -1.0 nT for day
30 and day 64, respectivelyl In both cases, (|By|)GSM.i§ of
non-zero magnitude at the apparent neutral sheet, and’ for
the event of day 64, By is even more blased in a negat1ve
sen;e after the transformat1on to GSM . coordinates.
Conaequently, the choice of coordinate system cannot be
con;idered as the cause _of~ the 'negatiQé biases,' and

/
i

|
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¥

therefore, some physical process must be in operation to

produce the. anomalous B, field mégnitudes._q o - )
Finrally, gﬁe’inflﬂghég‘of the Qrientation'of the spin

"and geomagnetié_dges must be éonsidered'for the two examplegs

of well-defined Dedtral gheet encounéers (or zero-B, biases)

on days 39, 1979 (hour 14 UT) and 73, 1979 (hour 14 UT). A

value of (IBYI)GSM%—j‘O nT is calculated for both spring

season events, respectively. Only minimal differences appear
& i SR I ) - .
-betyeen the magnitudes of the B, field components in the two.

coordinate systems. The effects of both the spin and
geomagnetic axesjorientations at the times of thesé events
ére~‘reiatively small, essentially lying within the error

margins of the magnetograms., Therefore, it is evident that

the observation of neutral ~sheet™ crossings proper are

physically possible even’when-aXes t¥1t effects "are taken

. :"into atcount. ' AN _

. o o
So, from the preceding analyses, it has been shown that

some positive B, biases can beiphysicaily explained in terms

" of the influence of the diurnal and seasonal variations in

N 4

the orientation of both the Earth's rotation and geomagnetic

EY

axes. On the contrary, negative B, biases obgerved. in the.
- . l»" ‘ 2
late ' spring season, cannot be understood in this framework,

Therefore, some other processes 'ongoing in the magnetotail
must be the..source for the Sccurrence of such biases. In

addition, neutral sheet encouters in the true sense méy be

~

observed regardless of the existence of biases due to axes

orientations. Note that “the question of constant, ‘non—zefo

-

'

J | ' - | /
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B, during an apparent neutral sheet encounter 1is not
addressed by the above considerations.

4

4.5 Investigation of Solar Wind 1Influence on Atypicel Bj
Signatures at the Neutral Sheet
Ultimately, it 1is the solar wind which shapes
magnetospheric sErucﬁure; consequently, it might be expected

that an examination of varilations in 'solar wind parameters

should provide- insight into the{oceurrence of atypical B,.

signetures observed ,in the' magnetotail by ISEE 1. 1In
addition, the level of geomagnetic activity might be

expected to reflect anomalous tail B, behaviour since the

magnetospheric configuration is influenced by fluctuating-

activity levels. A quantitative ihvestigation will be made

here of the wariations of solar wind velocity, density and
N : v . :

temperature, as ‘well as ‘the AE 1level, for the four

class1f1cat10ns of By signatures outlined in.section 4.3.

This will be followed by a study whlch attempts to determlne.
{

whether or not any relatlonshlp exists between the IMF B,
and the cross-tail magnetlc fleld component.,

Hietograms showing independently' the frequency of
occurrence of eech of the three solar wind perameters for
the .data set selected in section 4. 3 are given in flgures
4.3Qf 4.31 and 4. 32/ Arlthmetlc mean values for each

parameter were calculated to be 425 km/s for solar wind
3

-

. - b4 . ‘
“velocity, 9 cm 3 for solar wind density, and 75x10 °K for

solar . wind temperature. For each histogram, the arithmetic -
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A

S.W. Velocity Histogram 1978/79

.
. low velocity
high velocity

B

100

VAR R LA LA

VAR AR RR AR AL RA
VAR R RA LR AR A
C AR ER LR LR LA

B N R R

b VXL AR

g 24

200 300 40D 500 600 700 . 800
, : Ve.loclty}'\ (Km/s)

N

‘Figure ,4.32 Histbg'ram showing frequency of occuirence 'of
solar ‘wind velocity -data. The mean va’ue of the data is
425 km/sec. k - '

k



-, 200
| s

mean of the respective parameter measurements was chosen to.
represent the vboundary between, low and‘ high' parameter
magnitude. The two magnitude _categories are indicated on

each graph by different patterns of shading.
Table,4l2 symmarizes the percentage of events in the
two categories of low and high parameter'magnitude for each
of the four glassificetions of B, beheviour at the neutral

sheet discussed at e start of section 4.3. In addition,

- -

the corresponding P values, ostegorized into low,
intermediate and high activity (as per section 4.2.3), are
included in the table. Note that the total number of events
is dif}erent for each -of the three solar wind paradeters
» copsidered sinoe data gaps ‘resulting ~from non—continuops’
";satellite 'tréoking 'are preseﬁt.Ubf the 302 events compiled

'in th&™@ata set ifor 'section ‘4,3,‘ only“”276_ events are.

accompanied by solar w1nd ve10c1ty measurements solar wind

-

'?den51ty data is available for 274 events, .and 278 . solar w1nd~;f;f~

~

jtemperature‘ values "AEé ’ recorded w1th ;éﬁ‘ AE -index
measurement being available for all 302’events,'”)

» From a ,divisioo into thev two megnitude bins_of all
obseryations ofi a gived"parameﬂerv in ~one of the . B,
vclassification%, any irregularities whichﬁmay exist’in,the,
.. distribution will'become.apparent.'Such ,irregulerities 'may

te‘ significante:ih identi;yihg“a possible source for the

atypioal By 'signature ‘being studied;dﬁFor»'éxemple;l-.dn
W unusually large proportion of. higﬁ magnitdde: parameter;7°
’observationsl_may Isugéest_”an associatioh . between'sAthatf

N

AV
N
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parameter ‘and the unusual Byl behaviour., Howeve}, if the
distribution o: hservations into the twc agnitude bins is
comparable to an expécted distribution then it appearsr
unlikely that the parémeter in question significantly
influencé;.the cross-tail magnetic field component. -’

It has already been shown 1in section 4.2.3 that no
apparent correlation between the hagnitude of the AE '1de£
and that of either '|B,| or |B,|-has been observed. Th:  «(.oes.
noé necessarily discount the possibility thaﬁ”the occu rencé
of a particular classification of B, signatures may be
dependent on the magnitude of AE. Hc ‘ever, the percentages
of AE observations in the three magnitude bins 1listed for
the B, categories of well-defined neutral sheet encounters,
positive B, biases, and constant, .ton-zero B, at the
apparent neutral sheet tend to support the conclusion that
AE and |B, | aré uncorrelated. Since low, intermediate and
‘high ,maghitﬁde ranges were defined in figure 4.6 so as to
include in each category 51.4%, 31.2% .and 17.4% of all
obsér&ations, respectively, then any subset of events shogld
statistically fill the three bins according to tﬁe;e
'proportions if the subset represents a rgndoﬁ sémpling. For
each of these three B, classifications the maximum
percentage occufs in the low AE magnitude bin and the
minimum percéntage in the high AE magnitude bin as e#pected
from‘fhe distribution in figure 4.6. The percentages quoted,
however, indica' that a larger proportion aof events than
expected coincide with 1low AE for both neutral sheet
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encounters * proper (17% more) and positive B, biés events
'(12% more), wherea§ for the clgssification of ’cohstant,-,
non-zero B, at the neutral sheet, the inte;%ediate AE bin
holds 7% more events than expected. Only for the category of
negative B, biases do the—observed percentages not follqw
the same trend set by figure 4.6, with the maximum
‘percentage of events occurring in the medium and high AE
ranges followed by a lower percentage in the low AE range.
Whether or not this deviation from the expected trend is.
significant is uncertain since only a small number of events
(14) fall into the negative B, bias category. The number of
values in the low, medium and high magnitude bins are 4, 5
and 5, respectively, cor. 2quently, no meaningful'conclusions
cén be drawn from the distributioﬁ of nega;ivé By biaées. In
general, then, littlé"ifidence to support :a correlation
between AE magnitude and the presence of anomalous B,
signatures at thé:neutral,sheet has been obtaihed.

Consider _next the pércentages of ?oints in each
magnitude category for the three solar wihd pérameters in
question, In order to interpret these resﬁlts,'a standaga‘is
required to which the observed percentages méy be compared.
Such a standard may be(obtéined by analysing the occurrence
frgquency histogram for each solar wind parémeter in terms
of a probability distributionh\model which represents the
experimental ‘distribution. Tﬁe solar wind density

observations may be répresented by the Poisson’ distribution

(Parratt, 1961) which is defined according to:
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“wnnng

£(k) = P(k;u) = u¥e #/k1 ,_ | (22)

where P 1is the probébility, 4 1is the mean dfv‘ the
hathematical model distrithion, ard k.is the classification
interval index (k marks the center point of  each iﬁterval,
and the first interval is denoted by k=0). Note that this
distribution is a function of only one parameter, the mean
u, and the value of u therefore determines'fhe nature of  the
frequency distribution curve. The expeéimental mean, m, for

the solar wind density histogram is 9 cm_3 which. translates

to u=2.5 (midway between bin k=2 and bin k=3). The Poisson

distribution curve for u=2.5 is superimposedé%n the solar
wind dénsity histogram of figufgr4.30. Note that ‘equation 22
gives .the normalized probability, therefore, P ;ust be
multiplied by N, the total number of events, before the
probability curve is plotged.

One criterion which must be met for the Poissoﬁ
distribution to represent a ,good fit to a set of

experimental data is that the mean value, 4, must lie within

one value of k to the right of the most probable value of k,

-kc, which represents- the classification interval most

)

frequently sampled. Eor~the—model dit:ribution with u=2.,5,

k;=2. For the solar wirnd density histogram -k =2 as welll,
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1

therefore, the mean of 2.5 falls within the reqguired ‘limit.
Clearly, the Péisson distribution represeats a good fit to
the solar wind density experimental data.

Coﬁsequently, the pumber of measurements expected in
‘each of the two magnitude categories (low and high) can be
determined according to the model distribution. The Po;ssdn

cumulative distribution is calculated wusing 'the ;ﬁallowing‘

equatign:
"Iy P(k;u) = Z, (uke"“)/k! k=0, n (23)

where the summation is stopped at the desired value of ..
Note that the total cumulative probability approaches unify
as n approaches infinity. It ip of interest to determine the
percentages of events likely to fall within the two
magnitude categories of low and high, and for the solar wind
density data thes? values may be obpained by calculatipg the
summations from k=0 to k=2, and from. k=3 to. k=13,
respecfively. The results from these two summatiqns indicate
that the probability of a solar wind density observation
falling within. the lgw'density category is 0.65 and that of
a similar obgérvatigp,/{élling within the high density’
category is$0.35; giving a total probability of unity, which
indicates that the number of events in the data set of

interest is sufficient for such a statistical analysis.
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a

Therefore, 65% of all observations of solar wind density are
‘ \ -
expected to be of low magnitude, whereas the remaining '35%

are expected to be of high magnitude, if the data are

accurately represented by a Poisson distribution. From table
4.2, 173 low deﬁsity and 101 hiéh dénsity"values (totél 'éf
274) are observed, giving a proportionality of 63%:37% which
is-reasénably close to the expected result.

