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AE?STRACT .

Four polar magnetic sﬁbstorms were recorded in the léte
summer of 1974 by most stations of a twé-pimensional ;arﬁay

N
of 29 three-component magnetometers located in westé%n
Canada beneath the .éuréral oval. The mean perturbati%n
fields over five minute intervals at.repfesentativevepochs
of each substorm are.presented, the fifst just before the -
main perturbétions and the last in the coda of the event. At
u epoché of the substorm of Septeiber 11, ana'at 6 epochs of
the other substorms, the perturbation fields have been
fitted, on a least-séua:es criterion, by calculéted‘ fields
of .three—diﬁensioqal-’ magnetosphéric-ionospherip ‘current
>loopsb(Bostf5m type i) with field aligned~cufrents at . east
>and west ends_of thé ionospheric segment. Several parameters
of the ionospheric current segment position‘vére varied in
.each casey to obgaid best‘ fit by iteration. The first
substorm presented (1974 September 11) vés modelled with
D)

| uniform current density across the width. All .other
ivsubstérms (1974, September 5; September 18 and August 14)
could not be modelled with ﬁniform current density. An
inverse method due fo Oldenburg wgé therefore used to
estinate'current density distributions, and _satisféqtory
" fits of calculated to observed fields resulteﬁ. Tests and
brief description of'thislinverse method are §;Zsented. In

all model «calculations, induction in a superconducting

iv o . .



sphere was included, at depths in the range 250-600 km.

At four epochs of the September 7 substorm and
thioughput the September 18 substorm, significant esastward
ionogpheric cufreﬁt {or its egquivalent in terms of the
fields produéed) was found present north of the main
westvard electrojet. At five of the six epochs modelled for
the Augqust 14 substornm, significint wéstward ionospheric
current was found present horth of the main eastward
electrojet.

Nofthvestward bends in.the ionospheric current segments
were found at thréé epochs on September 11, at four epochs
on Septembef 7 and at three epochs on September 18. These
bends were either west of or close to magnetic midnight. In
, sdme cases the bends may follow the auroral oval, but in
otherg they are sharper and may be associated with the

Harang 'discontinuity. East of geomagnetic midnight the

A
by
i

ionospheric «currents tend to run in a constant geomagneti{//
.latitﬁde range. At three epochs on August 14 northwestward
bends in the ionospheric currents were present in the
evening sector. In all four substorms the bends -disappeared
when the id;ospherié eurnent ment lay entireiy in the
uorning sector. : o
Developments of the four substorms show a variety of
shifts in 1longitude of thé ionospheric’segment, though‘all
moved eastward relat;ve to mégnetic-midnighf. | |

b

The new contributions to the knowledge of polar

*
v



magnetic substoras recorded in this thesis are the

following:

1. Birkeland field aligned currents at the east and
west end bf the ionospgg;ic current that give rise to the
perturbation fields have béeﬁ'firmly established.

2. During substorms thére is a general tendency of the
current system to drift eastward w%th respect to geomagnetic:
midnighg. |

3. Thé jonospheric current segment exhibits a bend to
the north-west near or just west of geomagnetic midnigﬁt.’

4. Eastward electfojet associated with a  substorm
studied corotates with the earth wmaintaining the upward
field aligned current at the east end near the edge of the
array for four hours or more.

5. Eastward ionospheric current (or equivalent current)
north of the westward electrojet was observed.

6. Westward ionospheric current north of the eastwvard

electrojet was observed.

vi
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CHAPTER 1

MAGNETOSPHERE-TONOSPHERE CURRENT SYSTEMS: A REVIEW.

1.1 The Maqnetosphere

AN

Information obtained from artificial satellites and
space probes launched in these last two decades has_
enormously improved our knowledge of interplﬁnetary space.
It is now rqcognizeé that there is a fully ionized solar
plasma flow (solar wind) composed primarily of protons
(hydrogen) and electroms streaming continually froﬁ the sun,
that f£ills the interplanetary medium. It has long been
suspectea that some relation might exist between auroral
phenomena and the flow of chargedﬁééfticles from the sun.
chapman and Ferraro (1931) suggested that the interplanetary
space was virtually a vacuum exept for discrete clouds of
solar,,partic;es emitted from the sun during solar flares.
This misconception wés corrected by' Biermann (1951) who"
suggested that the direction of the comet tails which always
point away from th: sun, could be explained by a continuous
flow of plasma away from the sun. Parker (1958,1963)
developed a general theory of éontinuous expansive motion of
coronal gés from the sun. Parker showed that for the solar

vind to overcome gravity, temperature nmust decrease less

rapidly than 1/r.



2

'

Weak magnetic fieldg of the sun are carried radiaily
outward (in a fixed frame of reference) by the outward
streaming of highly éonductive coronal supersonic gas,
forming .Archimedes spirals in the frame of reference
rotating with the sunis angular velocity. This magnetic
field carried away by the solar wind, Xknown as the
Interplanetary Magnetic Field (IMF), has been zouhd to have
a sector structure (Wilcox and Ness,1965). At earth orbit
the inclination of the lines of force to the sun~earth line
(garden hose-angle) is determined by the solar wind speed,
and is of the order of 560. Spacecraft observations indicate
that solar wind velocity .and particle density increase
sharply on entering a sector boundary. Near the trailing
edge of the  sector the velocity and density fall in
magnitude. Magnetospheric activity appears to be modulated

) by the interplanetary magnetic field sector structure.,

Typical values of the IMF at earth orbit are 5-10 nT
with approximately 80% of the field iying pérallel to the
ecliptic plane. Substorms tend to occur in periodé vhen :he
component normal to the ecliptic plane is directed sgpggwaro
(Dungey, 1961; Fairfield and cahill, 1966; Rosté%er and
Fdlthammer, 1967), and activity dies down vhen tﬁe field
turns northward. Arnoidy (1971) found that snﬁgéorm activity
tends to lag the southward change of the IMF by -about one

hour.

By the <time the solar wind reaches the earth it has a

[



(

k\_ ' 3
}

pulk velocity of 300-500 km/sec, its‘number deni}ty is 5~
10/cm3 and its temperature is txpically 25x104 OK Lut varies
from 10¢ o.K to 106 9K with increase of solar activity. The
corresponding Alfvén velocity of 50-100 km/sec ‘and sound

velodity of 100-200 km/sec make thé solar plasma flow at

earth orbit supersonic and super-Alfvénic.

The presence in the path of the solar wind of the
earth, with its mainly dipolar magnetic.field; produces a
standing nagnetdhydrodynamic shock wave at approximately 14

earth radii (R upstream from the earth (Fig. 1.2). Axford

g}
(1962) and Kellog (1962) treaﬁéd the érobleﬁ of the impact
of the solar wind on a dipole field usingtstandarq magnetb-
hydrodynamic (ﬁHD) equations. As solar wind plasma enters
tﬁe shock wéve.(bow shock) it becomes thermalized, the flow
becomes subsonic , so that the plasma can flow around the
obstacle ‘represenfed by the earth's magnetic field,'The
cavity 'to which the magnetic field is QOnfineq by the solar
wind 1is called the magnetosphere and its boundary‘ is
referred to as the magngtopause (FPigs 1.1, 1.2). In lhe
region of thermalized plasma (magnetosheath) that surrounds
the magnetosphere the solar wind 'is deflected from dits -
o:iginal direction. It is most strongly thermalized at the
apex of the magnetopause where the flow is subsonic  (Mach
number = 0.2); and recovers  its speed as it passes the

obstacle to become supersonic again as iﬂ leaves the

magnetotail region.



Figure 1.1 A three dimensional ‘representation of the
magnetcsrhere (after Heikkila, 1973) with
the plasma mantle added by Rostoker
(1976) .
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Figure

Earth's magnetosphere in a noon-midhight
meridian tlane illustrating the

" magnetotail and the plasma. sheet field
lines that map to the night side aurosal

oval (after Ness, 1969).
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The solar wind. greatly distorts th @magnetosphere,
compressing it on the sunward side and stretching it on the
night side (down stream) forming the magnetotail which has
been detected beyond the orbit of the moon (60 RE) (Ness et
al., 1967). The radius of the magnetic g?il is'approximately
22 RE and varies only slightly for at 1east 100 RE avay fronm
the earth. Beyond the plasmapauee (Fig. 1.1) there is an

extensive layer of plasma which extends to the magnetotail

r

along an 5333285131\p1333. This layer of plasma called the

plasma sheet has a thlckness of abou\‘S RE at the centre of

the' tail”mand gets thicker towards t;e\EIaﬁksr\to reach a

thickness of about 10 RE near the magnetopause.

o

'The central plane of the plasma sheet is a region vhere

the magnetic field is very weak and normal to. the central
B - *..:\l o

plane. This region %f referred to as the neutral sheet and

has a thickness of about 0.1 R_ (Ness, 1969). Above and
\

—~——

belov the plasna sheet, witHi he\!agpetotallj are" the\tall

\

lobes vhich af@} reglons of low den51t\\plaSﬂa (lover than

0.01/ce3) and enhanced magnetic field.

Close to the earth (5 to 5 RE) the particleg in the

~op
f

magnetosphere are trapped in the earth's_nagne**c field.

-

. ThlS reglon of stably trapped part1c1es is referr . to as

the plasmasphere and 1ts boundary as the plasmapause (Figs.
1.1 and 1.2). Out51de thlS region there ls another of quasx—
trapped partlcles vhlch are stably trapped on the day51de of

he earth but which, because of~ the distortion of the



magnetic field lines in the night side, may escape down the
field lines into the earth's ionosphere or .out to the

magnetic tail.

1.2 Magnetospheric Substorms

It has long‘beeh known that solér/aétivity and auroral
activity were related but the mechanism of transfer of
energetic particles to the polar regions of the ionosphere
is gtill not completely solved. Birkeland (1913) suggeéted
that‘ auroral activity was generaﬁed hy particles streaming
'fr§m +he sun. Chapman and Ferraro {1931) indicated that
direct ‘entry of solar plasma into the ndght side auroral
zone was impossible but did not describe the solar wind as a
continuous flow. As ﬁentioned earlier, it was Biermann
(5951) vho envisioned the solar wind as a continuous flow
creatiﬁg a continuous pressure on the magnetosphere. Two
schools of thought héve developed concerning energy transfer
into the magnetosphere. Axford and Hines (1961) presented a

nclosed model" of the magnetosphere (Fig. 1.3a) “in which

T

enéza?::f§::tfag§£§££gd by a sort of viscous interaction
across the magnetopause. On the other hand, Dungey (1961)
suggested an "open mnodel" (Fig. 1.3b)bfor the magnetosphere
in which field lilies of the magnetosphere merge OT connect
to the IMP on the dayside and a process of reconnection
occurs in the night side at the magnetotail. Here to>=

magnetic field behind the bow shock is taken to have a

general‘southuard direction (below the ecliptic piane).



Figure 1.3a

y

Equatorial cross section of a closed model
gagnetosphere illustrating the wmotion
impressed on the magnetospheric plasma by
a viscous-like interaction with the solar
wind (after Axford and Hines 1961). When
corotational effects are superimposed on
this model, the two convective cells
become asymmetric.



Solar wind

11




Figure 1.3b A model of the open magnetosphere with the
interplanetary magnetic field connecting
to the geomagnetic field. 1In this noon-
midnight meridian plane the magnetic field
is shown by heavy arrovws and plasma flow
by open arrows. PFor. simplicity the bow
shock is nct shown. The numbers indicate
the moticn of individual field lines, with
the mcticn progressing towvards higher
numbers.. The shaded - area imn the - tail
represents the neutral sheet where the B
field is very lcw. (after Hess, 1968).

~
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Connected field 1lines are dragged past the'earth by the
solar wind, leaving field lines that ﬁap to the polar caps
directly connected to the IMF. The solar wii..d outside the
ragnetosphere continues to drag these field lines downstreanm
for séveral hundred eaffh‘radii, where reconnection takes
p;ace. It is possible that reconnection in the magnetotail
is responsible for the feeding of energy from the solar wind

into the night side of the magnetosphere (Rostoker 1972).

RecentIy Rosenbauermét al. (1975) suggested thaf solar
wind plasma enters the magnetosphere through the pdlaf cleft
(Fig 1.1) region to form a stream of particles flowing away
from the earth formin§ fheﬂplasma mantle (Fig. 1.1). These
particles may eventually férm part of the'plasma sheet where
they acquir. a drift velocity toward the earth (Rostdker
-1976) . ;t has been found by Schopke et al (1976) ‘that the
thickness of "~ plasma m;ntle ‘increases with inéreasing

southward component of the IMF suggesting a regulatory

effect of the IMF.

It 1is possible to consider the conductivity along
magnetic field lines to be nearly infinite, since the plasnma
ig.the magnetotail can be considered collisionless. The
magnetic field lines may therefore be considered as eiectric
equipotentials. This allows us ég map electric fields.from

the magnetotail onto the ionosphere.

The existence of an electric field in the plasma sheet

has been established, its main component being in the dawn
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to dusk direction. Axford and Hines (1961) and Rostoker
(3976) regard this electric field as a polarization field
associated with plasma convecting - along the .plasma sheet

towards the earth acro$s the magnetic field lines.

1.3 Magnetosphere - ionosphere_ interactions.

Siscoe (1966) describes the development of electric
current systems in the tail region as produced by pressure
gradients in the tail. These currents reproduce the
configuration of the mégnetotail with a dawn to dusk tail
current in the neutral sheet (Figs. 1.1 an " Akasofu
(1§72) suggested ‘that during a sﬁbstorm, there ic rudden
increase af the cross-tail eiectric field leac 2g > an
increase of the earthward motion.of plasma in the »Hli-cna
sheet. The increased motion of the ©plasma can leac t«
d;sruption of the cross-tail ;urrent (Fig. 1.4), forcing the
current to flow along field lines toward the night side part
of the ionosphefe vhere thése field lines map. The current

in the ionosphere would be westward, with an equivalent

eastward flow in the magnetotail to close the current loop.

prif+ting particles of the plasna sﬁeet precipitaté intp
the upper atmosphere causing ionization and excitation of
neutral atoms in the atmosphere. The result is a region of
enhanced electric conductivity and luminosity known as the
auroral 'oval. The pl;sma—sheet - field 1lines map to the

auforal oval. As the 1lifetime of excited states of



Figure 1.4, Schematic diagraam showing the collapse of
z "~ the tail current and its divergence along
. field lines to the ionosphere (After

v -McPherrpn et al., 1973).
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atmospheric ato-- is-Very short, the luminous regions must
coincide with rogions where the auroral ionization is

produced. The conductivity along magnetic field lines is 36
highkcompared to the Hall and Pederson conductivities in the
ionosphere that one can disregard any potential drop .along
the field 1lines. Assuming that the magnetic field B is

ﬁertical, the relation between the height-integrated current

3 and the horizontal electric field EL is given by:

> >
T = BxLE _ = +
] = 0pBs + Oy —g— T Jp T Jy
where Opr OH are the Pedersen and Hall conductivities

respectively and 3?, and Eﬁ are the Pedersen and Hall
currents. The Hall conductivity is very large in the E
region of the ionosphere (about 100 Km above the surface of
the earth). Thié Hall current, which flows perpendicular to
both g; and B , is méinly carried by the electrons. Thé
Pedersen current flows.in the directaon of‘EL. Rostoker and
Bostrdn (1956) indicate a mechanism\'by which currents
originate in the plasma sheet wiﬁhin thé\magnetosphere, and
flow along field li;es to drive the c;frents ‘in  the
ibnosphere. fig 1.5 showgythe‘directioﬁs of field aligned
(Birkelﬁnd) éurrents and of ionospheric electric fiel&é\and
currents in the polar ionosphere. The ionospheric elécézic‘
fields are mapﬁed from the.plasma'sheet electric fields,

along magnetic field lines which are considered as electric

equipotentials.