The ‘histogram for solaf wind temperature (figure 4.31)
may be»anal%sed‘using the same technique.. Tﬁe eiperimental
mean, m=75x10° °K, representing the separation line between
low and high temperature, again lies intermediate fo the
bins denoted by k=2 and k=3. Therefore, the model mean is
givén_by u=2.5 as was the case for the solar wind density
data. The Poisson distribution'shberimposed on figure 4.31
~is‘identical to that applicablelfb the solar wind A-density
histogram. Consequéntly, 65% of all obgervations are
expected to fell _n the low temperéture category, with thev
remainin® falling in the high temperatur; category. The
solér wind témperatufe dgta, however, are not as;,'—:Q well"’
represented by- é Poisson frequency distribution as are the
solar wind density data. The most 'probabl% classification
interval in this case is ko=1, and the méan, u, falls
farther to the Night of k, than one value éf k. However, the.
observed pe{centagés of measurements falling within the low
and high témperature éategofies are 65% and 35%,
respectively, and this' is in agreement with the ecxpected

proportionality for a Poisson distribution with u=2.5.-
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Therefore, the experlmental proportlonallty provides a ‘valid
standard according to whlch observed percentages of events
in the two magnltude categorles and\for each cla551f1cat10n
of B, signatures may be compared

In figure 4.32 the experimental mean value of .m=425
km/sec also falls between the bins specifiéd by k=2 and k=3,

and this corresponds to wu=2.5. The relevant Poisson

distribution curve 1is superimposed ona the histogram. The

model distribution approximately fits the data, however, the

fit is not as good as might be desired. The mean value falls
1.5 classification intervals away from ,ko' and therefore,
,the desired criterion for anﬂaccurate fit is not satisfied.
The Poisson distribution for u=2.5 provides a cumulative
probablllty of 65% that an observation  of solar wind
veloc1ty will fall in the low velocity category; and a 35%
probability of obtalnlng a high wvelocity measurement.
Experimentally, 56% of tne neasprements'iof so_ar wird
velocityA fall in the 1low magnitude category whereas the
.remaining_44% fall in the high magnitude category.

Flnally, the ‘observ;d percentages of low and high
magnltude of eadh solar wind parameter and for each of the
four classifications of B, behaviour at the neutrallsheet
'may be analysed( with respect to the proportionalities

B
.

expected from” the Poisson distribution which approximates

the distributions of the experimental data. In each case, if "~

the proportion of low to high observations is comparable to

1

that expected from the Poisson distribution relevant to the
Lot )

b
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solar wind parameter in qguestion, then it can be concluded

i

that the B, behaviour 1is independent of that solar wind

parameter. However, when the observed percentages differ

o

greatly from the éipected proportionality, a relation

/

bétween the solar wind parameter and the classification of

':By behaviour may be %gblied.\A threshold value of 15% will
A . . - : Y
be chosen such that if the difference ' between _ the

", U : . . ‘
experimental and expected percentages: is <15% it will be
v o

-

considered that no relationship exists.
Consider ~ first - the sdlar wind . density
proportionalities. For all four classes of Bﬁ_behaviour, the

\

maximum percentage falls in the" low density category as

pgedicted oy thi Poissdn distribhtion.'An uexpected 65% of
events in the class of consfant, non-zero B, ‘at the neutral
sheet is observed, whéreas Sé% of the positivé. B, biases,
79% of the negative biases and 71% of the neutral sheet
encounéers proper correspond to low magnitude densit;es.
Consequently, the maanitude of solar wind.density appears to
be unrelated to the occur -ence of atypical B, behaviqur' at
the neutral sheet, : .ace all the above\values fall within

15% of fﬁhe ~expected percentage from the Poisson

distribution.

~

Such is not the case with the'reéults for‘ golar wind
-temperature data. For both pésitive and zero biases, 78% and
74% of ali events in the respective catégory/fall in the lowt
temperature range, and these values lie withan,thg 15%

v p .
uncertainty limit. In contrast, only 29% of\\gegatlve bias
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. . /’
events, and 43% of events 1in the constant, non-zero K,
category fall in the low magnitude range (ie: 36% and 22%

lower, respective1§; than expected)./ This indicates that
perhaps these t>0 categories of B, behaviour are dependent

Ay

on the magnitude of solar wind temperature, and in

particular, on high temperature values. Aéﬁin, however, for

\ ’ '

the categofy of negative B, biases, the small number of
" events, (14) renders the _reliability of this result
guestionable.
N -,
Similarly, 78% of .pggftive Pias events coincide with

low magnitudes of solar wind velocity, a value which is 13%

i}
/

higher than expected. 51% of zero-bias events fall within
the low magnitude sélar wind velocity category, and this is
14% lower than  expected (although, this vélﬁe\ still
represents the majority of events for this B,
classification). However, thg percentages of evenfs in the
low magnitude category for both:'negative biases : and

constant, non-zero B, at the weutral sheet are 21% and 32%,

.

. " ’ \
respectively, which are 44% and &33% lower, respectively,

’thép the expéctgg proportionality. }t éonsequently appears
that these two‘categories of B, behaviour are also dependent
’oh solar wind velocity, specifically’ on high velocity
values.

Again, care must be taken in basing conclusions on the
small sample siis of negative:By biases. Only 14 occurrékces
of negative biases were observed for which églar wind

. ~ . 3 .
parameter me€asurements were available. Nevertheless, the
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cpns;stehcy in the three solar wind parameter sets 1is
interesting. However, the teﬁaency for observations of
constant, non-zero B, at the apparent'neutral‘sheet to occur

coincidentally with'higher values of ‘solar wind velocity and
teméerature may be'legitimate since the -sample size \of 74
(75) events' should be large enough to give a reliable
indication of trends in the data. Hence, some evidence for
attribuging irreguiar tail B, behaviour to variafions in the
. solar wind parameters of temperatﬁre and density has been |
gained, and ;h;s perhaps warrents future‘investigatigh with

-

the employment of a larger data base.

4.5.1 IMF B, Penetration

One final solar wind parameter which must 'be considered

as a possibl

<

‘contributor to atypical tail B, signatures is

i N

the-B, compone t"bf the IMF, which may'in some way influence
the cross-tail magnetic field component of the magnetotail,
as discussed in section’ 2.5 in the context of IMF B,

-

penetration.

The validity of the prqposed tﬁebries mentioned in
secéion 2.5 will be investigated here tﬁrough a study of the
data set compileq according to the criteria ,outlined (ﬁn
section 4.2xt. IMF B, values are not availéble for ail
events in the masté; data” set since communication .with
ISEE -3 (the satellite‘wﬁiéh/g;Tiected much of the solar wind

data) was intermittently/disrupted, particularly in 1978,

resulting in. gaps i/ the d&ta. Only events for 'which both

'
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tail B, and IMF B, values were present are appiicable when
aﬁalyzing the effects, if any, of the IMF on tﬁe‘magnetotail
field. The data set for the following analysis consists of
414 events from 1978 and 745 events from 1979, for a total
of 1159 data ;ntfies. Recall that hourly averaéeS‘of each .
paraheter are employed. |

First, consider a statistical comparison of tail B, and
IMF B,, similar to those.conducted by Fairfield (figure 2.5)
and Lpi‘(figure 2.6). Figure 4.33 is a scatter plot of tail
B, vs. IhF-BY for ‘aIl' zhe' 1978 and 1979 events, while
figures 4.34, (a) and (b), are blots of these two parameters
for 1978 and 1979,_respectively. in fiqure 4.33; the scatter
in the data 1s\@u1te substantlal and there appearc to be no
strong 1nd1cat10n of a dlrect correlatlon between the two
parameters. However, a sllght tendency . is noted for the
occurrence ¢. a greater number of points with tail B; and

IMF B, of the same 51gn than of 'opposite 51gns, suggesﬁlng

some trend in the data exasts. Because of the hlgh degree of

-

\

'scatter in the data, the question of whether or not this

trend is significant must be addressed in order to test the

J -

validity of the IMF B 'penetration theory.
Y N~ : . .
A technlque involving pPInClpal component analysis
(Hotelling, - 1933; .Jolliffe, 1986), will be used here in
order to quantify the appropriateness of conducting a linear
reéression .analysis for a scatter *plot of two variables. In
the linear regression calculations it is assumed. that the

-

.
independent variable is accurate (ie: that its values have
0 . ( N \1
.
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associated with them no uncertainty). Ho#ever, this is not
the case 1in the presenp’%tudies since both tail and IMF B,
measurements contain s&me Jdegreg of uncertainty. The
uncertainty- in the' independent variable 1is taken into
account by ghe prinéipie component method, and hence,
comment on the validity‘of any abparent linear trend in the
data set may be made with th; results from this technique.

r Essentially, the principle component technique "fitsa
an ellipse about the scattered data, and the shape of the
ellipséa is then épalysed in order to determine whether or
not it 1is appropriafe to discuss a linear correlation

oy

. . \ B
between the two variables. Two eléenvalues, Ay and A,, are

o

measures of the major and minor axes lengths, respectively,

and ppeir ratio gives an indication of how well the data is
represenfed bj a linear relationshipj\;}\the ratio of k,/kz
is very Iéfge then the data.is weli rep?esented by a iinear
relationship; however, if this ;gtfg is vérxh small
(approaches unity) then. the\ scétte; in-theAdatgigs very

: . - .
substantial (the ellipse approaches a circular shape) and a

linear ;égression analeig»cannot be justified. If the ratio
gives an intermediate result then some deg}ee of linearity
;n (the data is pfesent. As well? two eigenvectors- may. be
calculated, from which the' ratio = of the | components
Vﬂ2Z]§/V(1,1) gives the slope of the linear fit to'the data.
This éiopé should correspond to éhaé\ obtained tlLrough ﬁhe

standard linear regression technigue.
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For all studies conducted in this section, the ratio of
A,/A, will be determined in order to test for the
significance of fitting a linear‘regressiOn curve to tue
data. If the ratio givés a value greater than or equél te 2,
it wk&ﬁﬁée assumed that there is some degree of validity in
conducting a linear “.:ressibn anélysis; however 1if the
ratio gives a value ot less than two it will be assumed that
the tail and IMF B, data are'hot clearly linearly related
(J. Samson, private communication).

For figure 4.33 the ratio of AN:/N2 gives a value of
2{42 whichyguggests that éithough the two parameters do not
vé{y in avdistinctly4 liﬁeér f;shion, a slight trend is
évidént. Consequenfly a linear regression analysis has been
conducted for thesé data fof the purpose of comparison with
the results of Fairfield and Lui. According to the best
. linear fit, a slope of 0.44 and a‘regréSsion‘coefficient of
0.34 are obtained frc the .regression linei. which is’
" displayed on the graph‘in the form y=b+mi-(where y refers to
the tail B, and x refers to the IMF B,) The value of the
'siope r;p}egents,l éccording to. thg‘ theory ofb IMF By
penetration, the perc.:éntagen,of"I‘MF‘By :houéht to penetrate
‘the taii, which in this'case is 44%. Howeve-, the sméll
magﬁitude of the 'régression coefficient suggesﬁs that- the
braw»daté is“p&brly represented by the . lineaf felationship
shown. In addition, there does not'appear to be dny merit in
fittiﬁg £§o Sepafate-regression curves tbf%his data, one for
-positive and one for negative -IMF B;, as .was done by
-ui' N ‘ ' . T

‘. .o
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Tsurutani et al. (1986). This indicates that on the gross
scale there is no evidence for warying degrees of 'IMF B,
penetration depending on ghe pofarity of the IMF B,
component.' In general, then, because of ‘the significang
degree of scatter in figure 4.34, although a slight linear
trend is apparent, little in the way of convinciqg evidence

: : /
is provided from this figure for‘the existence of a distinct-

relationship between the B, components of the mag;etotail
and IMF. '

The'plots of B, vs. IMF B, for 1978 and 1979 data
individually also show only .slight linear trends. This
étatéﬁent is supportéd by the ratios 6f X,/kz, which give
values of 2.52 and 2.40 for figures 4.34 (a) and (b),
respectively. There is a definité absence of‘dataApoints in
the guadrant of the 1978 ,raph for wﬁich tail B, is negétive
and IMF B, is positive; howeve%, because of the irregular
'availability Tof IMF bmeasurements during the early‘part of
the year, any significance of this observation is
qUestisnable. Linear ﬁifression curves have been included
for both plots, and according td the best linear fits, 45%
and 43% of the IMF By'componént is suggeétea, achrdihg;ho

the theory, to penetrate the tail for the 1978 and 1979
ldata, respectively; Hoﬁever, the regression coefficien.s are
again low (0.31 for 1978 and 0.36 for 1979), and owing to

the large amount Qf scatter in the data, the justification

for regression analyses is somewhat tenuous.
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Lui (1985) postulated that the IMF is shielded less in
the plasma sheet than in the tail lobes, and{consequently,
found from his results that the degr-= of IMF B, penetration

'was greater‘in this plasma domain (he includes both the CPS
and PSBL in his use of the term "plasma sheet") Further, he
attrlbuted t-2» occurrence of what is known in thlS work as
constan%, non-zero By at the T"apparent” neutral sheet to
‘IMF , B, penetration which allowed for the enhancement of the
tail B, magnitude. In order to investigate these hypotheses
consider tHe independent scatter plots of tail By vs. IMF B,
for the CPS, PSBL and tail lobe plasma regimes, shown 1in
figures 4.35, (a) and (b), and 4.36, respectively, each of
which includes both 1978 and 1979 data. The vaiues of A,/\2
f-r these graphs are, respectively, 2.48, 2.17 and 2.41,
suggesting some degree of linearity 1in all three cases.
Linear regression curves are also included in these three
figures, and'theSe suggest a 39% penetration of the 1IMF B,
component 'in the CPS, 32% in the-PSBL, and 45% in the tail
lobes, assuming validity in the theory of penetration (the
respective regression' coefficients are 0.28, 0.36 and 0.40
fcrvthe.CPS, PSBL and lobe). According to these results, if
penetration was to occur, it would be_ a maximum in the tail
lobes, in contrast to»Lui's conclusions.,

. Ideally, in order to- draw re .able conclusions from
figures 4.35, (a) and (b), and 4. 36 " each plasma domain

should be represented by the same number of data points, and

the size of the data set should be qu1te large. Of the three
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¢
plasma regimes, the tail lobe appears to indicate thilmost
distinct linear trend according to the value of the ~
regression. coefficient (followed by the PSBL); however, the
value of k,<};Asuggésts that the degree of linearity 1is
slightly lower for the lobe than for the CPS ané noticeably
lower for the PSBL, Iﬁ addition, A as with the PSBL, the
number of points repreéeﬁting the lobes is smaller than that
representing the CPS. Since the three regimes are not
equally represented, 1interpretations of boﬁh the linear
regression and principal component analyses are Ksomewhat
uncertain, and it 1is not <clear which of the three plots
provides the most justifiable linear trend, and conséquently
the most reliable slope value. From the results presented
here, Lui's pogtulaté concerning greater IMF B, penetration
in the plasma sheet does not appear to be supported.‘HenCe,
his attribuﬁing constant, non-zero B, at the neutral sheet
to such increased penetratioﬁ in this region remains
.unsubstantiaféd from these studies. | |
In order to investigate the hypothesis put forth by

.Cohley (1981) regarding the existence of preferred guadrants
in the tail in which penetration of the IMF B, component is
most likelx/tc\occur, the 1978 and 1979 data for the CPS,
. PSBL and taif\ lobe regimes are divided into guadrants as
defined in figure 3.3. Tail B, vs. IMF B, values are plotted

v v —_—
in fiqures 4.37, v(a) and (b), ;nd'4.38, (a) and (b), for \\

quadrants 1, 2, 3 ahd 4 of the CPS, respectively, in figures

4.39, (a) and (b), foré quadrants 1 and 2 of the PSBL,

o



221

respectively, and in figures . 4.40, (a) and (h), for

quédrénts i and 2 of the tail lobes, respectively. Note that-
limited dat; are availaple in quadrant 4 for the CéS, and no

data are available in quédrants 3 and 4 for either the PSBL.
onl'tail lobes. This is the direct(resulf of uneven spatial

satellite coverage of 'the tail by ISEE 1 (recall the

discussion of section 4.2).

Considerati§n of the regression analyses conducted for
egch pf these figures indicatés that IMF B, penet;ation, as
postulated, is not Qéll supported in either quadrant. The
suggested ‘percentages of IMF B, penetration yﬂ\the CPS would
be 0%, 19%, 29% ang 15% for . quadrants 1, f/'z_ , 3 and ¢
.respectively. The correqunding regression coefficients are
0.00, 0.2°, 0.23 and 0.16. However, if there is any yalidity
'in the theory, Qﬁadrants 2 and 3 would then appear to be
those of "prefefred penetration"”, suggesting that the
_ north-dusk and south-dusk qu;drants are being influenced
most by the IMF B, coﬁponeﬁé. This is in contrast to what is
expected from the penetraﬁion hypothesis. Recall from figure
%NE that areferred penetration iﬁ quadrants 1 and 3 1is
expected "for negative IMF B,, whereas preferred penetratlon
is expected to occur in quadrants 2 and 4 for positiye
IMF B, . | '

‘According to the principal component analyses, values
of Ni/\; are 1.56, 2.73, 2.2 and 1.46 for quadrants 1, 2, 3
and 4 of the CPS, respectively. These support that the most

justifiable linear trends océur-in‘qUadranté 2 and 3, and
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Figure 4.39 Tail B, vs. IMF B, for 1978/1979 samplingsof

the PSBL, categorized into (a) quadrant 1,

2.

and (b) quadrant
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that the tail and IMF By barameters are poorly cdrgelated in
quadrants 1 and 4. Note that the results . of the principal
compoﬁent analyses are in agregTeht with those of the linear
regression calculétions.

.In the PSBL; the linear regression curve for gquadrant |
suggests a 22% penetration of the IMF B, with‘ a regression
coefficient of 0.33. Quadrant 2, on the other hand, appears

’

to allow only 4% penetration according to the hypothesis

(regression  coefficient éf 0.09). Iny the lobe, the

percentage of IMF B, penetféﬁion in quadrant 1 would be T 21%
L%egrgssion coefficient of 0.31)_ aﬁd in - guadrant 2 the
penétration peréenéagé would be 14% (fegression coefficient
of 0.22) if penetration actually occurs. the that in these

v> plasma regimes, the linear regression results 1indicate

that the lowest percentage of penetration of the IMF B,

would occur in quadrant 2. Values of ANi/Az are 2.92 and 4.87

for quadrants 1 ‘and 2 of the PSBL,/and 2.69 and 2.67 for

quadrants 1 @nd 2 of the lobe, and these all suggedt that

linear tren& are pétter justified in these two plasma

regimes than ih the previously d?scussed studies for the

: . A B .~
four-quadrants of the 'CPS. . , L
Because of thé very  low values of the regres§ion
. h ’, : -
- coefficients, and as well, the small magnitudes of the

\

’glopes‘obtained for each of the above quadrant an.lyses, the
"indication that pehetration may occur preferentially in
certain quadrants remains somewhat inconclusive. In the

near-Earth regions of the magnetotail, then, evidence for

4 .
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preferred penetration is @kniwal; -however, this does not
discount the possibility” tgaeArpre?grred penetration (if
penetration occurs at ail) might take place in the d£stant
tail, which was the region of focus in the study conducted
by Tsurutani et al. (1986). | ;
Next, consider the possib{}ity of a dependence‘ of the
\/z—FJ{;:;:a IMF B, ' penetration on either the polarity of the
IMF B, ,component, or similarly, on the magnitude of
ﬁagnetospheric activity defined by the AE index. Both
aorthward and southward turnings of IMF B, (ie: av change
from negative to positive polarity or vice versa), are known
to-be accompanied by increases in magnetospheric activity

(Rostoker, 1983) which in turn are frequently reflected by

increases in the magnitude of the AE 1index. Figures 4.41,
i N

(a) aadr(b), and 4.42 represenﬁiscatter plots of tail B, vs.
IMF B, data for. low, intermediate, and high actiQity,
respectively ' (as defined 1in |section 4.2.3), and figures
4.43, (a)‘ and (bU, are scattler plots of the two B,

Pl

parameters+ for positive and negative IMF B,, respectively.
A . ] 7 h

The regression analyses for these studies show wvalues of
apparent IMF B, penetration (lelowedrby the corresponding

regression coe@ficient, R) of 41% (R=0.32), 59% (R=0.42) and

25% (R=0.19) -for 1low,, intermediate and high activity'

- | v
respectively, and 36% (R=0.30) and 57% (R=0.38) for positive

-y
andlgggative IMF B,, respectively. Values of \,;/\, are 2.30,
3.09,_ and 2.07 for 1low, intermediate and - high AE,

respectively; and 2.05 and 3.13 for positive and negative

/

N
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for samplings of (a) low and
(b) intermediate AE from the 1978/1979 data set.
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j‘Figure 4;42_ Same as fiqure 4.41 but for samplings of high
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Figure - 4.43 Tail By, vs. IMF B,' for samplings of the’
1978/1979 data set for which the value of IMF B, was (a)
positive, and (b) negative. L
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IMF B,, res@ectively. In all five graphs the écatteﬁ“in the
da'ta is substantial\(regressign coefficient values'égain are
low); however, some suppbrt is given  to a linear
relatibnship befween' the two variablés according to the
priﬁcipal coméonent analysis tgchnique. The suggested
percentages of IMF ‘by penetration for both intermediate
activity and negative IMF B; are largef than any observed in
eaflier anal;ses; and their reliability is supported by the
values of A;/X; obtained for these two céses. S

Finally, . the question of IMF B, penetration may be
cbnsidered in the context of the four categbries of atypicai
tail B, behaviour at the neutral sheet outlined eaglief in
section 4.3.'J;thohghfwheh considering the entire data set
there apéea . to Dbe ohly minimal evidence to support the
proposed'ihfﬁuence of the IMF B, component on tail B,
magnitudes, it is poésible that for a specific subset of the
data there may be some validity to the theory. With this 1in
mind, plots of iMF B, vs. tail B, were construcfed for the
data in each of the three categqriés of positive B, b{ases,
negative By.biases and constant, non-zero B, at an apparent

neutral sheet encounter, and these are shown in figures 4.44

(a), (b) and (c), respectively.