A 1
1

In. the strongly anisotropic, highly c%nductive auroral

|
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|

Figure 1.5 Direction of Birkeland current “flow and
: ionospheric electric fields and current

flow in the polar ionosphere associated

with . steady state Processes 1in the

magnetosphere (after Rostoker and Bostronm,
1976) .- : '
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ionosphere, the electric fields give risé to both Hall and
Pedersen currents (Fig 1.5). In the auroral.oval the Hall
currents produce a wWwestward electrbjet .in the morning
. sector, and an eastward electrojet in the evenipg sector.
The Pederseﬁ currents, northward in the evening sector and
southward in -the morning sector, flow across the highly-
‘conductive auroral zone = but are diverted to +the field-
aligned vBirkeland current sheets where>they encounter the
less conductive ionosphere outside the auroral zone (Fig.

/

1.5).

14
1.4 Polar magnetic substorms.

The concept of field aligned currents was first
introduced in dpnnection with polar magnetic substorms by
Birkeland (1908, 1913). For some decades his model of
substorm currents was disregardeﬁ in favour of a model whose
currents were confined to the ionosphere  (Vestine and
qpapman 1938). The concept of‘ionospheric currents diverging
fé flow along the gJeomagnetic field was re-introduced by
"JFejer (1961) and Kern (1962), and was developed extensivelf
by Bostrom (1964), vho-pfoposed two types of magnetosphere-
ionosphere current systems. In Type 1 (Fig 1.6a) current
flowed down'along the field lines into the ionosphere, then

wéstward in the ionosphere and up field lines at the vest

end of the ionospheric electrojet, into the magnetosﬁhere.
Current systems of“Type 2 (Fig 1.6b) included antiparallel

field-aligned shkeet currents joining the ionosphere, at the

3]

- ;
R



Figqure 1.6a

The Bostrom Type 1 three-dimensional
current model where current flows d~wn
alcng magnetic field 1lines into ie
ionosphere, then westward along the
electrojet and up field 1lines into the
sagnetosphere, with the <closure of the
loop in the magnetotail (after Bcstronm,
1964) . :






Figure 1.5b

&

The Bostrom Type 2 t+hree-dimensional
current model with Birkeland . shéet
currents at the uorth and south with
closure in the ionosphere by a north-south
current (after Bostrdm, 1964).
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northern and southern boundaries of the auroral zone, to the
magnetosphere; 1in these models northward or southward
current in the ionosphere linked the field-aligned current

sheets.

In studies of substorm . perturbation magnetic fields
Akasofu and Meng (1969) and Bonnevier et al . (1970) showed
that Bostrom's Type 1 current system best represented the
observations. Satellites at high altitudes in polar orbits
have recorded magnetic perturbation fields, in auroral
latitudes,v consistent with Bostrdm's Type 2 curfent system
(Zmuda et al ., 1967; Zmuda and Armstrong, 1974) . On present
information it appears probable that both Type 1 and Type 2
cdrrent‘configurations exist near auroral latitudes.

A
Recent years have seen further rapid advances in the

understanding of the magnetosphere-ionosphere current
systems associated with polar magnetic substorms. Rostoker
and others have contributed to these advances -using data
from a 1linear array of .magnetometers across the auroral
zone, between Newpoft, Washington, U.S.A. and Cémhridge Bay,
Victoria - Island, Canada, together with  the permqiﬁnt
maénetic observatories of Canada and the United States..
Knowledge of substorm phenomena up to June, 1971 has been
reviewed b Réstoke; (1972).3 The .Canadian linear array
" showed that the fields observéﬁ during substoras coﬁld be
attributed to an equivalent current system similar to

Bostrém's Type 1 surrent system, linking each end- of a
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westward or eastward current in the auroral-zone ionosphere -
by field-aligned currents to an equivalent closure in the
neutral sheet of the magnetotail (Kisabeth 1972; Kisabeth
and Rostoker 1971, 1974; Rostoker and Kisabeth, 1973). 'A
nodified version of the Kisabeth-Rostoker equivalent current
loop is illustrated in Fig. 1.7. As ﬁostoker (1979)~has
emphasized, this is an . equivalent ‘ curren£ systenm
corresponding to transient disturbance of quasi-steady
currents by the substorm. For exahple,‘the closure in the
magnetotail may represent transient removal, during the
substorm, of current in the opposife direétion (Fig. 1.4),
and satellite data suggest that this is indeed the case
{McPherron et al., 1973). More recentiy Wiens and Rostoker
(1975) have used magnetograms from the linear ﬁrray to show
that the iqnospheric segment 'of a substorm current may
develop in a number of discrete steps toward the.northwest.
At present the dévelopmeht of wanderstanding of substorms
phenomena relates them to ground-based and satellite data
concerning the steady—sfate current systems in tﬁe

magnetosphere and ionosphere (Rostoker et al ., 1975).

In the two alternative three-dimensional 'current
sysfems illustrated in PFig. 1.6, the closure ip the
magnetosphere is least well understood at this tiﬁe. This
problem 1is fuhdamental for understanding the - substornm
“mechanism, but is of little concern for the modelling of the
magnetic fields produced by magnetic substorms from ground

‘based magnetometers, as the magnetic perturbations at the



Figure 1.7 The three dimensional current loop used in
modelling the observed fields. This is the
Bostrém Type 1 current model of finite
width, with a bend in the ionospheric
segment. '
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earth's surface are related mainly to the ionospheric
current segment and-the nearer sections of the field aligned

currents.

In 1974 .a two-dimensional array of three-gomponent
magnetometers was operatéd in a range of geomagnetic
latitudes suéh tﬁat the ionospheric electrojet 'currents of
some substorms would cross the array. It was expected that
observation of the magnetic field perturbations 1in two
dimenéions would extend the results from the Rostoker
group'g linear array, for two reasons. The first 1is that
simultaneous observation over a range of longitude enables
time-dependent effects to be distinguished from east-west
position-dependent effects. Secondly, while current models
remain nonjunique, they are more strongly constrained wheﬂ
they must match observed fields in three components over an
area of the earth's surface, than when fields r be

matched only along one magnefic meridian.
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CHAPTER 2

[

" FIELD OBSERVATIONS AND DATA PROCESSING

2.1 The _magnetometer array.

The aim of the array study was to study polar magnetic
substorms. Therefore its location was selected such that it
would cover +the latitudinal range in whicﬁ rhe ionospheric
. current systems are expected to flow. The final location of
the ‘stations was subﬁgct to the availﬁbility of ground
access to the sites. For northern Canada this pro§ed to be a
serious limitation, as it was necessary to install and
ser?ice five stations (RUT; MEY, BUL, MIK and MAL) with the
use of an aircraft. Sites were found, bf examination of the
ground from the air, where sand banks known as eskers lay

close to lakes. The aircraft could then use the lake and the

magnetometer could be buried in the sand.

Spacing of the stations within the array was kept to
approximately 115 km (one iondspheric height) whenever
possible, dldenburg (1976) has éubseguently shown that this
value is a good compromise between maximizing the reSolution

and simultaneously minimizing the number of stations.

The array consisted of 29 three-component
magnetometers, operated for 10 weeks from mid-July, 1974 to

the end of September; at the positions mapped in Fig. 2.1;
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coordinates of these.stations are listed in Table 2.1. Four
were fluxgate-fype digitally recording Systems made
available by Dr. G. Rostoker and operated at SMI, URA, MCHM
and HAY. (Fig. 2.1) by Dr. D;D. Wallis. The sampling rate for
these _ five nmagnetometers waé 1.91992 seconds. A full
description of these instruments is giveﬁ by Kisabeth
W(1972) . One was a fluxgate-chart recorder tehporary systenm
run for our study by the Earth Physics Branch, Energy, Mines
and PResources Canada, at the Yellowknife magnetic
observatory (YEL) where.  the permanent instruments had not
yet been installed. Data of the YEL station were provided bf\
Dr. P.A. Camfield, and digitized on a trace-following type
digitizing table.,

The 'remaining 24 ragnetometers were of the Gough-
feitzel (GR) type (Gough and Reitzel, 1967). The éensitivity
of these magnetometers was reduced to about one quarter of
the values used in previous arrays, (Alabi et él., 1975) in
order to extend the range for the large magnetic fielg
variations expected in the polar regions. The reduced
sensitivity was obtained by reducing the magnetic momeht of
each sensing nmagnet. .This reduction in sens‘tivity later
p;oved insufficient, particularly for the northern stations,
where only events with perturbation fields not larger than
500 nT wvere available for study with good covérage by <the
array. The sample intervallfor these’ magnetometers was 20

seconds controlled by an electrpnic clock. Field procedures

used for the GR type . -magnetometers have been excellently



Fig

e

2.1

Map of the magnetometer array in Lambert
conical gprojection of geographic
coordinates. The broken-1line curve
indicates the south-western boundary of

the Canadian shield.
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described by Camfield (1973) and will not be given here.

Station

Code Name

FSH
CHL
RUT
YEL
WAC
JCT
HAY
NYA
SIX
SMI
URA
MEY
MER
CAR
BUL
BRC
PAP
MAL
WAR
MKR
MIK
MCH
UTI
PFA
WAB
MAR
NFC
LSL
WAN

The

TABLE 2.1

LOCATIONS OF MAGNETOMETER STATIONS

Geographic

Coordinates
LAT.N. LONG.E.
61.67 238.71
61.90 243.48
61.74 249.35
62.50 245.60
61.14 240.61
61.07 242.44
60.79 244 .19
60.24 246,10 -
60.04 243.14
60.02 248.03
59.56 251.51
59.34 246.65
59.07 242.30
58.98, 248.20
58.56 - 246.18
58.53 244,28
57.99 242.59
57.64 249,07
57.61 244 .64
57.21 242,46
56.91 246.74
56.65 2u8.77
56. 38 244 .65
56.30 202,60
- 55.98 246.11
55.97 248.00
55. 27 242.78
55. 24 245.25
55.22 247.54

Centred Dipole
Geomagnetic
Coordinates

LAT.N.

67.13
68.23
69.13
69.17
67.00
67.28
67.34
67.16
66.45
67.29
67.45
66.42
65 .39
66.34
65.60
65.24
64.43
65.22
64 .44
63.67
64. 14
64 .23
63.28
62.84
63.15
63.45
61.89
62.29
62.66

" LONG.E.

287.18
292. 40
299.62
294,25
289. 86
292.02
294. 33
297.12
293. 82
299. 65
304. 33
298.58
293.69
300.7u
298.66
296. 44
294.90
302.84
297.59
295.36
300.58
303.19
298. 49
296.17
300.48
302.73

©297.07

299.96
302.67

N
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array location is shown in Fig. 2.2 in relation to

the auroral oval with 1ocai pidnight at " the array (30509
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longitude). The oval shqun in Fig 2.2 corresponds to low
activity conditions (Q=2; Feldstein and Starkov, 1967;
Hhalen 1970) plotted in centred dipole - geomagnetic
coordinafes with the magnetic north pole at geoéraphic
coordinates 780,565 N and 690.761 W (Russell, 1971). It can
be seen that the array was placed in‘ the only position,
under the auroral oval, which lies on a continent in the
northern Lenisphere well away from induced currents 1in
oceans. ,The array covers a latitudinai range from 700N to
620N » geomagnetic. ‘Magnetic records from ~Canadian 2and
American observatories locatéd outside the array limits vere
‘examined at the times of thé substorms studied. The
locations of.these observatories are shown in Fig. 2.3, apd

their coordinates are listed in Table 2.2.



Figure 2.2

The auroral oval (Q = 2) and array outline
in azimuthal equidistant projection of
centred dipole geomagnetic coordinates, at
08.00 U.T. '

|
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U. OF ALBERTA  ARRAY 1974

270° ,, | :
GEOMAGNETIC COORDINATES »



Figqure 2.3

Location of Canadian and U.S. permanent
magnetic observatoiies in the same polar
azimuthal —° equidistant projection of
centred dipole geomagnetic coordinates as
in Fig. 2.2.



39




TABLE 2.2

LOCATIONS OF CANADIAN AND U.S. OBSERVATORIES

Geographic Geomagnetic
Observatory Code Name Coordinates Coordinates

LAT.N. LONG.W. LAT.N. LONG.E.

Baker Lake BAKE 64 .30 96.00 73.9 -314. 8
Barrow BARR 71.30 * 156.75 68.5 241.1
Boulder BOUL 40.14 105.24 49.0 316.5
College COLL 64 .86 147.84 64.6 256.5
Fort Churchill CHUR 58.80  94.10 68.8 "322.5
Great Whale R. WHAL 55.30 77.75 66.8 347.2
Mould Bay MOUL 76 .20 119.40 79.1 284.7
Newport NWPT ug .26 117.12 55. 1 300.0
Ottawa OTTA 45.490 75.55 57.0 351.5
Resolute RSLT 74.70 94 .90 83.1 287.17

Sitka SITK 57.06 135.33 60.0 275. 4

2.2 Data Processing.

i

Analog to digital conversion of the GR type
nagnetometer records was done by first properly t{ming the
analog records on the 35 mm film. Then the selected events
were Qigitized using the Digital Converter as described by
Burke et al (1975) and Alabi (1974). For sorting out the
traces‘and base lines a new Fortran IV editing prbgram was
written in order to make use of a new Interactive Gr;phic
(GT40) terminal acquired from DIGITAL by the Computing
Center of the University of Alberta. The GT40 was linked to

the new Amdahl 470V/6 computer of that Centre.

In several records, one or two traces would fall
outside the operating rdnge of the automatic film scanner of

the Digital Converter. In these cases a photographic
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enlargement was made of the film records and the missing
trace was -hand digitized on a digitizing table of the
University of Alberta Conputing Center. The resolution of

the system was 0.01 inch.

Scale values fof the - three components of the Gough-
Reitzel magnetometers were obtained by field calibrations
using 'a standard magnet. ?he scale values were about 36 nT
for D, 30 nT for H, and 22 ﬁT-for Z refered to 1mm of the

.35mm film.

~Magnetograms erp all stations ‘6f the array wvere
converted to digital records with sample intervals of one
minute, with amplitudes referred to the first minute of the
record. These magnetograms were corrected fo a centred
dipole‘ coordinafe system to obtain the final magnetdgrams

used in the modelling of the ionospheric currents.

Timing errors for magnetograms of the GR magnetometer
do not exceed one minute.‘By*the use of Pil ‘gropulsations,
it  was possible to reduce timing errors to less than 25
seconds before digitizing. Timing errors for other stations

are smaller.

r

It is estimated that the resolution of thé film scanner
(Digital Converter) is approxima;ély 1 nT. The standard
magnet used for calibrating the GR magneiometer is known to
be ui%ﬁ&n 0.4%. At least two, but normally four estimates of

the calibration factors vere obtained for each magnetic
1

.
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component from tﬁe calibration marks at the start and end of
every film. An estimaté of éhe standard deviation of the
\calibratihg factors is 1.5%. Therefore it is estimated that
the relative \magnetic fields. obtained from the GR
magnetometers'.have an associatea error of about 2%. Th.

estimated error for the fluxgate magnetometers is %1 nT.
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CHAPTER 3
DEVELOPMENT OF A POLAR MAGNETIC

SUBSTORM ON SEPTEMBER 11, 1974

3.1 Introduction

From the many substorms recorded with the magpetometer
array, one which occurred on September 11, 1974 (Substornm 1)
was selected for analysis. The criteria for the selection
included the levels of activity before and after the
Substorm, the magnitude of the subsform, and the indication
(by the inspection of the H and Z npagnetograms across the
array) " that the overhead current was within the 11m1ts of
the array. Maximum values of fH| together with minimum valuye
of |Z]| indicate approximately fhe centre of the current
system. Maximum positive and negative values of Z indicate
ehe approximate locations of the current edges (Kisabeth
1972) . The substorm of 1974 September 11 was recorded by 25

Lstatlons of the array.

Hagnetogzams of the vsubstorm from 14 stétions, a
represen£ative Subset of the array, are shown in Pig. 3.1.
The left -hand stack shows *he data from a north-south lige
of stations in t@e western part of the array and the right-
hand stack refers to a horth—south iine in the eastern part.
The stations are identified in Fig. 2.1. The geographic ahd

geomagnetic coordinates of all stations are listed. in



Figure 3.1

Magnetogranms of Substorm 1 from 14
stations alcng two north-south lines near.
the western and eastern edges of the
array. Bars indicate the  six time
intervals averaged in Figs. 3.5a and 3.5b.
The staticm positions are shown in Fig.