' In the case of positive B, biases (figure 4.44(a)) no

linear trend indicating IMF B, peﬁéfjatidh is. evident. Most

of the 110 tail B, values in thiSingq%e?arquositive (which
: . Se Yoo e

R . A ' o Lo .
is to be expected due to” the nature of the bias), and

although more points occur for positive than . for hegative

[N
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Figure 4.44 Plots of tail B, vs. IMF B, for data in each ¥of
the three categories of (a) positive B, biases, (b) negative
B, biases and (c) constant, non—zero B, during an -apparent
neutral sheet encounter.
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IMF B,, the scattf{rin the data is substantial. The linear
regi ¢cssion analysis‘ for these data‘ suggests that 24%
(R=0.39) of the IMF B, wouid penetrate the tail. Figufe
4.44(b) indicates that for each of the 12 data'points.in the
category of negative B, biases, both tail B, and IMF B, are
of the same (negative) polarity. This perhaps suggests that
" IMF B, does in fact influence the tail B, component;
however, the data set is so spall that the result cannot be
considered as conclusive. - |
The final plot, which displays the data for constant,
non-zero By'at the apparent neutral sheet (figure 4.44(c),
indicates that for most of the 55 data points both LyF B
and'tagl B, are of the same,polar1ty, whether it be positive
for'negative.‘Only five points lie in_the guadrants for which

o 3
;the two parameters - are of dlfferent sign. This 'result

VthereforeA‘ suggests the possibility of; some valldlty in- the
IMF B, penetrat1on theory. From the. linear regression
"agalysis conducted"for this figure, 60% of the IMF B,
appEats to“fpenetrate the tail. Since  the regression
coefficient has.a relatively la;ge”valﬁe in comparison with
all previous coefficients (R=O;7f),¥this result is the only
Honeﬂ whichl provides justification tor the hypothesis of
IMF B, penetratupm.‘As well, sfnce most of the events in
‘this category of constant non-zero By at the neutral sheet
'represent'CPS sampllngsf the apparent 11near trend here also

tends to support Lu1 s suggestlon tha&;B enhancement at the
\,J

neutral sheet, may be.a consequence “of IMF B, penetratlon.'

L2 x
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However, once again, the de : set is not as large as .might
be desired, and consequently, cautidn should be taken when
drawing conclusions from this result.

Values of X;/A; for these final three plots were
‘calculated to be 3.6, 4.3 .and‘ 6.1 for positive bisses;
negative biases and constant, non-zero B, ét the neutral

' , ,
sheet,lrespectively. Each of'thesg values is larger:than the
threshbld value of 2, and consequently, the linear trends
whiqh appear are justifiéble, especialk; for ‘the .last two
categoﬁieq of B, behaviour at the neutral sheet.- In
particular, 'the value of A,/\, for ‘gonstant, non-zero B,

"events clearly supports the linear trend observed‘ih th}s
data, and therefofe, provides the only reliable evidence for
the IMF B, hypothesis.

Finally, the values of iMF B, for the classification of
well-defined neutral  sheet encounters (ie: for. which
B, |=0), range from -7.9 to +8.0, and are relativeiy evenly
disf;ibuted between( poSitiGé and'negative IMF B, (45% and
55%, reSpectively, of the 65 events in tpis category Wfor
which IMF B, values were available). This fngicates that the
‘IMF B, component appears to have little or né influence on
well—defined ﬁeutral sheet encounters.

-

As a -last note, because cases do -exist in each B,

-

category for githér polarity of IMF B,, then regardless of
statistics and any possible wvalidity of the IMF B,
‘ e »

gérm with

4
,

penetration hypothesis, the cases which do not %an

§3.2

the theory require explanation, and the sources of the

&
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anomalous B, behaviour must be identified in order for the
magnetotail conf““iguration to be adequately understood.

/

b

)



Chapter 5
Distortion of the Magnetotail Magnetic Field by Large-Scale
Field—Aligﬁed Currents

In this chapter further investigation into the causes
of non-zero.B, at an "apparent." neutéal_sheet encounter (ie:
where |B,|=0 nT) wiil be conducted. . As will be deﬁonstrated,
the term "apparent" is the key to undépstanding such events,
since many of these do abt, in fact, repfesent neutral sheet
encounters. Rather, the X component 3?\ the magnetd?ail
magnetic field has been re?uced 'to zero magnitude, at a
location other than  the neutral sheet, as a consequence of
the presence of large~scale fié\d*aligned curtents which are
capable of producing perturbation magnetic fields‘ that can
severely distort the normal tail magnetic field
*conf¥gura 'on.'betails of the mechanism by.which |3Q4 may be
reduceq_ to zero will be discussed following ; ca%e study of

an event such as described}%eré.n | ; ]

| i -
5.1 Case Study: Day 75, 1979 | )

Consider the ISEE 1 maénétogram for day 75 (March 16),
\3979, hour 2*, shown in figure 5.1. GSE coordinates argahsed

N4

to display the magnetic field traces in this representation.

T

For' this event, ISEE‘ 1 was situated 1in the northe??

N,
e, \

,hemisphere, dawn sector of the tail at a location ;specified

by  Eogy=72! ‘vRe, Yogy™"7-2 Re, and Zggy=0.5 Re. The.
: Russell~Brody and Fairfield -models for determining the

.. ~position of the "neutral . sheet, bothv indicate” *that the

236
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Figure 5.1 ISEE ! magnetogram in GSE coordinates for hour
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neutral sheet was located at ZGSM=0’O Re, and this suggests

that ISEE 1 was in the vicinity of the neutral sheet at this

- time,

i

In figure 5.1, the B, component magnitude is observed

to decrease from =15 nT at the start of hour 21 to =0 nT by

21:30. ISEE 1, therefore, appears to encounter the neutral

sheet at'21:30 as indicated by the magnitude of B, . at this
, Y

2

time. This jrnterpretation further suggests‘vthat the
satellite remains in the vicinity of the neutral sheet for

the next 20 minutes, ﬁntil about 21:50, when the magnitude

of the B, component begins to increas%, However, the B,

trace for this hour disp..ys a rather unusual signature for
a supposed neutral sheet encounter.  Not only does By remain

positiver in polarity for the entire hour but, as well, B,

actually increases.from between 6 - 7 nT observed from 21:00

until about 21:20, to a maximum positive value of =12 nT at

21:30, that is, at the time of the apparent neutral sheet

encounter (a value of‘|(By)éSM|z9 nT was calculated for this

"time). The By component should also have, qpproached zero

7

magnitude if the satellite, was actually in the neutral sheet

region.TFurthermoré,lthe rapid fluctuations observed in each
of the. three magnetic traces are not typical of CPS field
character, but rather are suggestive of a different plasma
regime, namel§, the PSBL. | ' n

4

The ISEE 1 magnetogram alone provides 'inadequate

-~

information to resolve the discrepancy between expected and

signatures. Energetic particle intormation for this

5
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eQent are availabl n addition to the magnetic datqy ‘and
they may ' be étudied to provide Further insight into which
plasma regime 1is beiné sampléd by the satellite at the fime
of thé apparent'héutral sheet encounter. First,‘consider the
energy-tﬁme spectrogram for day 95, 1979, shown in figure
5.2. Qt about 21:00 it appears that ISEE 1 has just left the
low latitud;/edge of the lobe region as suggested by the
very low particle densities. The satellite fhen encounters
the high latitude edge of . the PSBL indicatea by the

anisotropic ion fluxes, ,gnd it remains there for the

duration of the hour. ISEE-1 does nct éppeaf to encounter

what may. ;learly be called the CPS (characterized by

-

isotropic particle distributioné)° Note also, the existence
of wvery pronouncéd duskward flows of positive ions in the
latter part ;f hour 21. _ J ‘K )
To‘ refine the interpretation of'the;gxt spQé§;55§$m

‘ '
considgr the ehergyvphase an%ﬁf épec;}ograms for this hour,
shown in vfigureS" 5.3, 5.£, and 5.5. The LEPEDEA was in
"low-bit rate miigféﬁfﬁhe time of this event, and as a
result, 'approximétely eight minutes are required to acquire
the data for each st of E—&fspéctfograms. Thé first set of
relevant frames, figure 5.3(a), begins at 21:07. The ions
are aniﬁ@?:opic with a distinct. Earthward 'éomponent. _The
eleétrons, as vell, are anisotropic, and  feature
anti—Earthw;rd beams in éhe 2E£énd 3 frames, and Earthward

beams in the SE and -6E frames. Such electron and proton

‘distributions a@s characteristic of the PSBL. The second set
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2y

g

Figure 5.2 Energy-time specﬁrégrém.for day 75 (March 16),
1979. ; SoA, :
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3
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(a)

(b)

<y
Cav

Figure 5.3 Energy-phase angle spectrograms for day 75 (March
16), 1979, with starting times of (a) 21:07 and (b) 21:15
uT. : . ' i
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- (a)

()

Figure 5.4 Same as figure 5.4 but for start times of (a)
21:24 and (b) 21:32 UT. : , -
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(a)

(b)

Figure 5.5 Same as figure 5.4 but for start times of (a)
21:41 and (b) 21:50 uT.. ” -

B
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)

of frames (figure 5.3 (b)), begins about eight minutes later
at 21:15, The-particle distributions remain anisotropic in
characcer, with the electrons exhibiting bidireccionol
streaming, in tho Earthward and anci—Eafthward directions,
in frames 3E and 4E. Frames 2E, SE and 6E remain relativeiy
unchanged from the first set of frames. : ;

In figure 5.4 (a), beginning at 21&24, the anisotropic
nature of the particle distribuﬁions becomes increasingly

. »
pronounced. This set of frames coincides with the start of

thé'apparent neutral sheet encounter suggested by the B,

component of on the magnetogram in figure 5.1. Ion beams are

now present but note that’the particle motion is in the dawn
to dusk direction. Electrons exhibit bi-directional
streaming, aiso in the Y direction. Such intense anisotropic
distributions are not at all typicél of CPS encounters. For
the remainder of the hour (figures S@@ Kb) nd 5.5, (a) and
(b)) for the cime interval 21{32”to 21:50 incIusive) both
~he ion and electron d?gtributions recaih their anisotropic
character. Low Aenergy ion beams are present, oriented
aporoximacely dawnward/Earthward, and cross-tail
bidirectional streaming of the electrons persists.

So, according to the' part@cle spectrograms, ISE:Et f
appears to have travelled from the lobe through to the PSBL

in the northern hemisphere, dawn sector during hour 21 on

aay 75, ‘1979. The satellite remained in or near the PSBL

region throughecut the hour. It is evident that ISEE-1 does

not cross the neutral sheet, having never «clearly.

e~
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encountered the CPS regime, and the eccprrenee of |B,|=0 nT
on the magnetogram must somehow be reinterpreted.  As ,W¢1l;
the prediction .of the aeutral sheet 'pesitidn by5°th§
Russell-Brody and Fairfield models must be questioned.

It is also of interest that, according to the
energy-time spectrogram for day 75, 1§79‘ (shown _ih‘ figure
5.2), 1ISEE 1 entered the PSBL from the CPSuat apﬁroximateiy

19:45, after which it encountered the lobe at about, 20:15.

The satellite\ remained in the lobe until the start of h0urvj*h

(3

Vi

oo dme - . . o
21, 4¥ which time the PSBL was _ once again _traversedg <

_Consultation w1th ‘the ISEE 1 magnetogram for hour 18 ($hown .
iR a”
g.rn figure 5. 6) 1nd1cates that the satellite appears t§ cross

the neutral sheet',at' approx1mately 19:50 (northern to

_southern hemisphere)lsince at.thls time - |B,|=0 nT. However,

N . . £ .
|By| remains approximately constant (although of relatively

small magnitﬁ&e) f?éﬁ 19250 onward and fails “to -change

- polarity *in. aééérdance ‘with B, as would'be expected at a

GSM
was calculated to bé 6.5 nT at 19:50). Rapid fluctuations in

allﬁthree magnetlc traces are also apparent near the end of

A

the hourrwAgaln, the partlcle -and magnetlc data prov1de two .
’-dlfferent 1nterpretat10ns ' for a glven event, . and

'reconc111at10n of the two explanataons must be obtained.

Note that thlS eVent was uéed by McComas,. and Russell

(1984) Hn' order, tq determlne the thickness of the neutral
9 - : I

fn the1r‘%na1y51s, the energetlc pant}cle data were

‘the presence of constant B, at the

»*-“'.-,'
L

L
Fimr



. 246

‘79 MAR 16 DRY: 075

vt Tl T

g%
19 HOURS $/C COORD.

k2
k3

Figure 5.6 ISEE 1 magnetogram in GSE coordinates for hour
19, day 75 (Magh 16), 1979.
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"neutral sheet" was not addressed. However, since ISEE 1 was

GSM

situated at Z...=1.5 Re, the predicted neutral ‘sheet'
. . / ’ N
location of 0:5 Re  (in " GSM coordinates) from both the

Russell-Brody and Fairfield models, is consistent with their

/

interpretation.’

Finally, consideration of the level of magnetospheric

activity for - day,.75,t 1979, hour 21 (figure 5.7) is not

clearly representative of plasma sheet .thinning due .to
substorm activity.;The hourly av;raged AE index had 2 value
of-only 55 nT, although an isolated high latitude substorm
aid occur ét roughly 21:30. Cdnsequently, it appears as

though this sequence of.e§ents repfesents a £ypical, quiet
time traversal from the lobe througl the PSBL and into the
CPS, and it is nog likely asséciateq w%tﬂ a thinniqg.of the
plasma sheet. Howevér, although the occurrence and strength
of field-aligned currents %s enhancéd during intervals of
high magQgtospheric activity (ROostoker and Eastm&n, 1987),

acg?rding to Dandouras etval. (1986),even weak substorms may

produce large perturbatidns in the plasma sheet.

5,2 A Second Observation of IBXIzO nT ?n'the Vicinity of the
PSBL |
. In order to illustrate the non-uniqueness of the events
discussed inuthe previous section, an additional €xample of
|B.|=0 nT was considered when ISEE 1 was nét situated,éﬁ the

neutrai sheet but rather within the PSBL. The: event takes

place on day 59, 1978, hour 03. Af;“thiS‘ time ISEE 1 was
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loqated at\xGSM=-13 Ré,’YGSM=—12.8 Re, and ZGSM=d.5 Re, and
the predicteé Russell-Brody and Fairfield neutral sheet
positions in terms of Zogm vere 0.5 Re and 2.25 Re,
respectively.%The GSE magnetogram fd;‘this hour is shown ime—-
figuré 5.8. and the corresponding E-t spectyogram is given in
figqure 5.9. Tﬁe signatufes displayed by the magnetic traces
from about 03:20.unti1 the end of the hour aré very similar
to thpse of hour 21, day 75, 1979, described above. On day
59, 1978, K|Bx|. decreases from 'morg than 20 nT at -
approximately 03:25 to between 0 and 5 nT for the remainder
of the hour. The B, component magnitude, on the othef Hand,

increases at about 03:25 from approximately 3 nT. to about

10 nT for the duration of hour 03 (in the GSM system, B, has

a magnitude of 4.7 n% at 03:45). As well, all “three traces

exhibit rapid fluctuations during this time interval.

" Consideration of the E-t spectrogram, shown in figure
5.9, ‘4inditates a dropout i& the parﬁiéle responses
corresponding to the ﬁime of the decrease in |B,| to =0 nT.
A plot of the AE index for.day 59, 1978, is shoﬁn in figure
5.10. It is evident from this plot that a peak in activity
was récorded,dgring the early part of hour 03, with a second
peak of somewhat lower AE magnitude being apparent at about
03:30. . The hourly averaged AE valﬁe for this time interval
was 713 nT. This high level of activity is indiéative of
strong'substbrm activity.

As the plasma sheet thins during the~ substorm of day

59, 1978, the PSBL sweeps past ISEE 1. This takes place at
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G o -

Figure 5.9 Energy—time'spectrogram for day 59 (February 28),
1978. ' :
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D
about 03:30, at which time the satellite observes enhanced
anti-Earthward as well as .duskward ion flows, as seen in
figure 5.9. Therefore, the decrease in |B.| to approximately

0 nT accompanied by an i-cre -= in |B,|, as observed on the

corresponding magnet | zm, 15 <. ~iated with ISEE 1
sampling the PSF ragime rathec . 'n the neutral sheet
region, which -~ = be Jiscussed further 0 section 5.3.

5.3 The Effec oi L.rgr-Scale Field-Al ned Currents on the
Magnitude >7 the Cros:-Tail Magne : Field Component

In recent _zar . a c~nsiderab. .méunt of evidence has

N -

been amassed suggesting tha: .ligned currents flowing
intd and out of the _.1tude portion gf the[auroral
oval thread the magnetotai’ - in the regign of the plasma
sheet ~boundary layer. Estimates of these fieldialigned
currents _range from negligiﬁle according td ,ngrfield
(1979), who noted a lack.of evidence for their presence in
. terms of their expected 1influence on the - magnetotail
configuration, to substantive vaccording to Frank et al.
(1981), who reported the first direct measurements of
field-aligned 'currénts in the Earth's ‘magnetotail ‘with
pl%§ma instrumentation. Evidence wili;be éresented here for

the ' generation of perturbation magnetic fields, as a result

of field-aligned currents flowing in the magnetotail, which
are sufficiently large that severe distortion of the normal
" tail magnetic field <confiquration may occur. One

manifestation of these FAC is the produétion of magnetic



254

¢

fields capéble of cancelling the Earthward or anti—Earthward
component of the backgroundgtail field in the vicinity - of
the PSBL. Such cases appeaf to be neutral sheet emcéunters,
_but in fact, they are not. é S

Thg concept of perturbations éo the mag?gﬁégail,
magnetic field: as a conseqpenée of the ‘pfesegEe | of

fieid—aligned current sheets>(specifi¢ally,”ap increase in

“the dawn—tdfdﬁsk fie;d’component magnitudgwaccompanied by §3~'

decrease in the X directed fiel

5 component), has been
Fat P
invoked previously by several authory. Parks et al. !(1984)

studied .FAC at the high 1ati§udé\$dge of the PSBL using
' ol \ ‘
ISEE 1 magnetic field. measu;@ﬁ%nts. They noted that B,

. . . 2
increased dramatically frog

a few nT to more than 20 nT in
ofie of their events as a result of the presence of a FAC
sheet. The increase in |B,| was accompanied by a decrease in
|Bx| and once ISEE 1 passed out of the vicinity of the FAC
sheet; the B, and B, . traces tgsumed. more typicéi
appearances, with  the -two components “traces exhibiting
similar signatures. o | ,

Elphic et al. (1985) studied filamentary FAC

structures, also at the high 1latitude edge of the PSBL,

&
e

using ISEE 1 and 21_$
_ o
increase when a satellite enters the PSBL, and while within

,
*a. They noted that |B,| 1is found to

the PSBL, magnetic field fluctuations are mostly transverse
to the background B, component, that 1is, in the B,
direction. This behaviour they attribute to the presence of

. ~
FAC. Furthermore # they state that the skew of the tail in
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sparticles flow along the field lines.
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the B, direction is of different polarlty above and belowta
field-alligned current sheet and that cross- tail motion Aof
the plasma is 1implied by the skew of the field since

Kelly et al. (1986) have .studied chgpged in the B,
field component in order to 1dent1fy fieldwéfigned‘mcurrenf
layers "from magnetic data. They haveuinterpreted?an increase :
in |B,| followed by a deCrease*as~indicatin95 £he existence
of two large sheet-like structdres. In addition, they
indicate that large-scale‘variations in .Bx and . B, occur
predominantly in the pre—midnight sector associated with the
Harang discontindity. The studies conducted by Kelly et al.
invoive downtail distances of 2.4 to 7/59*\and consequently
‘they deal primarily with near-Earth pnenomenat Reference to
‘the occurrence of By,perturbations due to the presence of
FAC has also been made by Rostoker'and Eastman'(1987i, among
others

None of the prev1ous works, however, have dealt Awith
the pos51b111ty _that sufficient skewing of thé tail fleld
due to the présence of FAC in the PSBL may refult in the
complete . cancellatlon “of the downtail magnetic field

component (1e

x|‘approaches 0 nT as [By{-increases due to
skewinilrof the field 1lines). In this section, a proposal
will be put forward to explain some.examples'of the observed
magnetogram, signature of constant, non-zero B, when |B,|=0
in -terms of magnetic perturbations resulting from the-

presencé of field-aligned currents in the vicinity of the



PSBL. Here, the 'efftcts of large-scale currents will be
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addressed.

Consider a large-scale field-alighed current sheef
located in the vicinity of the PSBL. Assume for simplicity
that the sheét' is of infinitésimal thickness and that £hé
current flows entirely in = the -X direction, shown
schematically figure 5.11. Magnetic perturbations due to the °
current sheet 'will be oriented perpendiculat to the
direction of the‘ current -fléﬁ, as indicated by the
arféwheads. Above the current sheet the perturba;ion will be
directed duskward (in a‘positive Y direction), whereas belo&
the sheet the perturbation will be directed dawnward (in a
negative Y direction). Adjacent field lines‘above and below
the current sheet will become skeWed in accordance with tﬁe
ﬁagnetic'perturbation, Allowmthe current sheet to thicken by
the addition of an adjacent current sheet at the high’
latitude edge of” the initial sheet. The current in this
sheét will flow in the direction éictated by "the magnetic.
perturbations induced :by\ the initial sheet. The new sheet
will also produce magnetic perturbations perpendicular to6
its flow direct}on; hence, when subsequent current'layefs
are added they will be fﬁrt@erfrg‘atea. Rs the current sheet
continues to thicken eventually thé maghetic field at the
high latitude eége of the current layer may become oriented

totally in the Y direction through the addition of a

Y-directed field component and the subtraction of an

X-directed » field component. Note that a simple summation of

Y,
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Figure ~5.11 Schematic represéntation of the thickening of’'a
field-aligned current layer . by the addition of adjacent
layers- which become skewed in orientation by the magnetic
perturbations which influence the new layers.
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VAmagnetic perturbafions A‘resulting from both the 1initial
current(sheet and all additional sheets °is not sgfficient
for the determination of thg.orieﬁtation of the outermost
current shégt, since not only do magﬁetic perturbations
affect field ,orientation above the current sheets, but as
well, the field direction 1s altered “below each current-
éheet. Consequently, pertﬁrbations resuiting from newlyg
added current sﬁegts will alter the . direction of curren£ C
flow in the original sbeét. The processdoﬁ pertﬁrbations
from new sheets causing skeying of the initzal sheet, which
subsequently influences thé direction of flow in tﬁe new
sheets, will eventually converge to a stable confiéuration.
Overall, the total effect of the addition, of new current
éheets is an énhanced skewing of the field in the outermost
current layér. A 7 |

The . scenarid just desééibed is precisely that which 1is
obsérved in the maggetogrémévfor day 75, 1979, hours .19 and
21, as well és for day 59, 1978, hour 03, The bbseryéd
canceliation of the By componént, coincident with an
increase 'in the positive B, .component, is  therefore
egplainéd by the influence of 1arge-s¢;le‘FAG sheets at the
location  of the PSBﬁ.. The _bi—d;fectionél déwnward ané

2

~duskward plasma flows evident 1in the energetic particle

/

spectrograms for all three cases provide further
confirmation that the magnetic field has become oriented in
A . - h . -

the cross- ail direction, since the particles flow along the

field lines.
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Quanﬁitatively, the skewing of the background magnetic
field as a result of berturbations proé%ced by a thickening
field-aligned ' current ‘layer'may be iflust}ated as follows.
Consider aﬁ expansion of the initial current sheet by the
addition of a sécbnd field-aligned current sheet at the high
latitude edge of the initial shéetL The formalism of an
infinite uniform plane current sheet to represent the
field—élignéd currents will be employed. A constant current
intensity, ‘I (in units of A/m), is chosen to flow in the
initial sheet along the direction 'of pre-existing field

lines. The magnetic field resulting from this current,

v &,

S

an#sin a plane parallel to the

con®iauration is transverse
direction of cUrrént flow. These magnetic‘perturbations will
" be of négative-polarity belpwl the current sheet but of
positive poiarity above the sheet._Theirvmagnitude, which is
independent' of distance from’ the curreﬁt sheet, is
dete?mined according'dﬁiOﬂ the following relationship