FAE
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Table 2.1.

3.2 Induced currents _in_ the_earth

S

3.2.1 Electrical conductivity distribution in the earth

[

As far as electrical conductivity is concerned, ﬁhé%V
continental regions of the earth can be divided into three
sections. In the firsi seétion, starting from the surface of
the earth, is a conductive layer which consists of
;edimentary or metamorphic rocks sometimes contaiﬁing water.
Here the conductivities are variable, in the range 10-3 to
10-1 S/m. Then comes a section of igneous and metamorphic
rocks vithJ a! comparatively low conductiyity of ébout 10-4
S/m. It iscfelieved that at these depths the pressures are
high enough .to close cracks and exclude water, but the
temperatures are still low. As temperature inc:e;ses with

depth, there is a sharp increase in:éonductivity between 400

and 600 Km. reaching a value of 1 S/m at about 700 Km.

The broken line in Fig. 2.1 (ChapéerAZ) represents the
bouﬁdary of the Canadian shield with respecf to fhe array.
To the north east of the broken line the uppermost layer of
high conductivity is minimal. To the southwest of the broken
line there is a thin Mesozoic sedimentary section of

intermediate conductivity.

Induction effects produced by the changing magnetic

fields in conductive layers of the earth are large enough to
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require consideration in the calculation of ionospheric
'current models. Two simple, idealized earth models can
generally be used to include the induction _effects 1in the
calculations of ionospheric current systems. These are ()
models where the earth is represented by a 'bédy of finite
conductivity o (r) (Banks, 1969) aﬁd (B) models’which reduce
the earth to a perfect conductor at dépth. Mareshall (1976)
shows that for most modelling of substorms it is sufficient
to treat the earth as a perfect conductor. The depth of this
perfedf conductor‘is a function of the source freéuency.‘The

effective depth of induced currents, in a half-space with

conductivity a function of .depth alone, is probortional to
1
the>skin depth and thus to T2 where T is the ' dominant

period in-the disturbance field. Therefore by examihing the

different event;\i~ is possible to estimate the depth of the

superconductor. Alternatively, several depths may be tried

and one selected for which the model current gives smallest

residuals in. H and 2Z. A ower perfect conductor
increases calculated H and feducéé\\z. Thé’depth of the

a variable in the

perfect conductor can,'if.desired, Be ma

fitting of the model.

3.2.2 Maps_of Fourier spectral components
. \ N -

N ' . )
In addition to the induction effects in the spherically
symmetric approximation to the earth, there are possible

local induction effects produced by conductivity anomalies

in the low-conductivity crustal: depth range. Such 1local
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anomalies have been found in many magnetometer array

studies. 9

One technique which has proved useful in. such studies -
is the mapping of amplitudes and phases of Fourier
transforms of magnetic variation fields (Reitzel ™ et al.

1970; Gough (1973); alabi et al. 1975). ° ¢ '

Figs 3.2, and 3.4 are the contdur"maps of»the Fourier
transforms for two differengrperiods of a ~polar wagnetic
-substorm recorded by the array’on 1974 Septeﬁber 18. Pig 3.3
is the Fourier contour map for 60.2 minute period of another
magnetic substorm recorded on. September 11, 1974. These
cbntour maps show fhe fields of both exterpal and iﬁternal

induced currents. Local con&ﬁctivity anomalies'in the Earth _ -

would 'appear consistently with approximately "unchanged
positignﬁf;for different variation events, and could then

with‘soﬁéfcdnfidence be assigned to ‘internal conductivity
. ‘. - . ‘ A‘- ‘
structure. - -

\.

Fig 3.2 shows the results of a Fourier transformation

for a period of 120.5 minutes. As would be 'expected for--a

Loy
A

wéstwdth electrojet, there is a maximum of H under the
. P . .

current system with a very small change in phase (60

minutes=18009). The 3 amplitude has a minimum under the

current system and maxima north and ‘south of +*his minimum

with a complete reversal (1800j in thecphase ®ap.

°

o

For the shorter periods‘60.2 minutes (Fig 3;3) and 21.-

e 5
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Figure 3.2

" Contoux mags - of Fourier transfera

.

P

amplitades (nT) an< -hases (min) at period
120.5 sinute - v .m Substorm 3 (1974
September 18). ._ontc.rs are€ over-a map. of
the array - in geographic coordinates in a

.Lambert conica. fprojection. For the phase,

60.2 min=1800, . o
| 7.

-
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Figure 3.3

Contour maps of Fourier transform
amplitudes (nT) and phades (min) at period
60.2 minutes from Substorm 1 (1974
Septeaber 11). Contours are over a map,. of
the array ig_geographic coordinates in a,
Lambert conical projection. For the phase

30.1min=1800. 2 i

[

Ny

]
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Figure 3.4

ak

Contour maps of Fourier  tramnsform
amplitudes (nT) and phases (min) at period
21.1 minutes from Substorm 3 (1974
September 18). contours are over a map of
the array in geographic coordinates in a
Lambert conical projection. For the phase,

10.6 min=1800.



54

eseyd @

uw g = 1L



55

minutes (Fig 3.4) the coﬁtours display qppfoximately the
same characteristics as for 120.5 minutes. It appears from
Fig 3.4 that the centre of the current system .shifts north
. when shorter periods are réached. The development of rapidly
changing fields observed in the auroral zoné' during ;
géomagnetic substorm 1s, however, better studied in the time
domain than in terms of a Fourier transform which integrates
over an event. The’Fourier transform maps are more sensitive
to induced curreﬂts which do not shift duriﬁg the substoEm,
and have therefore beén ﬁsed to check the possible existence
of local anomalies in conductivity. From the several such
contour maps sfudied there is no evidence of significant
conductivity anomalies under the Iregion covered by the.
array.

R
t

3.3 perturbation Fiéias

Obsefved field components have been averaged over five-
miﬁute intervals to yield "time frames" each of which
represents én epoch in the substorm development. Pericds of
specially rapid change have been scrutinized in two-minute
averages, but the timing precision_ preclude§ shorter

intervals. All time frames here presented represent five-

minute averages. . /

The entire substorm has been§ plotted in consecutive
five-minute time frames, and six representative epochs in

the development are reproduced in Figs. 3.5a and 3.5b. These
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time intervals are indicated in Fig. 3.1.

For all Substorms~reported'the standard deviations of
H, D and Z at each epoch are in general within 10% of the

total perturbation field averaged in that interval.

In Figs. 3.5 ‘and 3.7-3.11 the tail ends of the arrows
are at the 25 stations that recorded the substorm, mapped on
a Mercator projection of the centred dipole geomagnetic

coordinates al:e:dy specified in Chapter 2. Thus each map in

these figures has .its top and bottom aligned with
geomagnetic latitudes and its sides along geomagnetic
longitudes. - S

The H, D and Z values were measured from baselines at
05.00 U.T;, vhen conditions were quiet. In the epoéh:07.26-
07.30, fepresented in the first time frame of_Fig;I3.5a, it
is <clear that the perturbations were small.\Twenty minutes
later (Fig. 3.5a frame 2) there are large overhead currents
flowing across the‘ array somewhat north of west. Both the
horizdntél and vertical components locate the'éentre of +the
current systems near 67-689 (magnetic) and its southern edge
near 650N (magnetic). In the third frame of fig. 3.5a the
fields reséﬁble those of frame 2, but have amplitudes about

half those of frame 2.

M

In frames 1 and 2 of Fig. 3.5b, prominent eastward
horizontal fields appear in the southern part of the array.

"It will be shown that these fields can be modelled in terns
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of an upward field~a1ighed curfénf at the west end of the
’

R
/

o

fiv]
ig. 3.5b, which represents

ionospheric current. ‘}Frame”f}\"—"“~
the fields one hour after frame 2, shows the gradual deciine
of the substorm fields in contrast to the sudden onset.

)

3.4 Model Calculations

The outstanding feature of the pefturbation fiazlds is
the signature of a strong westward ionospheric current. This
leads naturally to comsideration of the model of a current
loop, used by Kisabéth (1972)‘ and Kisabeth and Rostoker
(1977), having field-aligned currents at the east and west
ends of the ionospheric current, and closure in the neutral
Tgﬁeet within tﬂe magﬂetotail (Fig. 1.7). For three of the

four time-frames modelléd, the per*r rbation fields required

introduction of a bend to dispi. ~ the wester en& bf the

i : H
ionospheric current to higher latitudes, as is indicated 1in

t

Fig. 1.7.

ihe magnetic fields produced at the Farth's surface by

the three—dimensidnal current . loop (Fig. 1.7) vere
calculated from the ﬁiot-saﬁart law in the manner described
by Kisabeth k1972). Pr6vision was made to introduce a bend
in the ionosphené segment to give a change of latitude wi£h
a cosine dependencé on longitude. Kisabeth (1972) and
Kisabethﬂ and Rostoker (1977) used a parabolic path for the

jonospheric currents to provide for paths having .a northward

gomponent.
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‘By.varying the total current and the ©position of the
ionospheric segment, a least-squares fit was obtained
between the calculated and 6bs¢rved magnetic fields. 1In
fitting the pérturbétion fields at 07.48, 08.13 and 98.38
U.T. (figs. 3.7-3;9), eight parameters were allowed +to
change (Fig. 3.6).‘ These were the total current (P1), the
. latitudes of the norﬁhern (P6, P9) and southerm (P7, P8)
d%dges of the ionospheric segment -at each end,.the longitude
limits of the bend (P3,‘Pu) and the longitude of the end of
the ionosphericl segment closer to the array (P5 for 07.48
P2, for the other epochs). The longitude of the further.g
to wﬁich the calculated fields were rather 1ns  :itive, /wa

"kept. fixed while the eiyht parameter . Jere aajustci, and was

finally itself adjusted fo optimize <« fit.

In fitting ﬁhe'berturbation fields at 08.58 U.T. (Fig.
3.10; a simpla constant—latitud; ionospheric segment prerd
sufficient - and four fr;e paraﬁetefs were allowed to chahge,
viz. the total current (P1), the latitude limits (P6 and P7)
and the longitude of the nearer (in this case. western) end
of +he ionospheric «current segment. {P2). Once again the
longitudé of the east end .(PS) - was finaily adjusted +to

optimize the fit. \\

A1l calculated fields reported 1in this chapter

| .
correspond to a uniform current density across the
ionospheric segment. It 1is possible that some further

improvement in fit could be secured if non-uniform current
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profiles were used. While the field-aligned currents hé§eJ
been modelled as sheets of negligible thickgess,‘testsf ghow
that +the data are equally vell satisfied by field—alidned
currents distributed through‘five degrees of longitude, evén
when the foot of one field-aligned current lies insid-~ the
array (as at 08.5§ U.T., Fig; %.10); In feality the da-
aligned currénts seem likely to be distributed in lahgitude.
“In all célculations the ion sphéric currents vere kept

at altitude 115 km. Induction in the Earth has been
approximated by that in a superconducting sphere at depths
chosen empirically to optimize the fits of calculdted"
horizontal and .vertical components to tﬂgse observed .
Inspecfion of Fig. 3.1 shows that the domin%nt péfioﬂ r';s

. , - -
longer for the tail of the event than earlier. Thé empirical
approach as described im section 3.2.1 of this chapter,
vhich is that used by Kisabeth (1975) and-by Haréschal
(197@), leads to the use of 250 km for the“depth“ of %ﬁie
superconductor in the models of 07,48, 08.13 aﬁa 08.38;U;T.,
\\fnd of 600 km at 08.58, in the coda of the substorm.

The least-squares ‘fit was obt .ed<'by“ applying to
Voﬁéérved and calculated values, af three magnéﬁic com?onents
with equal weiqghts, fhe iterative éubfohtine .ZXSSQ of * the
IMSL library-. . o N J‘ o -,
The models in this :chaptér‘ approxiﬁage observed~ﬁ
perturbation fiéld; frgm the 05.00 U;T.-bqéeiine. These féfe

presumably superimposed on some  steady-state field

a
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current at the west end. -
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T

corresponding to preexrsting currents in the magnetosphere: -
and 1onosphere. The latter, if they remalned steady through

“the substorl, would not be seen in the perturbatlon fleld.

\
b

3.5 Model currents for four epochs of Substorm_ 1

Observed and calculated. fﬂelds, and the residueh§x
(observed w:r'calcuiated), are shown at four representa¥ive

epochs of the substorl in Pigs. 3.7-3. 10. The uorthern and:

southerng»llllts of the ionospheric segn!nt of the current

loop are shown 1in these maps. Before discussing these
further it 1s worth p01nt1ng out ‘that the entire lonospherlc

segnent for each epochwis shown in Flg. 3.11, 1n¢re1at10n‘to

the 'array,p vith observed horizontal ‘1ds omly. These are
mapped 1in geomagnetic  Mercator Wprc a .o{ as explainéﬂ
earlier. Each iouOSpheric segnent . a downward field- d

23 : . 2

allgned current at the east end and qp upwargfield-‘align‘edQ :

< s
. (o4

IR N - M P
' “

.:;the upper ‘fréhesv show total

horlzontal perturbat10m,f1elds. in the lowerT frales' the

yertical conponed%g are shorn by*upward'arrovs at stations
. i . B :

v \

-where 2 was upvard (negative). ' - \

In the interve_ 07.46-07.50 U.T. (Fig. 3.7) the curreht
attained Jits gg;atest value Qf 0. 2&:106' amperes. The

westuard conpoxent of the observed horlzontal field and’ the

3

trend. of the regxon 2=0 requlre that the 1onospher1c current

be nodelled.ylth‘a.bend to the northwest as shown. The

K3}
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Figure 3.7

¢

¥
0y

’Ohserved perturbatlonf fleghs, calcuiated_

tields . for . a model &urrefit of best fit,
and res;dualcﬁxn the five~sminute interval

07.46-07.50 “0.1. during:  Substorm 1. The

full length ©of the 1onospher1c segment of
the “current. is shown in Fig.- ‘3711. Total
current is 0.28x10¢ amperes,. . .
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Figure 3.8

. u;;.»\i > \'~ "

//' ‘
‘ b L
Observed perturbation fields, calculated
fields and residgals in the five-minute

interval 08.31- 08, U.T. during Substqrmv~

1. The" full length .of the 1onocP ic

segment of the current is -shown in 1g.

A

3.11. Tctal current 1s 0. 12x10° amperes.

i
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Pigure 3.9

]

Obcerwed perturbatlon 'fields, calculated

fields and residuals in the - five-minute
"jnterval 08.36-08.40. U.T. during Substorm
1. The full 1length . of the ionocpheric'

'A%gggnt of .the current is shown in Fig.
3¢

Tctal current is 0. 20x10° amperes.
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Figure 3.10 Observed perturkation fields, calculated
fields and residuals in the five-minute
interval 08.56-(9.00 U.1T. during ~ Substorm

‘1. jXhe full length of the ionospheric.

gmghf of the current is shown in Fig. "

#¢®al current is 0.12x10¢ amperes.
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Rl

residuals appear quite large, but when normalized to the

observed fields, they are smaller than at the other three

Cew

epochs (Table 3.1). As a nRreasure of goodness of fit the

following parameters are usedﬁﬁij

‘.‘.jresiduali2
Y (observed total field)2

€ =

and

%__,gjresiduallz :
S (observed totalvfleld at epoch 07.28)2 o
- The large and systematic negative: residuals. of the
horiiontal fields for three stationf/in Fig. 3.7 under the
centre of the cufrent systenm Suggests that a * better fit
cou%d ‘be obééined if a’ nqnuniform‘ currept density:

distribution, having increasgg current densi“y-  near the

[
centre, had been used:\i
. 2y -

. T
N " 3
S T

Between 08.11 "and 08.15 U.T. (Fig. 3.8} the total
current was half titat for 07.46-07.50 U.T., as expected from
the magnetograms (Fig. 3.1). The westward components in the

horizohtal fields "once again require a bend diSplaciﬁg the

&
?