(Wangsness, 1979): //J} .

|8B| = (u 1)/2 | C (28)

-

_ where u is the permeability of free space, I is the current
intensity and AB is the magnetic perturbation resulting from

the current, flow.
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Suppose thgt the pertu}bations from the addition of one
current sheet above the original sheet are sufficiently
1argem'to pfoduce cancellat%on of the X—d}reéteé field
component at the high latitude edge of the new sheet. Hence,
the field direction above the new sheet becomés oriented -
completely 1in the Y direction. For initial field component
magnitudes of B,=15 nT and B,=6 nT, which are wvalues
specific ‘to fhe event of day 75, 1979, hour 21, it is found
that the magnitude of the initial AB perturbation required
to attain sufficient skewing of the magnetic field above the
newly added current iayer such that 1its "orientation 1is
completely in the. ¥ direction (after convergence has been
achieved) is =12 nT% Théwndorréspohding current intensity
according to equation 24 is =0:02 A/m. Note that this value
of 1 is comparable to that which Frank et al. (1981)' havé
inferred from Eheir observations ofiEAC in the PSBL. Théu*
thickness of the ;esuiting current lai?r (including both
sheets) may be calculated as follows (Frank et al., 1981),
providing thk=zt the curreyé aeQ§ity J, (measured in A/m’)” of

the layer is know: :

curren: laysr thickness = I/JIl ’ ' (25)
¢
where the thickness is measured in meters and Jy is the -

current density parallel to the direction of current flow. A
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“current density of --3x10_9

A/m?* was obtained for this event
'(at‘.the time of 21:24) from guantitative analysis of the
petticle data (courtesy C.Y. Huang). Conseqguently, thé:
thickness for the entire current layer is eelculdted tohhe
-about 6700 kh( or,, juet over 1 Re. A value«such as this ig
' ¢consistent with a typical thickness for FAC sheets in the
.. PSBL (Frank et al., .1981; Speis%r and Sel, 1987). However,

order for the B, compon}nt’ to attain the magnitude
observed for thﬁé event, it isAnecessary to assume that, in
addition to the expansion of a FAC layer in the Vicinity‘off
the PSBL which causes B, enhancement, the magnitude of ‘the
total field must decrease by a small amouht and this is
physically explaineble in terms of substorm-related field
magnitude reduction. |

No mention has been mede regarding the :SOurce region
for .the field—aligned current sheets nor‘fpt the mechanism
by which growth of the current layer ceéses.i Whatever = the
source may be, once the FAC strengths dlmlﬂlsh ‘a natural
consequence is that the magnetlc fleld skew1ng will. also
termlnate, and since the Derturbatlons to the field in the ¥
direction are no longer‘ present (ie: once the FAC stop
flowing). the magnetic field will return. tb its initial
configuratioh, which ‘i@ thlS ~cé§e was an | orientation

'.qk

predominantly in the X direction.
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p Chapter 6
Conclusions

In the foregoing research, various sources of the

dawn-to-dusk  magnetic field component, 'B,, -of the
magnetotail were  examined. In addition, observed
~discrepancies between in situ magnetic and particle

signatures of instantaneous measurements as -well as between
magnetic signatures observed and those expected according to
statistically derived models of the tail (iéj Tsyganenkb{
1987), werevinvestigated.

_ The geomagnetic field is distorted by its ‘iﬁtefaction
withy the solarA wind, leading to the development of the
overall configuration: of the magnetotail. In addition,
-various current _systems; ihduced by the motions of charged
pérticles.under the infiﬁence of eléctromagnetic fields,
‘also modify magnetic structufe. The three major sources
which conﬁribute to |B,| result from‘hydrqdynamic tail flare
and ‘magnetié perturbaﬁionsﬁﬁue to both the ring‘current and
f&eld;aligned cufrenté. Contributions. from -these three
-soufces ’are;superimposed té provide aTBY cgmponent which is
:positive in sign in both-thé northern hemispheré .dawn ana
southern-hemisphere dusk quadrants of the tail, and negatiQe
in the soufhernvhemisphere dawn énd nbrthern hemisphere dusk
quadrants: 'Thé pblarity of B, from these sources changes

both across the noon-midnight meridian plane as well as

across the plane of the tail neutral sheet.

262
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Because inconsistencies haQe been encountered 1in the
present ‘studies between observations of the tail magnetic
field and predictions of statistical models, akher sources
of B, must exist which are unaccountéd for in these
statistical - models. In order to investigate such
inconsistencies, studies ‘of a statistical .nature ‘were
conducted usiﬁg a carefully selected data set consisting 6f
both 5fn Sifu magnetic field and enefgetic particle
measurements collecfed by the ISEE satellite§ in the gentral
plaéha' sheet (CPS), plasma sheet boundary layer (PSBL) and
the tail lobe pldsma regimes.

The determination of the plasma regime being'sampled by
a satellite was bésedf on the ;nambiguous and; diagnostic
: enérgetic particle signatures, sinée from prelimihary
consideration of the magnetic data alone it had become
evideﬁt’ that -ofﬁen a- unique ﬁdentificatioﬁ of the plasma
regime couldAﬁot be made. Through a series of studies it was
clearly demonstrated that plasma'régﬂme‘identification based
solely on magnetic field magnitude and character 1is highly
wu;?iliable. For all diktances downstream of the Earth
between -10 and -23 Re, and in all three plasma regimes of
interest, magnitudes of the  $; anélBy'components i;bthe
rangés of 15<B,<35 nT and -10sB,<10 nT, respectively, were
observed  (where B, ' is the field component directed
Earthward). This suggests~th$£ when thé sateliite measures a

» 3

combination of B, and B, magnitﬁdes within these ranges,‘the

plasma regime being sampled cannot bF uniquely identified on
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the basis of the magnitudes of ‘the magnetic  field
components. There{ore,"thé maghetic data must Be used in
conjunctio?vwith other avariable data, such as the energetic
. particle data, when plasma regime identificatioé is a
significant factor in the analysis of satellite data. v

Regarding ‘the crosstail component of‘ﬁhe magnetotail;
incdnsistencies which became apparent between observed
magﬁétic signatures and those predictedﬁby the statistiQaily
derived tail models, included the frequent'occﬁrrence. of a
non-zero |B,| at the time of a neutral sheeﬁ encounter. Four
distinct categories of tail B, behaviour at thé‘ineuﬁral
sheet were identified in this work. These include zero-bias
events (well—defingd neutral sheet encounters), situations
where B, changes across the neutral sheet but which exhibit
-either a positive or negative biés,:and finéiiy, occurrences
of constant, non-zero B, ét the neutral sheet.

A mechanism by which anomaloﬁs B, signatures. at  the
neutral sheet might be gxplaﬁhéd‘concerns both.daily and
seasgnal variatidns}in sunlearth'géometry. The‘téil'magnétic
ffeld‘ ‘measure?gnts were }ﬁit%ally; »aisplayed ~in  the.
spacecraft coordinate system (which is essentially the same
as the GSE system for the spin axeé orientations &f ISEE's‘f
and 2). Howevgf, be@ause of the influencé of lﬁhe éipoie‘
field, the GSM systém of~codfdina£es is a mote'app?obr{ateV
system.for ordeﬁing the aata since it ‘takes iht§‘ aécount‘

diurnal and seasonal variations resulting from precession of-
r : . - ) ) N S

‘the geomagnetic pole around the épiﬁ axis of the Earth. “In
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transforming a magnetic field vector from-the GSE tolfhe GSM
system, it was demonstrated that the occufrence ef some of‘
the observedvpositive B, biases could be attributed to the
choice of coordinate system used to order the data. However,
it was also shown that not all observed B, biases can be
completely accounted - for | simply byf ”ceordinate
transformations between the two systems. Negative By, biases

cannot be understood within this framework, and as well,

some biasc re in fact generated by rotation of the field
into GS+ cooriinates 1in what p;g@iously appeared to be
well-defir o neutral sheet encounters in the GSE system.’The

occurrence of conetant, non-zerd¢ By at the neutral sheet is
not addressed by the above consideratioes.

The .influence of IMF B, on tail field geometry, as
suggested by Fairfield (1979), was also studied using a
§tatistical bapproech., Accordihg.‘to Faiffield's postulate,
benesration of the IMF B, accounts for a source of tail B,
addié&onal to those already considered in the statisti%all
magnetekail models. The majority of the studiesA conducted
here% indicate  minimal correlation between tail B; and
IMF By,'end therefore, 1little in the ﬁayw of convfnping
'evidence for the penetration hypothesis was provided. Only
the event subset fof which B, wés conetant and -npn—zero' at
‘kheflneutral shéet y{elded a good correlaﬁien‘befween tailn
bﬁxandvfMF B,. As well, if IMF B,b pehetrat}oh‘ does %acﬁuaily
- take blace, despite the poor,statiSfieal evidence for the..

occurrence of such a process, ,thene.the' present studies . -
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suggest that penetration would be a mgximum in the tail lobe
plasma regime. This 1is in contrast with the result of Lui
(1985) which indicates that the IMF B, penetrates the plasma
sheet to a larger extént than it does the tail lobes.‘
Finally, it was demonstrated that certain events which
appear to be neutral sheet eﬁcounters ,éccording to the
criterion of |B,|=0 nT but for which the simultaneous value
of |By|#0 nT, actually represent e%counters with the‘PSBL;
This becomes apparent ongé the energetic particle signatures
are considered. In such cases, magnetic perturbations
resulting from the presence of large-scale field-aligned
currents in the vicinity of the PSBL are essentlally capable
of cancelling the downtail component” of the magnetic field,
giving the ‘Pppeafance of a neutral sheet encounter. As a
consequence of the cancellation of the‘ B, component, the
cross-tail magnetic field component is enchanceq. This
hypothesis is supported by tﬁe observation of cross-tail
directed' pafticle‘ beams éoincident with the occurrence of
TBX|=0 nT and |B,|#0 nT, and the bresence of such beams
indicates that the magnetic field has become oriented in the

dawn~dusk direction.

¥
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Appendix A

SOU GSMGSE1.FOR(2,99) 9 )
SET ECHO=OFF

CR GSMGSE1,0UT

EMPTY GSMGSE1.OUT OK

EMPTY -OBJ OK

RUN *FORTRANVS SCARDS= GSMGSE1 FOR(100,%1) SPUNCH=-OBJ
RUN ~OBJ 1=GSMGSE1.0UT 7=*MSINK#* \

comment LIST GSMGSE1.0UT ‘ AN

TR GSMGSE1.0UT
c**********************************************************

CONVERSION OF MAGNETIC FIELD COMPONENTS FROM
THE GSM TO THE GSE COORDINATE SYSTEM

written by: Wanda Kamocki
'Q\ ‘ Spring 1988

**********************************************************

ThlS program uses as 1nput the magnetic field components
at the neutral sheet in the GSM coordinate system and
transforms them to the GSM coordinate system. By biases
are, therefore, calculated for ‘any specified hours and
days throughout a chosen year.

eXe 2z kskeRs Nz ke XsXeRe ke ReReXKe)

******************************************i***************:
Variable Definitions:

D = the Earth's Dipole vector (GSM Z-axis) .
D1,D2,D3 = Direction"Cosines of the vector D

GST = Greenwich;/Méan Sidereal Time (degrees/radlans)
S = the Sun-EartW Line (X-axis in GSE and GSM)
$1,52,S3 = Direction Cosines of the vector S

SRASN Sun's Right Ascen51qp

SDEC Sun's Declination. )

® .
ﬁ**************************************ﬁ******************

input parameters:

Universal Time . . .
I¥YR = 1978
SECS = 000.0

\V

SPECIFY MAGNETIC FIELD AT NEUTRAL SHEET IN GSM COORD' s
BXGSM = 0.0
_ BYGSM = 0.0

e Xe nnoonnonnonnhnnn
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\BZGSM = 1.0 u B =

C***********************************v********’***************

C WRITE LEADING INFO AND TITLE LINE

WRITE(1,9) 'YEAR = ',IYR, g
& , ® _'BXGSM = ' BXGSM,

& S "BYGSM = ',BYGSM, )
& 'BZGSM, = BZGSM !