‘ionospheric current to the nqqﬁh[estﬁyBastward displacéhedf
: ) : RSN o ' o7

of the east end of the current loop appears to occur mostly

between 07.48 .and 08.13 U.T. (Fig. 3.11). The parame@e§§'e

and ¢ are given in Table 3.t1.
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o
TABLE 3.1

STATISTICAL PARAMETBBS FOR SUBSTORH 1

1974 SEPTEUBER 11

L ] L § k3 A § LB L
| TIME | SSQ I S§SQ | | |
| U.T. | OBSERVED | RESIDUAL | € N
F 4 1 ¥ + 1
| 07.28 | .12595 ] -- | -- --
F t ~t f + 1
1 07.48 | 953020 | 21783 | 0.0229 | 1.73 |
', —t ’ 4 1
| 08.13 | 250056 | 13598 | 0.0544 | 1.08 |
| - 1 i -4 d J
LB 0 < T Bl T 1
| 08.38 | 365283 | 10761 | 0.0295 | 0.85 |
F : + 1 4 1
| 08.58 | 140364 | 9944 | 0.0708 | 0.79 |
b 4 + e y
| 09.58 | 24346 | -= T R
L 1 L ' A L L ' ]

Note: SSQ denotes sum of squares.':fﬁ .
. ' o el 2 ¢
In the 1ntervth©8 36-08. 40. u, Tn

¢

?he tofal current has'“

risen to O.2Ox1OGU‘amp, and the cutf%at lodb ‘has moged

: eastward. The array does not now extend far enough northward

-ito locate the northern edge of the curren+ at all well It

0
is worthy of note that the model produces%ﬁ&all northward H

i o
'components to fit the observed valtés, in the southern part

A}
of the array. T%ﬁ? and the eastward D at southern statiomns

are produced by the upwarl fieldJalignea current }t the west
™ ‘.
end of the current system. -.

-~

x

Between 08. 56 and '09 00 0.T.  the total current has“

© .

dropped to 0. 12x106 amp and the flelds are qulfe well fltted;-

by a current loop whose 1onospher1c segment lies in the

PN
U,

bet d



constant latitude range of 65-690N (geomagnetic). The\u ward
field-aligned current sheéet at the we:c ern end is now/uirhin
the 1limits of the array. The relatively large ang/highly
consistent eastward D components in the southern half-of the
array give specially striking evidence of the upward field-

aligned current. ' -

Major changes, during the suustorm, in both posiriou

and 1en§th of the currentbsystem are required to fit the

’ two-dimensienal array data (Fiég 3;11). At the epoch 07.46-
07.50 U.T; the downward rield-aligned current sheet at the
east” end is close enough to the array that its longltude is
constralned to lie between 312° and 3130 magnetic. This east
end is ‘10 west of local magnetic mlﬂnlght as 2 defined >by
Hontbrland (1965) . The upuard fléquallgnedvcurrent is foo
far to be placed with precisfon,“ﬁhtyiS':ro more than 100

2

ea§£ of the position shown in Fig. 3. 11. In the next epoch,
’1; &

08. 11 -08. 15 U.T., the current system has noved (north an?'

nelther‘.f1e1d7allgnedﬁ‘current is close enough to~be‘uelﬂ

located by the array.. ° ' v o \

o
]

In the epoch 08.36-08.40 U.T. the upward fiela-aligned\

current sheet is- just vest of the array and produces stroug

contrlbutlons to the horlzontal fields. . Once again ,the

ffurther field- ailgned current, now that at the east end,

‘o

produces little effect at the array and canndt be .placed-
' accurately. It cannot- be closer than the position shown. The

current system has moved eastward relative to (the previous
. AN

’ N
{

\

i



(873

)

lFigure 3. 11

Ionospheric segments of current loobs for

Subgtotm .1, in ~ relaticn the.

nagnetometer array, at four epoghs, in the
Mercator  projection’  of#® centred-dipole

geomagnetic coordinmates. GM . represents
..magnetic midnight (see text). e o

g
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epoch, and possibly northward, but the array gives little.

control of the northern edge of the ionospheric current.

In the interval 08.56-09.00 U.T.. the current system has
Boved further east relative to the array. The upward fieldj
aligned current is well located and the dovnward east end
current 1is not -atilall véll confrollédibut cannot be much

closer than the position shown.

3.6 Discussion ’ : . %

The current loop moved easiwdrd through at least 200 of
geomagnetic longitude between 07.48 and 08.58 U.T. "relative
to the surface of " the earth. In this same time interval
local geomagnetic lidnighﬁ (Montbriand 1965) moved westward
through 17.5¢° relative to the array, becauée of the rotation
of the Farth. The current loop therefore moved eastvd?ﬁ at
least 389 geomagnetic relative to magnetic midnight, in this

70 minute interval. \

A second point appears im Fig. 3.11. The bend in the
ionospheric part of the current lies within 279 of lonQitude_
vest of geonagqetic midnight. In the first epochv(Fig. 3.11)
the bend corresponds} approximately to the shape of the
auroral oval (Q = 2). In fhe final epoch (Fig. 3.11) the
cdrreﬂt loop ends 59 vest of magnetic nidnight, and no bend
is seen. An;associatié; -~ the bend in the model currents
vith tﬁebuarang discontinuity seems possible (Harang, 1946;

Heppner, 1972). ’ .
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The ionospheric parts of the current systems at the
four epochs modelled are:  shown in Pig. 3;12 in azimuthal
equidiﬁtant projection of centred .geomagnetic dipole
coordinates. The 1ionospheric currents in these four models
extend through the longitudes of several Ccanadian and

American magnetic observatotiesJ(Table 2.2). The records of

1974 September 11 from these obsgrvatori.~ have been
examined and are generally éonsistn.t- wich the model
~currents. Perturbatien fields at two epcch.. .o. 3 and 08.58
0.T., recorded by these observatories are .! .. in Fig. 3.13

and 3.14. At epoch 08.58 U.T. (Fig. 3.14) the reduced
perturbation recorded-at WHAL indicates that the eastern end
of the, current should be placed nearer the array, that the
current flow is displaced north at the east end or that WHAL
‘lies within the longitudina; range - in which. the downward
field-aligned current entérs the ionosphere. The vertical
component at CHUR is positive indicating that the centré of
the ‘idDOSPhC‘iC current luS£ lie \gouth’bf thisrﬁtation.
There are discrepancieé at some high—l&titude observatories,
~and it is believed that thése observatories may be sfrongly
affecteé by local currents not seen by the array.
Incorporation of data from different observatories in the

quantitative wmodel calculations, based on the data from the

array, has not Lteen attempted. ¢



Figure 3.12

Ionospheric segments of current loops” at
four epochs of Substorm 1 in azimuthal
equidistant projection of centred dipole
geomagnetic ccordinates, superimposed on a
map of the North American mainland.
Comparison with PFig. 2.2 shows the close
relaticn tc the auroral  oval. GH
represents magnetic midnight. ‘
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Fiqure 3.13

[N

D)

W

Horizontal perturbation fields recorded by

Canadian and U.S. observatories at epoch
08.38 U.T. of Substors 1 an azimuthal
equidistant frojection of centred difpole
geomagnetic.cocordintates. Location of the
stations are given in table 2.2.
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Figure 3. 14

Horizontal perturbation fields recorded by\‘-.

U.S. observatories at! poch

Canadian and
1 in san ] map

08.58 U.T. of Substora
projection as Fig. 3.13.
: : g\*
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CHAPTER 4
DEVELOPMENT OF TWO POLAR HAGNETiC SUBSTQRHS

(T .
ON SEPTEMBER 7 AND SEPTEMBEN 18, 1974

4.1 Introduction

It - was shown in Chapter 3 that the perturbation
m&gnétic fields of that substora céuld be well fitted by a
-current loop éonsisting of a westward electrojet woove tﬁe
arr&y, downward field-aligned current at ;he east end of
this jonospheric current, upward figld-aligﬁéd .currené at
the west end and closure /in the nagnétotail (Pig. 1.7
Chapter 1) with constant current density over any cross-
section of the current. To obtain a best fit a northward-
bend in thé ioqospheric'currents wvest of magnetic midniéht
‘was requiréa in most cases. This chapégr discusses_tvo

o

substorms which involve westwarad current in he ionosphere’

above the array, but which cannot be fitted\ with uniform
current density. More sophisticated treaﬁlent of \the current
.model is necessary. The present chapter therefore recorads

tvo events more complicated in their geometric fora » and an

- 4

extension of modelling techniqué'to deal with them.

4.2 obsggjations . ) .

[Pl

The array .location in relation to the auroral oval (Q =

2), for lécal midnight at the artay, is shown in Chapter 2
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9

(Fig. 2.2). In the maps of this chapter as in "the previous
chapter, centred 'dipole geomagnetic -coordinpates are shown

with the north pole at geographic coordinates 7855565N.f

690.761W. ' - T
: { : , B \

: . DN
The substorms here reported occurred yﬁx 1974 on
, .

September 7 and September 18 and Wete,ure§§&§§§\ by 23 \
P, ;- L ~ . |
31\;§

stations. Magnetograms are shown in Rié*‘f rom 13 \
./l \N' \:’\ \'r\" ‘
stations along north-south proflles near t%é \vestern and
. \‘\ ’ \\ :

eastern 1limits of the array for\tﬁe September 7 event, and

in Fig. 4.2 fof the September 18 substorm. station

pPositions are shown in Fig, 2.1 (Chapter 1). It wi¥l be seen
that the September 7 &Pstorn ‘was of about 3 1/2vhouts
duration, whereas that of September 18 1lasted little more

than 1 1/2 hours.

A
N

It 1is convenient at this point to take the discussion

‘of each gubstorm separately to the.final current models.

4.3 Substorm 2;'1974 Septemher.7
4.3.1 Perturbatlon ‘STE’// '
- C

The entire substorn wvas plotted as a series of maps of

mean values over consecutlve f%ve-nlnute intervals of the
three components H, D and %, measured ftom baselines " at
01.00 U.T. From these maps eight "time frames" were chosen
as representative of fhe main epochs of the substorm. These

eight time intervals are marked in Fig. 4.1, and the mean



’?igure 4.1

\

Magnetograms ‘of Substorm 2 from 13
stations- along two north-south\lines near
the western and eastern edgegs of the
array. Bars indicate, the eight time
intervals averaged in Figs. 4a an
station fpositions are shown in Fig. 2.1\\

\

>
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Figure 4.2

Magnetograms of Substorm 3" from 14

stations along two north-south lines near -

the western and eastern . edges of the

array. Bars™ indicate the eight tinme

intervals averaged in Figs. 10a and 10b.
The station.position§ are shown in - Fig.

2-1. Y

W X 4 s )
.

P

I



90

EEEEE R

rEEEIEY

Taam
e

13 ]
Xis

e

Jam
¥id
wNé
LE L
xis
Hr
WY

Jam

e BB RC I R . " oo W

Jn 00z

IERRE

1M
n

-

0080 00L0 0001 0080 0080 00L0

yLB1 81 ¥38W3LdIS



91

-

perturbation fields aré represented in Figs. #.3a and 4. 3b.
In the first time-frame of Pig. 4.3a it will be noted that,
at 08.03 U.T., only érall Tandom cg?nges had»appeaéed since
01.00 U0.T.; the field was quiet for at least seven hours
before the substoram commencement, and the choice of baseline.

appears reasonable.

The time-scale of the substorm is of interest. Figsf
4.1 and 4.3 depict fields and current growing over the first

100 minutes and declining over the next 2 hours.

In six of the seven epochs of the substorm shown in
Fig. 4.3 (the exception is at 10..13 U.T.) there are large
downward vertical fiel@s at the northern stations of the
array, combined with small horizontal fields. Quantitative
model <calculations show that this combination cannot be
modelled (by a westward ionfspheric currept alome, but
requires an eastward ionospheric current to the north of the
nain. vestward current, or some other current system which
gives equival?nt fields. This asymmetry in the 2 latitudinai
profile has been noted by Chen and Rostoker (1974), Kisab?th
and Rostoker (197@), Langel (1974) . Rostoker and Hron (1995)
suggest that in the morning sector an eastward current south
of the iain westvard electrojet produces this asymmetry - din
Z. As pointed out by Kisabeth (1977) tﬁis,asynmetry ;ay
alternatively be produced by - +he ‘ends of a north south
current system. Throughout this thesis the eastward current

" nporth of the main westward electrojet, obhtained by :he



Figure 4.3a

™

L1}

Mean perturbation fields over five-minute
intervals at four epochs before and during
Substorm 2. For the vertical components,
northward arrows represent upward fields.

Unit: nanotesla.

P
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Figure 4.3b

Mean perturbation fields over five-minute
intervals at four epochs during Substorm
2. Por the vertical components, northward
arrows represent upward fields. Unit:

nanotesla.
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1

modelling procedure, should be regarded as an equivalent
current. Observations north of the array, at the time of the
substorms would be needed to properly define the northern

‘current. ) ;; ' \ ' f

At 11.23 U.T. (Fig. u_3b), rhe rominent clockwisé
curvature of the horizontél'field,‘convex o the east, is a
cohsequence of the presence ‘above the array. of the downward
field-aligned current at the east “end af the westward
ionospheric electrojet: see also Fig. 4.12. i

A

4.3.2 Inversion of magnetic_perturbation fields

The perturbation fields at differemnt epochs of
Substorms 2, 3 (this chapter) and 4 (Chapter 5) ~have been
fltted by models of the Kisabeth type (Klsabeth 1972;
~Kisabeth and Rostoker 1977). The 'geﬁéral bonfiguration of
the current loop is shown in Pig. 1.7. These substornms could
nbr ‘be modelled( by & rurrent of thlS type wlth unifornm -
current density across »its width. Accordlngly a current
distriburion vas estimated Qy a direct inversion method
_ Tecently developed by Olaenburg (1976, 1977), based‘ on the.
linear inverse theory of Backus and Gilbert. A brief sketch

of the mec. od Zollows, hut the reader is réferred to the

original pa (Oldenburg 197s, 1977' Backus and Gllbert
1970) for C-. 2 treatment of the method.
The magne-.. 213 resulti.; from a Bostrém (1964) Type

1 current loop w. - cur -nt densi:y distribution j(e) is

-
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given by
0 3
" = 2 (6-
B (a,60,¢0) k [ 1(0) {r Jizl dCim}i )
61 : T

at a point on the surface off the earth of radius a at

colatiﬁude eo rand longitude ¢0 « following the notation of

Kisabeth (1972) (Appendix A) and Oldenburg (1976f, m takes

the values 1, 2 and 3 as the field components Z,. H and D are

computed, 9, and 6, define the latitudinal limits of the

ionoséhericv current. The integral sign _/. represents
r

integration over the whole loop and dCim represents a 3x3

matrix (Kisabeth 1972).

For an observation of H, 2 or D at- location (a,ez rd, )

equation (1) may be rewritten as:

, )
2
Bz(a,82,¢£) = f j(86) Gz(e)dﬂ £=1, ...N (2)

°1

Qhere .Gz(e) ‘is the 'data kernel' of the 2th datum Bl' Even
though there are »infinitely many current densities J(9)
which satisfy the N constraints (2) , there exist properties
wvhich are shared-by all of these models. In particular a
unique average of the Current»density can be constructed
- from linear combinatibns of the obséfvations. This average

density, <j(g )> at co-latitude g is shown to be
o o o

N 9 .
<3(8_)> =zzl az(eo)B2 = f 2 J(6) A(6,6 )d6 . (3)
- 8
1



N ,
where  A(0,6) =l§1 a, (8 )G, () | | ()

A(G,GCQ is called the dver&ging function, and ag(ec) are
constahts that a;e fodhd by wmaking ‘y(e,eo) as ‘'close as
possible' -to a>,DiraC' delté function. 'jhe deviatijon of
A(e,eo) from a Dirac - delta \disﬁributioh can . be .

quantitatively measured by-the'spreéd S given by

S b
_ 2 2 2 2 .

1

=

This is the gquadratic criferion_of Backus and Gilbert (1967)
which leads to averaging functions that are not contaminated
by sidelobes (Oldenburg i977). By finding the set of values
az(eo) that minimizes the spread S, we can obtﬁin a current
density estimate <j(eo)> corresponding to maximum

resolution.

Assuming that the errors in the data have a Gaussian
distribution with zero mean and standard deviation Ogr We
may express the error in the estimate of <j(e;f> as

v <3(8)> | = qu 2y od-dtey e
ar IV T ag o) %2 o -

i1=1

«

The most accurate value of <j(ec)> is 6btained- for those
"values of a2 that minimize equation'(6).>Thus as eguétions
(5) and (6) cannot be minimized simulfaneou#ly, it is
necessary to acceft a compromise bétween resolution aﬂd

‘accuracy that can be expressed in the guadratic fornm



n=S(0) cosy + Uz(eo)sinw (7)

where. Y is the trade-off parameter. For any value of
(0LY <1/2) we can find a set of a o's that minimizes n in

equation (7).

There' are infinitely many current densities j (@) which
- satisfy the N equations (2). We have used the method of

Oldeﬁburg (1977) to choose a spec1f1c one, the "flattest”

current density, because he has 1ndlcated that this model

may be relatively 1nsen<itive( to random errors ip the
observations. - The flattest current den51ty can be found by

\

minimizing the functlon 8 given by

0 A )
g = f  1370)1% ao - (8)
e R . wr

1

"subject to the «ccnstraints that the observations are
reproduced. An additional limitation is‘included by makinc
the current density zero at the Borthern and southern limits

of the electrojet. This is insured by setting -
j(el) = j(ez) =0 - \ (9)
If we define

: 6 ‘ v :
Hy (8 = f ywdu - o (10)

The minimization of (8) leads to
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N 62

3'(8) = n -} bj f Hj(e)de : (11)
Cy=1 ! .
-y . 1
2
where
N 6 :
1 2 ‘
n o= = ) b J H,(8)d6 : (12)
1

the b,'s are the solutions to the following system of

]

equations

0, N 0,
B, = n j Ho(8)de + } b f H,(8) H,(8)dO (13)
0 8

From. (11) the current density j(0) is easily Tecovered

The shaded areas of fig 4.4 represeﬁt a theoretical 'cﬁfrent
density distribution used to Acalculate valués‘ of the
horizontal (H) and vertical (Z) perturbation fields at seven
stations (Fig. 4.4a) and four stations (Fig. 4.0D) indicafed
by arrowvs. The'solid line curve correpsonds to the flattest
model of \the Oldenburg inversion which resembles the
original curﬁgnt distribution only in the region of the
stations (629 to 68.50 latitude in Fig. 4.4b). Outside this
region (68.5o to 740 latitude) when only four stations are
used (Fig. u.ﬁb) the negative current is not as wvell
resolved as when stationsrunder the current are used (Fige.
4.4a) . Nevertheless, both integrated‘neéativé currents
(02.37x10*, amperes) :ﬁﬁrg only 4.9%‘ éreater than the
theoretical value of -2.26#50* amperes. in effect the four

stations (Fig. 4.4b) can ‘!see' the current outside their



Figure‘u.u

\

|

|

. ‘~ “

Altest of resolutibnjof current density in
a|theoretical model with both westward and
eastward 1ionospheri currents hown by
skaded areas in a three-dimensionpal loop
including field-alighed currents,. (a)
using data from seven stations as shown,
(b) using data from four stationsi 'Solid
line corresponds to |the "flattest!" model
of the Oldenburg inversion. Vertical efror
rs indicate the a curacy  of current
timates which are jo ned by broken line.

o“ : \

.
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latitude'rauges; but cannot res01ve its shape or' positiou;
The integrated positive currents are also vithin 5% of the
theoretical value of 7.92x10% amperes where both sets. of-
stations (Figs. 4.4a angd' b) resolve it.equally uell in.shape

o

and position.

The broken lines of Pig. 4.4 j01ns the values of the
current density est1ma+es wvhose accuracies are indicated by
vertical bars. 1In computing. those error estimates it was

assumed that there was a standard deviation of 3 nT in the

'observations of H and z. Correspondlng to each vertlcal bar

is a range of latitude ‘(not shown), +the spreads of the
averaging ;fuuctiqn. These functions are narrow and well
centred (similar to curve. II in Fig. 4.5b) above the
positdons of the estimates in latltudes Hhere there are
observatlons but become wide and off-centred outside those
latitudes (Oldenburg, 1976) ThlS displacement in latltude

vill be further discussed in relation to Fig. 4.5. When the

‘flanks of the current are reached, in the latitudes where

there are observations, the averagingvfunctions become ‘one-
sided but well centred as in curve IIT of 'Fig. 4.5b. In Fig.
4.4 for' the regdon; between the statlons S is about 1.3
degrees. As the flanks of the current or. the ‘limits of the

stations are reached, the _resolution is reduced. For an
N . 0

estimate of <j(o_ )> at 6, = 620 < s 2 8 de
estimates outside the llml&s of the statlons (Fig. u.ub)‘the

values of S increase fronm about 20-at 6 = 699 to about 250

at eo = 73° Here the resolutlon and 51gn1f1cance of current_



Figure 4.5
Q

S

(a) An inversion by Oldenburg's method
from fields observed at five stations, at
08.33 U.T. on 1974 September 18, to a
carrent density distribution (solid line). -
The broken line joins points where current
density estimates were made vith an
averaging function discussed in the text.

(b) Averaging functiomns for evaluation of
current density estimates at three
different latitudes (shown by arrows) of
the®inversion shown in (a). Note +hat
curve I is wide and off centre as compared
to curve II which is over the range of the
stations. Area under each averaging

~function is 1.

o
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density éétinates are limited because the averaging function
becomes very flat and is not centred at 6_, as curve I of
Fig. U4.S5b. The bo#—car theoretical model of Fig. 4.n

i

provides a specially/severe test.

_— -

Fig. 4.5a sh vs the .result of inversion of the
perturbation .fields recorded by a line of five stations of
the array at epoch‘bé;BB U.T., 1974 September 18. Here .the
current density distribqtion shows the existence of a large
eastward (negative) current to .the north of the main
westward (positive) current. The e.stward cdrrent flows
north of the.array and therefore is not well resolved. while
the current dénsity estimates are not very significant, it
is clear that an eguiialent eastward current system existead

to the north of the main westward current. . -

The standard deviations of fhe data, related to the
error bars on the current density estimates, include not
only obéervational errors, but also- departﬂres ‘of the
observed fields fronm those.calcdiated from the model current
systen. The\;ums of;squated_rgsiduals in Tables 4.2 and 4.4
allow estimation of such standard deviations. For 08.33 u.r.
on September 18, o= 18.8 nT. The error bars on'fhe dashed’
curve in Fng M.5a correspond to this value. The eastward

current norgth of the array is clearly significant, though

its shape is not well resolved.

Fig. 4.5b shows typical averaging functions

.

corresponding to evaluation of current density estimates at
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latitudes indicated by the arrows. The value of the spread
for the wide and off centred averaging funtion (curve I) is
5.70; This value reduces to 19 for a well centred and narrow
averaging funcfion as <hown in curve II (Fig. 4.5b). Near
the flanks of the electrojet the averaging function shown by
curve III in Fig. u4.5b has a spread S of 1.10. These
averaging functions when convolved with anyfcurrent density
diStrinu£;gn (e.g. the flattest model) that produces the

observat ioms will give a unique value of the current density

estimate.

Wwhen applying this inversion method to the analysis of
the array observatioms, only a repfesentative subset of
stations forming a line across the jonospheric current were
used. The reason for this is that the inversion’ tedhnique
attempts to_ fit the data exactly. This produ:és a current
density distribution containing larger osciilations as the
number of stétions is increased.‘For the epochs of Substorms
2, 3 and & wh;re'this method was used, H and % observations

from 5 to 7 stations of the array vere used.

In the few cases whefe the array vas-completely within
the bend Qf the ionospherid current a small rbtation of the
horizontal components was made in.ordef to ensure that the
observed fields hSed in the inversion program would prqperly
represent the array observations. This rotation is necessary
because the inversion <calculations requife currents that

flow at a constant latitude, and make no provision for tilts
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or bends of the electrojet.

b.3.3 Model calculations

The perturbation fields at six epochs of Substorm 2
have been fitted by models of the Kisabeth type (Kisabeth -
1972, Kisabeth and Rostoker 1977) . The gene:al configurationi
_of'the current loop is shown in Fi§. 1.7. The substorm of
September 7 could not be modelled by a current of this type

with uniform current density across its width. Accordingly a

— .
current distribution was estimated by the direct inversion

+

method deécribed in sec;ion a.3.2.'

In four of the six epoqhs of Substorm 2 which have been
mpdelled, the Oidenburg inyerse méthod led to models with
substantial eastward ionospﬁéric currents to the- north of
the main  westward. current. The resolution test just
described shows that fhe‘ observea fields require the
presence of =significant equivalent eastward éurrents. They
have.been connected, in +these models, to field;aligned
currents arbitrarily placed in the same longitudes és those
foundvfo: the main~uestqard current:'thus the least-squares
fitting program moves a pair of field-aligned currents at
the east end of the loop, or anotper pair at the west end,

to optimize the fit.

The magnetic fields produced at the Earth's surface by
the three-dimensional current loop (Fig. 1.7) vere

calculated from the Biot-Savart law in the manner described
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by Kisabeth (1972) (Appendix A). ,yhere eustward currents
appeared, 'in the ionospheric segments, to the north of the
westward electrojet, two complete 1loops of current, . in
opposite senses, formed the model. Puovision vas made to
introduce a bend in the ionosphere ségment to éive a_ change.
of Iatitude with a cosine dependence on 1longitude. By
varying certain parameters (Fig.ﬂ 4.6) of| the‘ ionospheric
current segment, a least:squares fit was obtained between
the caluulatedkand observed ™magnetic perturbation fields.
The width of the current system ﬁas kept constant as
obtained with the inversion technique described earlier, but
a constant factor wmultiplying all current densities was
allowed to change,.aé a parameter (P1; Fig. 4.6) -of the
least- squares fit. For all cases where a bend was needed,

the bounding longltudes (P3 and P4) of the bend were allowed
to vary as parameters. The fourth and fifth parameters were
the latitudes of the southernuedges of the easterh (éS’ fahd
western (P7) section of the current system.. For epoch 09.43
the eastern end of the ionopheric cu:renf section was
allowved to fidve with the eastern'limit of the bend. Por
epoch 10.48 U.T. no -bend was .cousidered, and only four
parameters vere ailowed to chauge, namely the total current
(P1), the western end (P2) of the ionuépheric current system
and both its northern (P9) and soutuern ’(psj latitudinal
limits. At .epoch 51.23.0. . the only parameters varied ueré_

the total current (P1) and the eastern longitudimal end (P5)

of the current systeam.
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Table 4.1 summarizes the parameters that were varied at
different epochs in their substorm.
TABLE 4.1

PARAMETERS OF THE IONOSPHERIC SEGMENT
VARIED FOR SUBSTORM 2 (refered, to Pig. 4.6)

independent dependent
epoch Farameters parameters
08.28 p1,pr3,pP4,P7,P8 P6,P9
08.58 r1,P3,P4,P7,P8 P6,P9
09.43 P1,P3,P4,P7,P8 P5,P6,P9
10.13 rpt,P3,P4,P7,P8 P6,P9 .
10.u8 P1,pP2,P8,P9
11.23 P1,P5

A ‘

While the field-aligned currents have been modelled as
sheets of negligible thickness, the data could equally well
be satisfied by field-aligned currents distributed through

: . @ : .
several degrees of longitude, as was fhown in Chapter 3. 1In
reality the field-aligned currents seen likely to be

distributed in longitude.

In all calculations the ionospheric curfents were kept
at altitude i15 km. Inductioﬁ tin the Earth has been
approximated by that in a supe;conducting sphere at depths
chosen empirically to optimize the fits of calculated
‘horizonéal and vertical components pb'those observed. This

choiceé was based upon tests outlined in Chapter 3.

The least-squares fit was obtained by applying to
observed ‘and calculated values, of three magnetic components

with equal ﬁeights, the iterative subroutine. ZXSéQ of the
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The lmodels of Substorm 2 '§pproximaté observed
perturbation fields from 01.00 U.T. baseline. These are.
presumably superimposed on .some steady-state fiéld
éorrespohding to preexisting currents in the magnetosphere

and ionosphere.

~

4.3.4 Model currents for six epochs_of Substorm 2

Figures 4.7 to 4.12 show observed and calculated fields
and the residuals (observe&—calculated) at six
representative epochs of Substorm 2. The' no -k * and
southern limits of the- ionospﬁéric currents, anu the
bohndarj between uestvard‘ and eastward currents, cre
indicated. The main pﬁrpose\_in preseﬁting the results ot
hodel‘fitting in this way, is to show the residuéls ac
vectors. In Fig. 4.13 shows the complete ionospheric
segments of the model currents at six epochs, in nMerca;or
projection of centred dipole geomagentic coordinates,
together with the current density distribution at each epoch

found from the Olbenburg inversion. As numerical measures of

goodness of fit we use the parameters



Figure 4.7

4

Observed perturbation fields, calgculated
fields for model currents of best fit, and
residuals in the five-minute interval
08.25-08.30 U.T. during Substorm 2. For Z,
northwvard arrows represent upward Z. The
full length of the ionospheric segaent,
and the distribution of current density
across the width of the current, are shown

in Fig. 4.13.
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Figure 4.8

Observed perturbation fields, calculated
fields for model currents of best fit, and .
residuals in the five-minute interval ~
08.56-09.00 U.T. during Substorm 2. For Z,.
northward arrows represent upward Z. The
full length of the ionospheric segment,
and the distribution of current ' density

"across the width of the current, are shown

in Fig. 4.13.

7
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Figure 4.9

Observed ~ perturbation fields, calculaté%
fields for model currents of best fit, an
residuals in the five-minute interval
09.41-09.45 U.T. during Substorm 2. For Z,
northward arrows represent upward Z. The
full length of the ionospheric segment,
and . the distribution of current density
across the width of the current, are shown
in Fig. 4.13. ' «
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Figure 4.10

~

»

Observed verturbation fields, calculated
fields for model currents of best fit, and
residuals 1 +he five-minute interval
10.11-10.15 U\T. during Substorm 2. For 2z,
northward arrovs represent upward 2. The
full length of the ionospheric segment, -
and the dlstrlbktl of current density
across the width\ of the current, are shown
in Fig. 4.13.

\
\\
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Figure 4,11

Observed perturbation fields, calculated
fields for model currents of best fit, and
residuals in the five-minute interval
10.46-10.50 U.T. during Substorm 2. For 2,
northward arrows represent upward Z. The
full length of the ionospheric segment,
and the distribution of current density
across the width of the current, are shown
in Fig. 4.13. .
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Figure 4.12

Observed perturbation fields, calculated
fields for model currents of best fit, and
residuals . in +he five-minute interval
11.21-11.25 U.T. during Substorm 2. .Por 2,
northward arroWws represent upward Z. The
full length .of the ionospheric seguent,
and the distribution of current density
across the width of the current, are shown
in Fig. #.13. ‘ )
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'3 (observed total field) 2

2 (residual)2
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§.= S(observed total field at 08.03 U.T.)?2

and these parameters are listed for the six epochs in Table

4.2.

TABLE 4.2
STATISTICAL PARAMETERS FOR SUBSTORM 2
‘ 197u'SEPTEHBER 7 :
r ; 4 T T T 1
1 TIME i SSQ i SSQ { l [
| U.T. | OBSERVED | RESIDUAL | € f !
+ —+ —t 4 § 1
-1 08.03 | 41771 | -- | == lo=-- 1
L I 4 y| i 4
r L T T g T 1
| 08.28 | 264115 | 8432 { 0.0319 | 0.20 |
+ ~4 4 + + 1
| 08.58 | 2023347 | 55332 | - 0273 | 1.33 |
F 4 —+ —d— 4 1
I 09.43 | 2946832 | 49535 | 0.0168 | 1.19 |
S 4 ‘ 4 +— + 1
| 10.13 } 2277832 | 61887 | 0.0272 | 1.48 |
1 1 I 4 I 4
g 1 T T T 1
| 10.48 | 1546696 | 41219 | 0.0266 | 0.99 |
1 | 1 4 - 1 d
r T T R T b |
I 11.23 | 683507 | 29006 | 0.0424 | 0.69 |
1 4 1 1 a d
8 Y B Al L k|
I 12.23 | 21585 | -= I -- P -- |
[ o ' A A J

Note: SSQ denotes sum of squares

Residuals

of the horizontal field at

epoch 10.48 U.T.