9. EORMAT(3X A7,14)3X, 3(A8 F3.1,3X)) o
WRITE( 1, 99) ' Day 'Seconds ‘Sun_RASN','Sun Decl!',
& ~ 'BXGSE','BYGSE','BZGSE'
99 FORMAT(1X,A5,3A10,3A8) '

C SET CONSTANTS (MULTIPLY BY CONVRT TO CONVERT TO RADIANS)
v CONVRT = 2.0%3,14159/360.0

DO 1000 IDAY=5,365,10
DO 2000 IHOUR=0.,20,5
SECS = FLOAT(60%6C -IHOUR)

C FIND DIRECTION COSINES OF GSE (GSM) X-AXIS IN GZI COORD'Ss
C THIS IS THE SUN-EARTH LINE (VECTOR SGEI)
CALL SUN(IYR IDAY,SECS,GST, SLONG, SRASN STEC)

A

SRASN = SRASN*CONVRT ,
SDEC = SDEC *CONVRT '
GST = GST *CONVRXT
/
C COMPONENTS OF X-AXIS (GSE,GSM) in GEI
. SXGEI = COS(SRASN) * CO»(SDEC)
. SYGEI = SIN(SRASN) # COS(SDEC)
: SZGEI = SIN(SDEC)
C * MAGNITUDE OF EARTH DIPOLE VECTOR D (GEO COORD's)
DGEO = 1.0 _
. : ( _
C DIRECTION COSINES OF EARTH's DIPOLE AXIS IN GEO COORD's
D1 = 0.06859
D2 = -0.,18602
D3 = 0 98015
C COMPONENTS OF EARTH's DIPOLE AXIS IN GEO COORD's
- DXGEO = Dt * DGEO
DYGEO = D2 #* DGEO
DZGEO = D3 * DGEO

C COMPONENTS OF EARTH's DIPOLE AXIS IN GEI COORD's (DGEI)

DXGEI = DXGEO*COS(GST) - DYGEO*SIN(GST)
DYGEI = DXGEO*SIN(GST) + DYGEO*COS(GST)
DZGEI = DZGEOQ
: : -/
C CROSS PRODUCT .OF DGEI WITH SGEI j >

DSX = DYGEI*SZGEI - DZGEI*SYGEI
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Ve

0N c
‘DSY = DZGEI*SXGEI - DXGEI*SZGEI
DSZ = DXGEI*SYGEI - DYGEI*SXGEI

~ DSMAG = SQRT(DSX#**2 + DSY*%2 + DSZ#%2)

-COMPbNENTS OF GSM Y-AXIS IN GEI COORD's :
'DSX/DSMAG ' N

—  YXGEI =
YYGEI = DSY/DSMAG -
YZGEI = DSZ/DSMAG
COMPONENTS OF GSM Z-AXIS IN GEI COORD's . .
7XGEl = SYGEI*YZGE! - SZGEI*YYGEI ' .
ZYGEI = SZGEI*YXGEI - SXGEI*YZGEI - \
= SXGEI*YYGEI - SYGEI*YXGEI R

ZZGEI

 DIRECTION COSINES OF GSM Z<AXIS IN GEI 'COORD's

~ VMAG1 = SQRT(ZXGEI**2 + ZYGEI**%2 + ZZGEI*%2) ‘
. ZXGEI /VMAG1 ’ >

GSMZ1 =
- GSMZ2 = ZYGEI/VMAGI1
GSMZ3 = ZZGEI/VMAGI, o

DIRECTION COSINES OF GSM Y-AXIS IN GEI COORD'S4

VMAG2 = SQRT(YXGEI*#%2 + YYGEI##2 + YZGEI**Z)
GSMY1 = YXGEI/VMAG2
GSMY2 = YYGEI/VMAG2
GSMY3 = YZGEI /VMAG2

DIRECTION COSINES OF GSE (GSM)- X-AXIS in GEI COORD's
VMAG3 = SORT(SXGEI**2 + SYGEI*%2 + SZGEI#*x2]

S1 = SXGEI/VMAG3 ‘
S2 = SYGEI/VMAG3.
S3 = SZGEI/VMAG3

DIRECTION‘COSINES OF GSE Y-AXIS in GEI COORDINATES

GSEY1 = -0.398%S3 - 0.917%S2
GSEY2 = +0.917#S1

| GSEY3 = +0.398%S1¢

DIRECTION COSINES OF GSE Z-AXIS in GEI COORDINATES .
GSEZ1 = 0.0. , | ‘
GSEZ2 = -0.398 1
GSEZ3 = +0.917 o :

SET UP THE TRANSFORMATION MATRIX "A" .

- A11 = S1%S1 + S2%S2 . + S3%S3
A12 = S1%GSMY1 + S2%GSMY2 + S3*GSMY3
A13 = S1*GSMZ1 + S2%GSMZ2 ~  + S3*GSMI3
A21 = GSEY1#S1  + GSEY2%S2 + GSEY3*S3
A22 = GSEY1*GSMY1 + GSEY2*GSMY2 + GSEY3%GSMY3
A23 = GSEY1*GSMZ1 + GSEY2#GSMZ2 + GSEY3*GSMZ3
A31 = GSEZ1#S1 + GSEZ2%S2 + GSEZ3%S3
A32 = GSEZ1%*GSMY1 + GSEZ2%GSMY2 + GSEZ3%GSMY3
A33 = + GSEZ3%GSMZ3

GSEZ 1*GSMZ1 + GSEZZ*GSMZZ‘
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C B COMPONENTS IN GSE FROM THOSE IN GSM

BXGSE = A11%BXGSM + A12%BYGSM + A13%BZGSM
'BYGSE = A21%BXGSM + A22*BYGSM + A23*BZGSM
BZGSE = A31%*BXGSM + A32*%BYGSM + A33*xBZGSM

CHECK GSEMAG. =. SQRT(BXGSE**2 + BYGSE#*%*2 + B2GSEx*2).

C CONVERT RADIANS BACK TO DEGREES FOR EASE OF READING
SRASN = SRASN / CONVRT
SDEC = SDEC / CONVRT

C WRITE OUT THE RESULTS TO FILE 1 (GSMGSE1.0UT)
WRITE(1,999) IDAY,SECS,SRASN,SDEC,
& BXGSE, BYGSE,BZGSE
999 FORMAT(1X,15,3F10.1,3F8.3)
2000 CONTINUE
1000 CONTINUE

ChRERRERKEEFRKRRK KRR RRKERERRKF R R KRR KRR I KRR IR RN KRR KR kR Rk Kk kK%

STOP

END

SUBROUTINE SUN(IYR,IDAY,SECS,GST, SLONG SRASN,SDEC)
DATA RAD /57. 29578/

DOUBLE PRECISION DJ, FDAY

IF(IYR.LT.1901.0R.IYR.GT. 2099) RETURN

FDAY = SECS/86400.,0

DJ = 365%(IYR-1900)+(I¥YR~- 1901)/4+IDAY+FDAY 0.5D0

T = DJ / 36525.0

VL = DMOD(279.696678+0. 9856473354%DJ, 360.0D0)

GST = DMOD{279.690983+0.9856473354%DJ

& . +360,*%FDAY+180.,360.D0)

G = DMOD(358.475845+0.985600267*DJ,360.0D0) / RAD
SLONG= VL+(1 91946-0.004789*T)*SIN(G)

& +0.020094*SIN(2.*G)

OBLIQ= (23.45229-0.0130125%T) / RAD

SLP -= (SLONG-0.005686) / RAD

SIND = SIN(OBLIQ)*SIN(SLP) S
COSD = SQRT(1.0-SIND*%2)

SDEC = RAD. ¥ ATAN( SIND/COSD)

SRASN= 180.0-RAD*ATAN2 (COTAN(OBLIQ)#*SIND/COSD,
& -COs (SLP) /COSD)

: C***************************************************f******

-
A

RETURN - .
END : . _

v
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SOU GSEGSM1.FOR(2,99)

SET ECHO=OFF :

CR GSEGSM1.0UT

EMPTY GSEGSM1.0UT OK.

EMPTY -GBJ OK . _

RUN *FORTRANVS SCARDS=GSEGSM1.FOR(100, *1) SPUNCH——OBJ
RUN -OBJ 1=GSEGSM1.0UT 2=GSEGSM1.IN 7= *MSINK* -
LIST GSEGSM1.0UT

TR GSEGSM1.0UT

o
“

C**********************************************************
CONVERSION OF MAGNETIC FIELD COMPONENTS FROM
THE GSE TO THE GSM COORDINATE SYSTEM

wrltten by: Wanda Kamgck1

Sprlng 1988
\/

****************************{*****************g***********
. RN {
This program uses as input both the Univerasl Time of
"a given magnetic event as well as the magnitudes of the
.three field comopnents specified in GSE coordinates,
and transforms the three f1eld components to the GSM
coordinate system.

*******************************#*********#*w************
Variable Definitions: »

D = the Earth's Dipole vector (GSM Z-axis)
D1 D2,D3 = Direction Cosines of the vector D

uST = Greenwich Mean Sidereal Time (degrees/radlans)
S = the Sun-Earth Line (X-axis in GSE and GSM)
$1,82,53 = Direction Cosines of the vector S

SRASN = Sun's Right Ascension

"SDEC = Sun's Declination

********************************************************

O(ﬁﬂ(ﬁﬁ(ﬁﬂ(30(30(70(ﬁﬂ(ﬁﬂ(ﬁO(ﬁﬁ(ﬁﬁ(ﬁﬂ(ﬁﬂ(ﬁﬁ(ﬁ

~SET CONSTANTS (MULTIPLY BY CONVRT TO CONVERT TO RADIANS)
CONVRT = 2.0%3.14159/360.0 :

DO 1000 I=1,2000
CHEXFXRRERFERRRRRRE RN RR R R R KRR R RR R Rk R R R R RRkkokk ok kkkk

C , : *
C +« Input parameters: o . _

1’% - 282

n . . ’



R ] . ‘ ‘ F.283-

C Lo . ) \/" .
C ‘UNIVERSAL TIME AND GSE FIELD COMPONENTS
READ(2,*,END=2000)IYR, IDAY, IHOUR, IMIN,

& BXGSE,BYGSE, BZGSE

SECS = FLOAT((60*IHOUR + IMIN)=*60)

. \
C***********ilé*'*****************j***************-************

AY

C WRITE LEADING INFO AND TITLE LINE -~

'WRITE(1,*) ' ' , 5

WRITE(1,9) "YEAR = ',IYR, :

& "BXGSE = ' 'BXGSE, o
& "BYGSE = ',BYGSE, y : N
& 'BZGSE = ',BZGSE

9 FORMAT(3X A7,14,3X, 3(A8 F5.1,3X))

WRITE(1, 99) Day 'Seconds ‘Sun RASN', 'Sun Decl', “
& - : 'BXGSM','BYGSM','BZGSM'

© 99 FORMAT(1X,A5,3A10,3A8)

" C FIND DIRECTION COSINES OF GSE (GSM) X-AXIS IN GEI COOURD's
C THIS IS THE SUN-EARTH LINE (VECTOR SGEI) .
CALL SUN(IYR, IDAY SECS,GST, SLONG, SRASN, SDEC.)