(Fig. 4.11) indicate that possibly a better fit could be
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achieved if the ues\enn end of . the current system were
nearer to the array. This could result if a larger number of
iterations were allowed in the least square fit.

Nevertheless the fits are very satisfactory.

and fourth epochs, at 08.28 and 10.13

1]

At 'the first
U.T., no épprecigble eastward ionospheric bcurrent is
indicated by the inverse éalculation (Fig. 4.13). At the
other four epochs eastward currents are required, and as
modelled cover —a latitude range about one-third of that in
which‘vestvard current flows. As the eastward currents lie
north of the array, ¢they could be véried in width, with
appropriate adjustment of total current, and still satisfy
the data. Calculations of the H and 2 components, due solely
to an eastward current typical of those modelled north of
the array (710-740 N.), give values of about 77 aT forkz ‘at
northern stations and about 34 nT for H. Such contri ns
to perturbation fields <cannot be attributed to L -ne
errors, which would in any case need to be made at northern
stations only. Thus eastward currents, or - ‘équivalent
currents elsewhére givihg the same fields, are required to
the north of the westward currents at four epochs of"

i .
Substorm 2. At 08.58 U.T. the eastwvard current at 220,000

amperes is about . half the westward current of 410,000
amperes. Although the eastward currents lie just outside the
array, the array records strong contributions from then,

increasing Z and reducing H at northern stations.
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Figure 4.13

Ionospheric segments of current loops, in
relation to the magnetometer array, at six

epochs of Substorm 2, in Mercator
projection of centred-dipole geomagnetic
coordinates. GN represents magnetic

midnight. The distributions of current
density across the width of the current
are shown.
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A bend in the ionospheric currents. to the northvest is
required to fit both horizontal and vertical fields, at the
first four epochs modelled (Fig. 4.13). Such a beﬁd
thereforev appears during the first two hours of the
substormk\ Straighf" ionospﬁeric currents at constant
réeomagnetic latitude characterize the final hour of the

substorm (Fig. 4.13, epochs 10.48 and 11.23 0.T.).

Geomagnéfic didnight (Hontbriand 1965) is shown for the
first‘five epochs in Fig. 4.13. Relative.” to the Earth's
surfape, the current system moves westward between 08.28 and
09.43 U©U.T., then ea;kvard until 10.48 U.T., and finally
rapidly westward between 10.48 and 11.23 U.T.; Relative éo

geomagnetic midnight, | however, the current configuration

roves mohotonically eastyward, at varying speeds.

4.4 substorm_3; 1974 Se;;gmber a8

4.4.1 Perturbatjon Fields o .

3
Twenty-three stations recorded this substorm. Baseline

values for the three components were taken at 06.00 U.T;,
and it will be noted inm Fig. 4.2 that the fields were
essentially wundisturbed until well after 07.00 U.T. Mean
perturbation fields from the 06.00 U.T. values were mapped,
as horizontal and vertical components, for csnggggfive five-
minute intervals. _through the substorm, and  eight

representative epochs are shown in Figs. 4.,14a and ﬁ.14b.



Figure 4.14a Mean perturbation fielz’is over five-minute
- '-_,in/tervals‘ at four epochs before and during
Substorm 3. For the vertical components,
northward arrows represent upward fields.

Unit: panotesla. o \
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A

, Figure 4.14b Mean perturbation fields over five-minute
intervals at four epochs during Substorm
3. Por the vertical coaponents, northward
arrows = represent upward fields. Unit:
nanotesla.

3
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Comparison of Figs. 4.14 with Figs. 4.3 shows that Substornm
3 had about half the perturbation field amplitudes £

Substorm 2, and about half the duration.

Two distinct patterns in the.perturbation fields can be
seen 1in Figqg. 0.1ﬁa and u.14b. The first shows horizontal
fields diverging toward the sbuth-southvest (08.03 U.T.);
the second shows pronounced curvature, comnvex to the vest,
in the horizontal fields (08.15, 08.48). It will be :shown
that the first arises when a pronounced bend in the
ionospheric currents,‘toward the‘northiest, lies above the
array; the sécond vhen thé upward field-aligned current, at
the west end of the ionospheric current, "lies above the
array. In the coda of the substorm, at 09.03 and 09.18 U.T.,
the southern stations recorded horizontal _pertdrbatioh
fields directed to the east-northeast. Such fields oould
represent a combination of curremt loops having westward and
southward ionospheric segments (Bostrom (1964) Types 1 and
2) . Alternatively the westward ionospheric current could be
"flanked, on its south siqe, by an eastward current. Rostoker
and Hron (1975) have proposedtan eastuérd current in this
position, in the morning sector. It bwill be shown thatj‘
considerable eastward ionospheric currents, to the north dffat
the westward current, are reguired to ;odel all observed
fields of Substorm 3.‘If, in the coda, an eastward current
lies south of the ~westward current, then the 1latter is

flanked by eastward ionospheric currents on both sides, at

09.03 and 09.18 U.T.
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4.4.2 Model calculations

The perfurbation fields at six epochs of Substorm 3
have been fitted by models -of the type already described for
Substorm 2+ Fig. 1.7 illustrates the current loop. It was
again found essential to employ currents of densities
varying across their widths, and the Oldenburg (1976, 1977)

inversion technique was again applied. RAll six models

"include equi#alent eastward currents north of the westward

ipgospheric currents, and of comparable magnitudes. In each
model, the eastward ionospheric segment terminates in field-
aligned current sheets which are arbit: arily placed in the
same longitudes as the field-aligned currents supplying the

westward ionospheric current segments.

As for Substorm 2 and the substorm of September 11

_(Chapter 3), the field components produced by each model

current~loop were calculated from the Biot-Savart law in the
manner of Kisabeth (1972), and paraméfers (Fig. 4.6) of the
current loop were iteratively adjﬁsted to optimize a least-
squares. fit to the observations. For the three epochs
(07.53, 08.03 and 08.33 U.T.) that required a bend for best
fit, thé total current (P1; Eig. 4.6) aha both 1ongitudinal"
limits (P3 and P4) of the bend were allowel .o :hange.. For
epoch 07.53 the southern liﬁit of the eastern end (P8) of
the current was made an additionﬁl parameter 1ior the fit.
For the three epochs (08.18, 08.48 and 09.03 U.T.) that do

not require a bend, a best fit was obtained by allowing the
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total . current (P1) and the vestern longitudinal end (P2) of

the current to change. Table 4.3 lists these parameters.

TABLE 4.3
PARAMETERS OF THE IONOSPHERIC SEGMENT VARIED

FOR SUBSTORM 3 (refered to Fig. 4.6)

) independent dependent
epoch . parameters parameters
07.53 - P1,P3,P4,P7,P8 P6 , P9
08.03 P1,P3,P4,P7,P8 P6,P9
08.18 P1,P2
08.33: P1,P3,pP4,pP7,P8 P6,P9
08.48 P1,P2

09.03 P1,P2

| The ionospherig currents were Placed at altitude 115 knm
and induction effects were included, to ‘first order, by»
assuming a Superconducting éarth,at depth 250 km. This depth
is ’believed appfopriate to the greater short-period éontent
of the spectrum of Substorm 3, conparéd with Subétorm 2.
Other defails of the nmodel Calculations were the same as

those for Substornm 2.

4.4.3 Model currents at six epochs of Substorm 3 \

| \

Observed perturbation fields are shown in Figs. 4.15 to

4.20 with calculated fields for mddgls giving best fit, at
the six representative epobhs. The residuals are also shown;
Pig. 4.21 shows the complete ionospheric segments of the
model Currents at six epochs, with the observed horizontai

perturbation fields .nd the current density distributions



Figure 4.15

e

Observed perturbation fields, calculated
fields for model currents of best fit, and

residuals in the five minute interval

07.51-07.55 U.T. during Substorm 3. For %,
northward arrows represent upward 2. The
full length of the ionospheric segment,
and the distribution of current density
across the width of the current, are shown
in Fig. 4.21.
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Figure 4.16

Observed perturbation giéldé, calculated
fields for model currents of\ best fit, and

"regsiduals in the five minute " interval

08.01-08.05 U.T. during Substo u 3. For 2Z,
northward arrows represent upward Z. The
full length of the ionospheric ‘segment,

-and the distribution of current ‘density

acrossvthe width of the current, are shown
in PFig. 4.21.
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Figure 4.17

Opserved perturbation fields, calculated
fields for model currents of best fit, and
residuals in the five wminute interval
08.16-08.20 U.T. during Substorm 3. For %,
northward arrows represent upward 2. The
full length of the ionospheric segment,
and the distribution of current density

~across the width of the current, are shown

in Fig. 4.21.
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Figure u.}B

Observed perturbation. fields, calculated
fields for.model currents of best fit, and
residuals in the five  minute interval
08.31-08.35 U.T. during Substorm 3. For 2,
northward arrows represent upward -Z. The
full length of the ionospheric segment,
and the distribution of current density
across the width of the current, are shown
in Fig. 4.21. '
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Figure 4.19

s
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<

Observed perturpg%ion fields, calculated .

fields for model currents of best fit, and
residualé in the five minute interval
08.46-08.50 U.T. during Substorm 3. For Z,

. northward arrows represent upward 2. The

full 1length of the ionospheric segment,

'and the distribution of current density

across the width of the &yrrent, are shown
in Fig. &4.21. ) !
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‘FPigure,

4.20

Observed perturbation fields, calculated
fields for model currents of best fit, and

- residuals in- the five aminute interval

09.01-09.05 %.T. during Substorm 3. PFor Z,
northwvard arrows represent upwvard Z. The
full length of the ionospheric segament,
and the distribution of current densit

across the width of the current, are sho?%

in Fig. 4.21,
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found from the Oldenburg inverse

squares parameters €

an

d £

TABLE 4.4

calculations.

'STATISTICAL PARAMETERS FOR SUBSTORM 3
1974 SEPTEMBER 18

L) 1 § L J L B L3 R
| TINE |  ssQ | ssQ [ I [
| U.T. | OBSERVED | RESIDUAYL | € TR
¢ 4 4 + + 1
| 07.38 | 9053 | -- ! -- ==
.L 4 4 { 4y
I 07.53 . 379253 I 20744 I 0.0547 | 2.291
— } 4 — + 4 —

| 08.03 635231 I 30051 | 0.0473 | 3.318
¢ ——t - + e 4= 4
I 08.18 | 785459 | 31524 I 0.0401 | 3.482
F 4 + + —+

| 08.33 } 63u425 | 24429 I 0.0385 | 2.698
b 4 + 4 +——o
| 08.48 | 124383 I 10131 | 0.0815 | 1. 119
F — 4 - + + —
| 09.03 -y 8u903 | 6546 I 0.0771 | 020234
F + { ' B 1
| 09.18 | 21505 |  -- == Tt o-=-
[ & 2 A - A ‘L'_T J

Note: SS5Q denotes sum of squares, ¢ is

This

ea§t-west shifts_of the current

(Fig.

4.21).

P

short-1lived

In

S

ubstorm

The

Vd’-d\-—

[~ S,
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least-

are listed in Table U4.4.

»

refered to 07.38

L

was characterized by rapii

sYsten

one type (at 07.53,

08.03 and 08.33 U. T.) '

the field-aligned currents are both 150 or

the _ array

to

between

more

two

avay £roh€

types
1}

3

east and west, and a bend in the Lonospherlc

currents above the array produces-

ho:1zontal fields

-~ L}
Lo

whlch
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diverge to the southrsouthwest. IQ the other typé, at 08.18,
08.48 and 09.03 U.T., the ionospheric currents 1lie at
constant geomagnetic latitude, so that they are straight in
the Mercator projection of Fig. 4.21, and the west-end
field-aligned currents (upward for the westward ionospheric
cufrent and downward fof the eastward current to the north)
" lie above the arfaf, producing strong ‘cnrQAture in the
horizontal perturbation figldé. Figs. 4.15, 4.16 and 4.18
illustrate the %itting of a model of the %irst type, Figs.

- 4.17, 4.19 and 4.20 the second type. ' These two very

sy
%

. Lo '.»lf‘})\,' 'k’n;bii
different fields were récorded at times only 15 minutes

- apart. The fits \6f the three components (H and D

-

contributing to the horizontal components) are considered

satisfactory.

e

The subgtantial eastvward ionospheric current north of
the westward curfent, vhich is comparable to the westwatd
cuggént at each eppch "and 1larger at 07.53, 4is not ﬁﬁ
Artefacf of the in;ersion and is not a conéequence of error
in baseline values. The distribufion of cdrreﬂt denslty_
within the eastward current is not well defined by the
array, because this current is north of .+the array, but the
total eastward current is well determined and steep
no:thwé;d'gradientsf near the broken lines in Pig. 4.21, are’
‘nequired to acéounte foi the large Z/H ratios aféhorthern

g

)  'v§tations{5f.the-artay."The forvard model calculations cannot
wf;.give,uni@hé?{sd{utions and naturally do not distinguish

o beZveen 'redi";ibnosphEIic currents amnd its equivalent in



Figure 4.21

Ionospheric segments/ of current loops, _in
relation to the magnetometer array, at six
epochs of Substorm 3, in a Mercator
projection of centred-dipole geomagnetic
coordinates. GM represents magnetic
midnight. The distributions of current
density across the width of the current
are shown. ‘
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terns of observed fields. The locations of the associatead
field-aligned currents, at the same longitudes as those of

the vestward currents, are arbitrary,. as has been said.

The bends in the ionospheric curéents to the northwest,
;hen seen (at 07.53, 08.03 and 08.33 U.T., Fig. 4.21), are
within 300 of longitude west of geomagnetic midnight, as was
the case in Substorm 1 (1974 September 11,) (Chapter 3).-Pn
the case of Substérm 2 (this chapter) the bend was sometimes
wvest and sometiames east of magnetic midnight. In all three
cases the ionosphleric currents flowed vithout change of

geomagnetic latitude, once the current system and the array
“? . ..\
were entirely in the morning sector. e

4.5 A _comparison of polar_magnetic Substorms 2 _and_3

The ionosbheric segments:ﬁof the three-dimensional
current systems (of the type illﬁﬁtrated in PFig. 1.7) are
mapped ‘in azimuthal equiﬁistant projection, centred on tche

geomagnetic dipole, at the six epochs studied?&for Substorm

2 (1974 September 7) in Fig. 4.22 and for that of Substofm 3

(1974 September 18) in Fig. 4.2:-.

The :égrrent systens extend to the geomagnetic
lgngitudes df Canadian and American permanent geomagnetic
 observatories, and flow above Churchill and Baker Lake at
. some epochs. The records of observatories near the  current
systeams have been scaled, with careful attention to

baselines, and the pérturbation fields at these



Figure 4.22

< ' .

Ionospheric segments of current loops at

six epochs of Substorm 2, in azimuthal
~equidistant projection of centred-dinole

geomagnetic coordinates, superimposed 1 a

-map of the North American mainlanu. GM

represents geomagnetic midnight.

/
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Figure 4.23

v

P

Ionoéphérié segments of current 1 ops at

six epochs of substorm 3, in a imuthal
equidistant projection of centre
geomagnetic ccordinatés, superimpo
~_map of the North A-=-ican mainlang
&'fgrepresents geomagnetic widnight. \
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Figure 4.24

<

Canadian and U.S. observatories  at epoch
08.58 U.T. of Substorm 2\ in azimuthal
equidistant projection of cehtred dipole
geomagnetic coordinate. ocation of
stations are given in table 2.\2.
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- Pigure 4.25 Horizontal perturbation fields recorded by

Canadian and 0.S. observa+ -ies at epoch

11.23 U.T. of Substorr : in azimuthal’
equidistant projection o - ced’ dlporle,
. geomagnetfc - . coordinatc .cation of-

stations are given in tabi. ..2.:Bagnitude

of perturbation at COLL (College) is two

. times the lagni*ude shovn.,, \ﬁ' ’
H . .> » 3

v

& <
-

[ o 2 ,
“ A @




¥y .

R

pog L ¥3BNILd3s

o]

-

PLET



s R ) - ] ) Ml\‘, D N . .
'lm:; R . B ‘.;,?I&"?”. ‘..'M; . *’) \ .
s . t*‘-"\?‘.% Ng -

, v RO e . /

T
L4

-
v

- P . 5} . o FA. f’v
Hotizontal perturbation fielc: recofheafbyﬁ -

Figuregh.26 b
A canadian - &nd U.S. observatc -ies at ép ch

~f s x" . 08.03-0.7T. oty SuQstori 3 in azimu hal ..
Pwl ol equidigtant projection. «of centred dipole’

©© . - .. géomagnetic, coordinate. Locatiap '\ of
_stations are given in table 2.2. - &

T %

R

Bl . N .o B
Sl o g e . a .
EA L Py O L. v :
) ' : : S w oo P
- - ' .. : '
. 1 .



163

,.Q@mwﬁvmmmfw

1d3S v161 -
MO

~ : -]




Al

o

Figure 4.27- Horizontal perturbation fields recorded by

Canadian‘#@gd. U.S. observatories at epoch =
08.48 U.T. .of sSub8torm 3 in azimuthal
equidigtant projection of centred !dipole

- ge _‘mé_gqetﬁ .jcoordinate. Location of "
fgiven in table 2.2. . gl %

st'&ions’

oo e
cy
s o B

i o - R v




165

gy

TR

- ppg 871 ¥38W3L4IS ¥L6T

0¥z

]



166

observatories have been mapped, but only four are shown here 3(

-in Fig. 4.24 to 4. 27. In general the perturbation fields at
the observatorles are cons1stent with the nmodel currents,
but do not adq much to the array data. The problem is, as
meationed in,Chapter 3,‘that the substorm fields have scale

' ;lengths , smaller ethan the distances between the
observatorles, uhereas the spacing of stations in the array
is snaller than‘ the scalz' lengths of 'the‘fields. Thus
Churchlll anddBaker Lake, near the west coast of Hudson's

T%May, generally have perturbatlon flelds consistent with the
models when these show currents above thbse ‘observatorles,

4 s )

but- »Great Whale Rlver on the ‘eastern’ shore of Hudson's Bayiu

- a4, A 4

alvdys lay east of ,current systems and«~ﬁrecoré§%
'<|ohﬁiously unrelated ﬁlelds. College, Alaska wass in general

' west of the cutrentm systems )and usually showed 'flelds

R

unrelated to those systems, but at one" epoch (September 7,

11.23 U.T. Flg. u 25) thls observatory recorded a negative H

fleld of more than 680 nT .stronger than any field seen by

the array, and it may be that the nodel for thgt epoch

o

shonld be extended uestward Thls i8 confirmed hf the AL‘

)}
1nd1ces. Equally well, College may have recorded another,
~

s1multaneous eventt Resolute Bay and Mould Bay-lie far north

of the model currents, and usually recorded pos1t1ve H.
\

perturbatlons vhlch are not predicted by the models, though
they may be related observatorles such ;s sltka and Newport

fecorded small perturbatlons conslstent‘ with the model

currents, Flgs.,u.7 to 4.12 and 4}15 to 4.20 illustrate the

o
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deid drop in the sub:torm fields aoqth of <the overhead

‘currEnts; because o@*%this the United States observatories

i

outside Alaska can in general add little to the arr&#x data.
No attempt ﬁhs been made to use observatory data in

modelllng the currents.

v

Substorm 2 (Fig. 4.22) generated the 1argeot fields and
Gw
had the longest duratlon of the three. The ionospheric

¥

curreht systen moved slowly westward over the array, and
eastwgrd about 180 relative to geomagnet ic midnight, between
08.28 and 10.13‘U,T;;In the next- 35 minutes the current
systen moved aboht‘100 eastward relative to the ground and
about 1890 eastward relative to geomagnetic midnight, then -in
its coda moved rapidly- uestiard relative to both; The
;elatively brleﬁﬁySubstorm 3 (Fig. 4.23) has been modthed

£ :
vith jonospherid «rent segments ‘having the east end always-

o ;L.

at constant longltude and rapld variations in the 1ong1tude,'9

" of the vest énd. (The east end vas toq far from the array to

be well fixed for this eveht, and: some variation of its
longitude may actually have occurred)} At some epochs the

current  systenm stretched westward to about 265-2709,

Ty

simultaneously developihg;a #orthwestward bemd (see also ,

RPig. 4.21). The large%“negetiye, H recorded at WHAL (Fig.
o “ ’ - ' PP

5. 26) sgggests that thg chrreht at' 08.03 U.T. extended

A

further east. The positive' H at BAKE in this sanme epoch
\,

gives some confirmation of an eastuard 1onospher1c current

to the north of the nmain uestuard electrojet At other'

epochs the current systen shortened, wlth its’ upward field-

x
. - \
.
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aligned currents above the array, and simultaneously became

)

'*straight' (i.e. in constant latitude range).

Equivalent eastward ionospheric currents are required
té model the observed fields, in Subsﬁérmsa2 and 3. In
Substorm 2 (Fig. 4.22) tﬂe eastvard currents had magnitudes
between zero “and . D.54 of ‘the westward currents. At tu;
epoéhs,‘ 08.28 and 10.1‘3, the/@urrents in the northern part’
of the zone are small (fié\\u.iB). In using Figs. 4.22 and
4.23 one ghould remember the non-unifo;m current

a

distribution across the width (cf. Figs. U.13 énq af«éf
"uniform current of best fit" would be: narrower vthan the
.current outlines .shown. Eqstwardé currents north of the
westwvard ionospheric‘currents are r;quirid at all epochs of
Substorm 3. The ratii eastwvard/westward total currents lay
in tBé‘range 0.4 to 1.4, so that the eaé£;érd currents were
'dlvéys_ comparéblé; tolithe wéstwatd. :;stward'currents, of
'”f‘pniform denéity across their widt§§ﬁ‘gay§(good fits to the

Jbbserved fields of Substorm 1, (Chapter 3) which thus does.

not appea. to have involved eastward i&nospheric current.

-
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CHAPTER 5
DEVELOPMENT OF A POLAR MAGHETIC SUBSTORM ON

=

AUGUST 14, i97u
ﬁﬁ@

5.1 Introduction

In the tun previous chaptere three substorms have been
nodelled with Bostrd® Type 1 current ’loobs‘sith mainly
westward ionospheric currents. The current models obtained
for Substorms 2 and 3 (Chapter 4) -required in_ﬁOSt cases thqﬁb

existence of an eastward current or ‘equivalent current

‘systen td the north of the main westward/current vhere the
‘ v :

~longitudinal limits of both the eastward and - westwarad

currents, were arbitrarily kept the sanme. A _ -

!

In this chapter éﬁsubstorm&drsCuSsed which 1nvolves
914 .

~an eastu{rd current %ﬁhﬁﬁhe 1onosbhere above the agray but'

'reported The 90551b111ty 1nd1cated by Rostoker amf Klsabei7

%&n% >
which, like the substorﬁs con51dered 1n Chapter 4, qpnnot be

fitted with a un1form current density. Furthermore, magnetlc
records from the northern stations of the array give

definite 'indications. of the existence of a - westward L

fo" ‘

1onospher1c current to the north‘gf the*gastward electro;et.j
) . *-’O"J r

Rostoker and Kisabeth (1973) showed that durlng substorM"

activity the vestward electrojet often penetrated into the"
evening seﬁtor polevward of: the. eastward electrojet which
vould he in agreement with the«“array observatlons here

T \
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'11973), that the'westward current to the north may be an
extension of the westward eiectrojet' into the morning

‘Rw' . 'segtor,'lmmedlately suggests that a.more flexible treatment
L

'»«w*r .
o% the current model 1s necessary, v;th different longitudes

¢ .
for the ends Gf the eastward and westward ionospheric

currents. This chapter therefore records an exercise in
' ' «£

forward modellihg, to fit the observed perturbation fiel ds,

v one step more complicated than those discussed in Chapter 4.
Q . 4 .
\ , . E .

5.2 Observations

The substorm here reported occurred inm 1974 .on August
: 5y
14 and was recorded by 18 stations.‘uagnetograms are-shown

‘94.

in Fig. 5.1 from 10 stations along*ﬁoﬁéh south proflles near _"

D

/// the western and eastern llmlts of‘gthe array. The statlon
. o , *

(,/jgyp051tlons are shovn ’Nﬁ Flg. 2 1‘_*%§ﬁﬁevent On August 14
L - " A Y 1' s EJ‘ 9 ¢

(Substora 4) is longqilved Hlth a duv' ﬁ“ﬁrof gbout 6 hoursd

\
13

and smaller amplltudes,<.at most. epochs, than those ’of

: Shbstorms 1; 2 and 3 (Chapters 3 and 4). Kp and AE 1nd1ces

are glven in Appendix B. The three-hour rangﬁ&“p 1nd1ces for

#®

'thls-event,are 2-, 2+, 1 and 1-‘for qge first 12 hours of

" ‘Adgust 14, 197“ I'y‘the maps of this chapter, as in the
prev1ous chapters, centred ~d1pole geomagnetic -éogrdinates

q afé shown‘é!gth ~the north . pole at geographic;coordinates
78. ssson., 69.76100. SRS ', ~ | | .',_

‘T



Figure 5.1

haSiel

P

Magnetograms of  Substorm ~ 4 from 10
stations along two north-south line's near

the western and eastern edges of the

array. Bars ifndicate {fhe eight time

intervals averaged in#figs.-5.2a and’ 5.2b.v

The station positions are shown in Fig.

2 - 1 . . ) ‘ . . ' .
# o . fw“ ‘ (\!

»
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: seleétlon

vthe array (excepta for the northern mos statlo

| dlstrlbutlons producing the perturbatlon flelds at 03 18,,

04, 13 and 10. 53 U T. \are Sllllar in characte?. Growth ‘and

173

N
BN

5.3 Perturbation Fields ™ = .

*

v

The ent jre subsrprn vas-plotted as-adseries of maps of
mean values over consésntive five~minute interyals of the
three cpnpenents H,“D‘and z. From these maps - eight, "rime
frames" were chosen as representatlve of the main epochs’ of

the substorn. These eight time lntervals are marked in Fig.

5.1 by horlzontal bars,kand the mean perturbatlon flelds are

; represented in Figs. 5.2a and 5.2b.

The H, D and Z values ‘were measured fron basellnes at

23:00 U.T. on 1974 August 13.. Ilthough nagnetlc act1v1ty was

JETO

relatlvelg low at .the end of August 13 and on August 14 (the

L]

.,

o8 )
,latter selegied as one*bf the f1ve quiet days of the montgg*

) the basellne was dlfflcult. . e

5

1’{1

' '13) appears reasondble when conpared tc? other qulet perlods

) ,‘3 (3

of AE 1nd1ces supports thls ch01ce. In/the flrst Qnme frame o

\of Elg. '5.2a and in the 1asb of Fig. 5 29 it v1ll be nofed"

X.4|

that there' is"a cdh51stent nortpdast pattern,finx.thef

]

horlzontal flelds wlth nearly Zero . vertlcal fleld across

v».

r,‘) L
at’ 03 18

L'y

0.T. ). Comparlng these two tlne franeﬁJw1¢h thgt

U.T. .(Flg 5.2a)‘V‘1t becoues ,clea that

/-\\‘;

i

‘ .
decllne of the substoru perturbatlons/across/the array we'é“f

— ; . Iy IS ¥

QThe'bhoiCe of the“baseline at~23‘00'u T. (1974 Augusts

a£’0u43”fﬂ
- , - ’,l . /r “";‘ v/
he "curreIt o

£

N , .
Hlthln five days fron the event‘in questlon, and 1nspect1on AR



Figur-e 5.2a

Mean perturbation fields over five-minute
intervals at four epochs before and during
the polar ,magnetic Substorm 4. Por the
vertical coaponents, ‘northward arrowvs
represent upward fields. Unit: nanotesla.

'e
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N
Figure 5.2b Mean perturbation fields over five-minute
intervals at four epochs during the ‘polar
magnetic Substorm 4. For the vertical
components, northward arrows represent
upwvard fields. Unit: nanotesla.

»
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gradual and the small ¢ components, in the first two epochs
and the last, suggest broad sheets of current at those times
floﬁing to thé east southeist. The time scale of the
substora can be estimated from Figs. 5.1 and .5.2. These
figures depict fields- and currents gfoving 6ver>the first

hour and declining over the next 5 to 6 hours.

T -

At 0“.13'U.T. (FPig 5.2a) thg‘ horizontal fields have
increased as compared to 03.18 U.T. but the verttcal fields
- do not show any éignificanti change. Quantif&tive model
calculations show' that this conbinéfion cannot be modelled
by an eastward ionospheric current ilone,‘ but requires a
vestv&rd iohospherié current to the north of ;he'nain btoéd

'eastyard current, or scme other current system which gives

‘equivalent fields. .
.

: In five of . the epochs (04.53 U.T., 05.53 U.T., 06.53
U.T., 07.38 .U.T. and 08.53 U.T.) (Figs. 5.2aAand _5.2b) the
.prominent csunter-clockvise curvature of the horizontal
field, conv;x/to'the east, is a chSquence of the presence
near the array of upward fieldfalig;edvcnrrent.ét the east
ggd of theAehstvard ionosphericjéléctrojet. (see also Figs.
5.5 éo 5.9) - ", |

a
-

5.4 podel calgulatjons
The pexturbation . fields ai six epochs of Substora 4
have been fitted\by-lodéls of the Bostrom Type 1 (Bostrda

1964, Kisabeth 1972, Kisabeth and Rostoker 1977). The
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geperal configufa;ion of_thé current loop is shown in Fig
1.7.. This substor; of August 14 could not be modelled by a
current of this. type yith unifors current density across its
width. Accordingly é current Qiétfibution vas estimated by
the direct inversion nethod developed byfgidehburg (1975,

1977) and described in Chapter 4.