SRASN = SRASN*CONVRT
SDEC, = SDEC #*CONVRT
GST = GST . *CONVRT

C COMPONENTS OF X~-AXIS (GSE,GSM) in GEI

SXGEI = COS(SRASN) * COS(SDEC)
SYGEI = SIN(SRASN) * COS(SDEC) B
SZGEI = SIN(SDEC) . -
C MAGNITUDE OF EARTH DIPOLE VECTOR D (GEO COORD's)
e - DGEO £ 1.0
C DIRECTION COSINES OF EARTH's DIPOLE AXIS IN GEO COORD's
. D1 = 0.06859
© D2 = -0.18602
D3 = 0.98015

C COMPONENTS OF EARTH's DIPOLE AXIS IN GEO COORD's

DXGEO = D1 * DGEO
DYGEO = D2 * DGEQO
DZGEQ =

D3 * DGEO

C COMPONENTS OF EARTH's DIPOLE AXIS IN GEI COORD's (DGEI)

DXGEI = DXGEO*COS(GST) - DYGEO*SIN(GST)
DYGEI = DXGEO*SIN(GST) + DYGEO*COS(GST)
DZGEI = DZGEQ

C CROSS PRODUCT OF DGEI WITH SGEI

DSX* = DYGEI*SZGEI* - :DZGEI *SYGEI .
. DSY = DZGEI*SXGEIl - DXGEI*SZGEI:, .

DSZ DXGEI*SYGEI - DYGEI*SXGEI

)



+

& .
DSY*%2 + DSZ*%2)

GEI COORD's

GEI COORD's
SZGEI*YYGEI
SXGEI*YZGEI
SYGEI*YXGEI

DIRECTION COSINES OF GSM Z-AXIS IN GEI COORD's
= SQRT(ZXGEI**2 + ZYGEI**2 +. ZZGEI**2)

DIRECTION COSINES OF GSM Y-AXIS IN 'GEI COORD's
SQRT(YXGEI #*2 + YYGEI*%2 + YZGEI**Z)

DIRECTION COSINES OF GSE (GSM) X-AXIS in GEI COORD 5

DIRECTION COSINES OF GSE Y-AXIS in GEI COORDINATES _

SORT(SXGEI**2 + SYGEI**2 + SZGEI*%2)

-0.398%S3 - 0.917*S2

DIRECTION COSINES OF GSE Z-AXIS in GEI COORDINATES

DSMAG = SQRT(DSX#*2
COMPONENTS OF GSM Y-AXIS IN
YXGEI = DSX/DSMAG
YYGEI = DSY/DSMAG
YZGEI = DSZ/DSMAG
COMPONENTS .OF GSM Z-AXIS IN
ZXGEI = SYGEI*YZGEI
ZYGE]l = SZGEI*YXGEI
ZZGEI = SXGEI*YYGEI
VMAG 1
GSMZ1 = ZXGEI/VMAG!
GSM22 .= ZYGEI/VMAG1
GSMZ3 = ZIZIGEI/VMAG1
VMAG2 =
GSMY1!1 = YXGEI/VMAG2
GSMY2 = YYGEI/VMAG2
GSMY3 = YZGEI /VMAG2
VMAG3 =
S1 = SXGEI/VMAG3
S2. = SYGEI/VMAG3
S3 = SZGEI/VMAGB
GSEY1 =
GSEY2 = +0.917%S1
GSEY3 = #0.398%S1
GSEZ1 = 0.0
GSEZ22 = -0.398

GSEZ3

' SET UP THE TRANSFORMATION

+0.917

TO GO BETWEEN GSM AND GSE
S1%*S1 +
S1*GSMY 1 +
S1*GSMZ1 +

All =
Al2
Al13

A21
- A22
A23

A31
A32
A33

GSEY 1%51 +

GSEY2%S2 +

nen ]

GSEY 1%GSMY1

GSEY 1#GSMZ 1

GSEZ 1%S 1
GSEZ 1#GSMY 1
GSEZ 1#GSMZ 1

GSEY2*GSMY2

+

S3*S3
S3%GSMY3
S3*%GSMZ3 -

MATRIX "A"

IN EITHER DIRECTION
S2%52 +
S2%GSMY2 ~  +
S2#GSMZ2 =+

GSEY3*S3
GSEY3*GSMY3

GSEY2%*GSM22 +-GSEY3*GSMZ3

GSEZ2%S2

GSEZ2*GSMY2 + .GSEZ3%GSMY3

+

GSEZ3%S3

GSEZ2%GSMZ2 '+ GSEZ3*GSMZ3
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C B COMPONENTS IN GSM FROM THOSE IN GSE

BXGSM. = A114#BXGSE + A21*BYGSE + A31*B2GSE
BYGSM = A12*BXGSE + A22%BYGSE + A32%BIGSE -
BZGSM = A13*BXGSE + A23%BYGSE + A33%BIGSE

' GSMMAG =- SQRT (BXGSM*%2 + BYGSM*%2 + BZGSMx*%2)
c CONVERT RADIANS BACK TO DEGREES FOR EASE OF RBADING
SRASN SRASN / CONVRT
SDEC SDEC / CONVRT

»

C WRITE OUT THE RESULTS TO FILE 1 (GSEGSM].O&%)
WRITE(1,999)'IDAY SECS, SRASN, SDEC,
& BXGSM, BYGSM BZGSM GSMMAG
999 FORMAT(1X 15, 3?10 4F8 3) -

1000 CONTINUE .
2000 CONTINUE S

C**********************************************************
STOP :
END .
. SUBROUTINE SUN(IYR,IDAY,SECS,GST,SLONG,SRASN,SDEC)

DATA RAD /57.29578/
DOUBLE PRECISION DJ, FDAY _ . .

IF(IYR.LT.1901.0R.I'YR.GT.2099) RETURN

FDAY

= SECS/86400. 0
DJ = 365*(IYR-1900)+(IYR- 1904)/4+IDAY+FDAY 0.5D0
T = DJ / 36525.0"
VL = . DMOD(279.696679+0.,9856473354%DJ, 360.0D0)
GST = DMOD(279.690°9 -0.9856473354%DJ.

& +360.%FDr~z~ .80.,360.D0)- ‘
DMOD(358.475845+0.985600267*DJ,360.0D0) / RAD
VL+(1.91946-0.004789%T)*SIN(G)

& . +0,020094%SIN(2.%G):

o)
non

OBLIQ= (23.45229-0.0130125%T) / RAD

SLP = (SLONG-0.005686) / RAD )

SIND = SIN(OBLIQ)#*SIN(SLP) _ : Sy
COSD = SQRT(1.0-SIND*%2) ‘ et
SDEC = RAD * ATAN(SIND/COSD) :

. SRASN= 180.0- RAD*ATAN2(COTAN(OBLIQ)*SIND/COSD
& ~-COS (SLP) /COSD) :

C**************************************{:*****************#

RETURN 3
E

7
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************************************************************

TRANSFORMATION OF MAGNETIC FIELD DATA FROM GSE TO
GSM- COORDINATES FOR 8 EVENTS CONSIDERED IN CHAPTER 4.

************************************************************

YEAR é
Day Seconds
39" 51900.0

*YEAR = 1979
Day Seconds
73 52560.0

YEAR = 1979
Day Seconéds
126 12960.0

- YEAR. = 1979
Day Seconds
42 66240.0

YEAR =
Day Seconds
64 . 38040.0

YEAR = 1979
Day Seconds
90 41580.0

YEAR =,
Day Seconds
83 5580.0

YEAR =/1979

Day Seconds
1680. 0

- 76

1979

1979

1979 .

'BXGSE -
sun RASN
321.7

BXGSE =

Sun RASN
354.0

BXGSE =
Sun RASN
42.6

BXGSE =
Sun RASN
324.8

BXGSE =
Sun. RASN
345.5

BXGSE =
Sun RASN
9.3

BXGSE =
Sun RASN
2.6

BXGSE =

Sun RASN.

356.2

-0.00

1.0

14.409

0.0 - BYGSE = BZGSE = 10.0
Sun Décl BXGSM -BYGSM BZGSM BTOT
-15.1 0.002 -0.978° 9.999 10.046
0.0 .BYGSE = = 0.0 - BIGSE = 3.5
Sun Decl: -BXGSM BYGSM BZGSM BTOT
-2.6 0.000 =1.027 3.345 - 3.499
2.0 BYGSE = 2,5 BIGSE = 8.0
Sun Decl _BY * 2YGSM BZGSM ' BTOT .
16.3 ; 385 8.370 8.613
0.0 BYGSF = 3 3 BZGSE = 6.0
Sun Decl &,7~3M RiGSM BZGSM .- .BTOT
~14.,0 "0.uu. v.373 6.695 6.706
5.0 BYGSE = 0.0, BIGSE = 5.0
Sun Decl BXGSM BYGSM BZGSM  BTOT
-6.2 5.000 -0.969 4.903  7.070
0.0 BYGSE = -8.0 BIGSE = 5.0
" Sun Decl BXGSM BYGSM BZIGSM. - BTOT
4.0 -0.00 -8.856 3.242  Q.431
0.0 ‘BYGSE = -8.0 BIGSE = 11,0 -
Sun Decl BXGSM BYGSM .BZGSM  BTOT .~
1.1 -0.00 -12.608 5.090 13.597 .
0.0 BYGSE = 14.0 B2ZGSE = =5.0
Sun Decl BXGSM BYGSM BZGSM  BTOT
-1.7 3.637 14.861

*********************************************%*********2****

\



Appendix C

List of Symbols:

< <| = @ wi

<
= O

<
-

]
. |._ —

.o o v orm OO
=0 O

o>

ool <

magnetic field vector (Teslas)

electric field vector (volts/m)

applied force (N)

centripetal- force (N)

particle velocity (m/sec) -

particle drift velocity (m/sec) -°

component of velocity along B (m/sec) ..

component of veloc1tyfperpend1cm1ar to B (m/sec) Ny
Al'fvén speed (m/sec) - L IR , if%ﬁu
current 1nten51ty (A/m) g o '
current density (A/m2)

component. of current density along B (A/m?)
ccmponent of current density normal to B (A/m?)
inertial current density (A/m*). . . . .v_f%
diamagnetic current density (A/m?) ‘ '
particle pressurg (N/m?) -

particle pressuie along B (N/m?)

particle pressure perpendlcular to B (N/m?)
vorticity (1/sec)

radius of curvature (m) ,

unit vector in the direction of R
magnetic moment of a particle (A/m?)

'permeablllty of free space (Henry/m)

permittivity of free space (farads/m)
longitudinal energy of a particle (joules)

ftransverse energy ~f a particle (Joules)

mass density tkg/m?)

'space charge: (coulombs/m‘)

electric charge. (coulombs)
electrical conductivity (mhos/m)
magnetic flux\{:ebers)
cross-sectionalyarea (m?) U
ratio of particle to magnetic pressure (unxtless)
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