The modelling technigue used for *this substorm allpws
for inﬂependent control of the longitudinal boundaries of
q§°th eastward and westvard electrojets, and differ in this
respect from the modelling technique u§ed for Substoras 2
and 3 (Chapter 4). f?olloving the saie_.procgdure as in
Chapter 4 the hagnetic fields ‘produced at the Earth's
surfaée by the three-dimensional current looé '(Fig. 1.7)
vére calculated from the Biot-Savart law in the manner
described by Kisabetlk (1972) (Appendix Ai. Where westward
curreﬁts appeared, in the ionospheric Segnents, to the north
of the eastward electrojet, tvo conpléte 1oo§s of current in

| opposite senses formed the ‘model. Proviéion vas made to
introduce a bend in the ionosphere éegnept to give a change
of .latitude with a cosine dependence 'on longitude. By
varying certain parameters of the ionospheric . current
segleht, a least-squares: fit was obtained betieen}Jthé
calculated and 6bserved lagnetic perturbation fieids. Zpg
parameters varied are indiéated in fig. 5.3. The ;idth of
- the current system vas kept constant as obtained witgj'the“

inversion technique described in Chapter 4, but constant

factors - (P1, . P12; PFig. 5.3) multiplying all current

sl
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densities was allowed to change as a paréneter of the lerast-
squares fit. Por all cases " where a.bend was needed, the
bounding longitudes (P3 and P4; Fig. 5.3) of the bend where
allowed to .vary as parameters. The fourth and fifth
parameters were the latitudes of the‘soufhern edges " of tﬁe
'eéétern (P8) \and western (P7) sections of the current

systenm. Fofvepochs 04.53 U.T. and 05.53 '0.T. (Seg Pig. 5.10)
the easterg end of the éastward ionospheric_cutrent» séction
‘gPS) vas allowed to move with the eastern limit of the bend
(P4). For epoch 04.53 U.T.‘best fit was obtained whep the
eastern boundaries of both the eastvérd and westward
'electrojet vere at the same longitude and so were controlled
vby the same parameter (P14=P5; Figqg. 5.3). For epochs' 05.53
U.T., 06.53 U.T., ana 08.53 U.T. (see Fig. 5.10) the eastern
longitudinal' boundary of the westward eleééroj&;)(P1A, Fig.
5.3) was fixed at 3309E but the ;bounéary of the eastward
electréjet (PS5, Pig. 5.3) was alloyed“ to change as a
faraneter. For epoch 07.38 U.T. where the array does not
detect a uestiard electrojet no bend was consi&ered, and
only four parameters Qere allowed to change, namely the
£otal current (#1), the easter; end of the ionospheric
current system (PS)‘and both its northern (P6) and soutﬁernAQ
(P7) latitudinal liﬁits. Table 5.1 summarizes the parameters
that controlled the least square 4fit for each epoch df

shbsto;n 4; parameters are indicated in Pig. 5.3.
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TABLE 5.1
PARAMETERS OF THE IONOSPHERIC‘ SEGMENT VARIED

FOR SUBSTORM 4 (icferred to Fig. 5.3)

Independent Dependent

Epoch Parameters Parameters
u.T.
04.13 P1,P3,P4,P7,P8 P12=P1,P6,P9,P10,P11
04.53 p1,P3,P4,P7,P8 P12=P1,P5=P4=P14,P6,P9,
: . : P10, P11

05.53 p1,P3,P4,P7,P8 P12=P1,P5=P4,P6,P9, P10, P11
06.53 P1,P5 P12=P1

07.38" Pt,P5,P6,P7
- 08.53 P1,P5 P12=P1

|
|

Remote field-aligned cugrents with very small effects
on the observed fields were fixed because fheré.ias no éoint
in varying their longitudes. Thus in all cases the western
ends of both the eastward and westward electrojets ;vere
placed afbitrarilx. at 2559 geomagnetic longitude, add the
eastern ends of t@é vestward electrojets at epochs 04.13
U.T., 05.53 U.T., 06.53 U.T. and 08.53 U.T. were arbitrarily

placed at geomagnetic longiiude 3300,

While the field-aligned currents have been modelled as
sheets of negligible thickness, the data could equally well
be satisfied by‘field-aligned‘currents distrébuted through
Several degrees of 1dngitude, as indicated in Chapter- 3. In
reality the field-aligned currents seem 1likely to be

distributed in longitude.

In all calculations the ionospheric currents were kept

at altitude 115 km. Induction in +the EFarth has been
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- approximated by that in a superconducting sphere at depths
chosen empirically to optimize the fits of calculated
horizontal and vertical conpohents to those’ observed. A

depth of 250 km was chosen for the»supérconductor}ji
As in the previous chapters t he leagt—squares fit was
obtained by applying to observed and caléula ed Vvalues, of

¥
three magnetic components vlth equal

yelgh ; the iterative

subroutine ZXSSQ of the IHSL llbrarf ;

\\ \\
A \,7 .
P

The models of Supstorm” 4 - approximate observed
perturbation fields from the 23.00 U.T. 1974 august 13
baseline. These may be superipposed on some steady-state
field corresponding to preexisting currents ia the

magnetosphere.and ionosphere.

5.5 Model currents for six epochs of Substorm 4

Pigures 5.4 to 5.9 show observed and calculated fields
and residuals (observed calculated), at six representatlve
epochs of Substorm 4. The northern and ' southern linits of
the ionospheric currents, and the boundary between westward
and eastward curreﬁts, are'indicated. Fig 5.10 shows the
complete ionospheric segments of the model currents at éix
epochs, in Mercator projectio& of centred dipole geomagnetic
coordinates, together with the current density distribution
uat each epoch found from the Oldenﬂurg inversion. As

numerical B-asures of Agoodness of fit the followving-

parameters are used:



‘Figﬁre 5.4

Observed perturbation fields, calculated,
fields for model currents of best fit, and
residuals in the five-minute interval
04.11-04.15 U.T. during Substorm 4, Por 7, .

" northward arrows represent upward Z. The

full length of the ionospheric segment,
and the distribution of curremnt density

.across the width of the curreng, are shown

in Fig. 5.10.
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Figure 5.5

' Observed perturbation fields,. calculated

fields for model currents of. best fit, and
residuals in the five-minute interval
04.51-04555 U.T. during Substorm 4. For Z,
northward arrows represent upward Z. The
full 1ength of tlie ionospheric segment,
and the distribution of current density
across .the width of the current, are shown
in Figqg. 5 10. :

¥
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Figure 5.6

A

observed perturbation fields, calculated
fields for model currents of best fit, and
residuals in the five-minute interval
05.51-05.55 U.T. during Substorm 4. For 2,
northward arrows represent upvard Z. The
full length o° the ionospheric segment,
and the distribution of current density
across the width of the current, are shown

in Pig. 5.10.
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Figure 5.7

Observed perturbation fields, calculated
fields for model currents of best fit, and
residuals in the five-minute interval
06.51-06.55 U0.T. during Substorm 4. Por Z,
northward arrows represent upward Z. The
full 1length of the ionosphéric segament,
and the distribution of . current density
across the width of the current, are shown
in PFig. 5.10.
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. Figure 5.8

il

Observed perturbation ?ields, calculated
fields for model currents of best fit, and
residuals 1in the fiwe-minute interval
07.36-07.40 U.T. during Substorm 4. Por 2,

.northward arrows represent upward Z. The

full length of the ionospheric segment,
and the distribution of current density
across the width of the current, are shown
in PFig. 5.10. :
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Figure 5.9

Observed perturbation fields, calculated
fields for model currents of best fit, and
residuals in the five-minute interval
08.51-08.55 U.T. during Substorm 4. For Z.
northward arrows represent upward 2. Th.
full 1length of the ionospheric segment,
and the distribution of current density
across the width of the current, are shown

in Pig. 5.10.
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e = -——-_-%fresidgwalyz ______
2 (observed total field)?2
and
£ = 2 (residual) 2

2 (observed total field at (03.18 U.T.)?

and these parameters are listed for the six epochs in Table

5.2.
TABLE 5.2
STATISTICAL PARAMETERS FOR SUBSTORM 4
1974 AUGUST 75
4 L L8 L L R
| TINE® |  SSQ | ssQ [ I S
| U.T. | OBSERVED | RESIDUAL | € T
F——— + 4 + y
| 03.18 | 31570 | - | == ==
b + 4 3 4 .
| 04.13 | 87677 | 4701 | 0.0536 | 0.149]
b — { + —~+ 1
| O4.53 | 467971 |- 9923 | 0.0212 | 0.314]
b 4 + 3 4 y:
| 05.53 | 277529 | 8115 | 0.0292 | 0.257]
1 A | J | d Jd
L g Il Al v L A
| 06.53 | 119852 | 2445 | 0.0204 | 0.077]
p———t 4 +- + {
| 07.38 | 67085 | 2146 | 0.0320 | 0.068]
- + 4 4 + 1
| 08.53 | 93512 ° [ { 2201 | 0.0235 | 0.070]
b 4 4 4 ’ '
| 10.53 | 23857 |/ -- |- 1 ==
L - i L X 1 i I

/ /
Note: SSQ denotes sum 9f squares ‘/

. / 4
This long-}ived substorm is aracterized by a gradual

reduction ofvthe vestward curre to the gprth of the array

Fetween epoc-5 04.13 U.T. and 07.38 U.T.(/ifig. 5.10) ui74 a

/
/
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- small recovery of this westward current in ~the 1last epoch
(d8.53 U.T.). In five of the six epochs presented in Fig.
5;10 the eastern end of the) eastward electrojet was placed
bf ‘the least-squares fit near the eastern stations of the

.arr;y where in a time space of U hours it slowly moved from
3099 longitude at 04.53 U.T. to 3059 longitude at 08.53 U.T.
_The main current systen Iand eastwvard- electrojet thus

essentially rotate with the Barth over the four-holr decline

of the substorm.

At epoch 04.53 U.T. (Figs. S.S.and 5.10) the current
density’ distribution is calFulated yith the iniersionl
‘technique of Oldenburg. This prggram makes no provision to
'separate field-aligned curreﬁts belonging to the véstward
and eastward electrojets. Thg'éﬁrrent density distiibufion
was therefore. found for fielé-aligned currents in common
longitudes, as shown in Fig. 5.10. If the‘ fieldéaiigned
currents are separated in longitude’ for the least—séuares
fit, as shown schematically in Figv5.3, a slightly ,bétter'
fit results at epoch 04.53 U.T.." Extension of the east end
of the westward electrojet to 3300 longitude causes a élight
deterioration of the fit, to € = 0.031 from € =0.021 for the
model .in Fig. 5.10. This déterioration may reflect only the
fact that the Oldehburg inversion was done for the model of

Pig. 5.10.

It is worthy of note that at .epoch 04.53 U.T. " the

latitudinal boundary between the eastward and westward



Figuré 5.10

Ionospheric segments of current loops,. in
relation to the magnetometer array, . at
four epochs, in a Mercator projection of
centred-dipole geomagnetic coordinates. GM
represents magnetic midnight. . The
distribution of current density across the
wvidth of the current are shown.
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electfojets,falls within the arraf'(broken liné Figs. 5.5
and 5.10); This indicates that the westward electrojet is
somewhat better resolved near its southern 1limit +than the
cases discussed 1in the inversion tests reported iniChaéfer
4. Perturbation fields calculated from the current models
obtained for this substorm (1974, August 14) when campangd—__
to the observa*ions (Figs.\ﬁ,ﬁ to 5.9) give very small an& |
satisfactory residuals. The largest residuals are at epoch
04.13 U.T. (Tqble 5.2, Fig. 5.4) where a ﬁore sophisticated
mgdel appears to be required to produce the uniform
horizontal fields and the reduced vertical components
obéerved‘ (Fig. 5.4). Even here tﬂe\fit is reasoﬁably good
considering the simplified model uSed in the' calculations

and the rather small fields observed at 04.13 U.T. The

. A : -
prominent counter-clockwise «curvature of the horizontal
field, <convex to the east, observed between 04.53 U.T. and

08.53 U.T. has been well fitted by the cyrrent model as can ./

be observed in Figs 5.5 to 5.9.

5.6 Discussion

The ionospheric segments of the three-dimensional
current systems (of the typg.illustrated in Pig. 1.7) are
‘mapped in Fig. 5.11 in ézimuthal equidistant projection?
centred on the geomagnetic’ dipole, at the six epochs studied

for Substorm 4 (1974 August 1: ;.

The current systems = extend to the -~ goemagnetic

G



Figure 5.11
<

P

.

7

Tonospheric _segments of current loops at
six epochs of Substorm 4, 1974 "August 14,
in azisuthal equidistant projection of
centred-dipole geomagnetic coordinates,
superimposed on a map of the North
American ‘mainland. GN represents
geomagnetic midnight. s
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longitudés of Canadian and Amerlcan permanent gebmagnetlc
observatorles, and flow above Churchill and Baker  Lake at
one epoch and above College, Alaska at five ~epoclis. The
records of observatories near the current sys*ems have been
scaled, with careful attention +to baselines, and the
perturbation fields'at the§é'observatpties have been mapped.
Perturbation fields at two epoéhs are shown in Fig. 5.12 and -
5.13. In general the perturbation fields at  the
observatories are cénsistent with the model currents. The
large positive.H recorded by BARR at 0Qu4.53 p.T. (Figl, 5.12)

Suggests that the west end ~. the eastwara ionospheric
electrojet may have extended to at least 2400 longitude. It
is p0551b1e ‘that the westwarad electrojéf extended as far

‘north as BAKE with the eastern end extending into the

morning sector east of WHAL. "

Fig. 5.13 depicts the Pérturbdtion fields observed by
the observatories outside the array at 07.38 U.T7. For “this
epoch : the observed fields afe consistent ' with fhose
predicted by the model. The vesfvard electrojet no 1longer
exists near the array. This }s indicatéd by the reduction in
the magnitude of the H co;poneﬁt at BAKE, CHUR, and WHAL,
and the changes observed at MOUL and RSLT as 'comfaféd to
"oa.sa U.T. '(Fjg. 5.12) wvhen this westward electrojet was
'§:esent. The possibility of a weak ivestvagd ionospheric
current near BAKE, not‘detected by the array,vmust'noL be

discarded.



Figure 5.12

Horizontal perturbation fields recorded by
Canadian and U.S. observatories at epoch
04.53 U.T. for Substorm 4 in a ,azimuthal
equidistant projection of centred dipole
geomagnetic coordinates.  Location of
stations is given in table 2.2. GM
Tepresents geomagnetic midnight.
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Figure 5.13

Horizontal perturbation fields recorded by

Canadian and U.S. observatories at epoch
07.38" 'U.T. for Substorm 4 in a azimuthal
equidistant projection of centred dipole
geomagnetic coordinates. Location of
stations is given in table 2, 2. GHM
represents geomagnetic midnight.
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i

At both epochs, 04.53 U.T. and 07.38 U.T. (Figs. 5.12
and 5:13) £etter agreement with the observatory data could
‘be obtained if the western end of the cur-ent system wvere
somewhat north of the ©position shown. The array does not
accurately resolve the'Iafitude and longitude of ¢the far

ends of the current systems.

For epoch 04.13 U.T. observatory data (not shbwn) fronm
stations outside the array indicate that the east end of the
eastward electrojetT(Fig. 5.10) which was arbitrafily placgd
at 3300 E longitude, would be more realistic if placéd abou£
3150F longitude. The east end‘sf the eastward ionospheric
electrojet obtained fro? the - modelling appears to \be
stationary to the east of éhe array (vi{hin 50 longitude)
(Fig. 5.70N) in the time period from 04.53 U.T. to 08.53 U.T.
+In these four hours the array has moved through 60° of
longitude with respect tocgeomagnetic midnight (Montbriand
1967) (Figs. 5.10 and 5.11). Therefore the east end of the
eastuard‘electrojet moved about 559 to the eaé; with respect
to aidnight in this sanme time interval. In this sampe period
Barrow (BAQR)'vas the observatory that contributed to the AU
index (see'Appendix B) placip& the.ﬁest end of the eastﬁard
electrojet to the ' west of- Barrow. On the other hand,
Narssérssﬁaq (Greenland) contriQuted to the AL index f?om
 04.00 U.T. to 07.00 U.T. and Great Whale River (WHAL) from
07.00 U.T. to 09.00 U.T. placing the east end of the
eastward'elegtrojet to the west of WHAL. This would confirm

the results  obtained froa the‘quellihg where an eastward
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drift of the eastward ionospheric éiectrojet has been
detected. It is intLresting to noté, in Fig..5.10, that the
westward elect;ojet<Lurrent, between epochs 04.13 U.T. ané
07.38 U.T., decreases monotonically while the eastwvard
electrojet becomes more intense reaching a maximum of
190,000 amperes at epoch.05.53 U.T. and then drop to 110,000

amperes at the last epoch (08.53 U.T.).
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/CHAPTER 6 / j

/.' . /,
-CONCLUDING REMARKS
/
Three of thef four sﬁbstorms modelled in this thesis

(Substorms 1, 2 and /3) were associated'with a main westward

ionospheric «current-flowing in the auroral oval region over

the array. The fourth one (Substorm 4) had a main eastward

ionospheric current flowing'bver'the array.

Magnetic perturbations associated with these substormsv
: ' |
as observed b the "magnetometer array, were successfully
fitted to fields produced by a simple three—dimensioqél
/
/

model current loop (Bostrom Type 1) where induction in a

superconducting sphere was included. Good control of the

parameters

ionospheric/ segment df the current loop vwas achieved by ‘the

use of the +wo-dimensional magnetomgter array. Important

contributijons related to the development and morphology  of
/

have been obtained from a single north-south Line
/

of magnetfometers (Kisabeth, 1972; Kisabeth and Rostéker,

substorms

19?1) and iﬁ this research I have had the great advantage of

the guidance of these and other papers by Rostoker, Kisabeth

and others. Nevertheless, the added longitudinal dimension

of the 1974 magnetometer array gives the resolving power
necessary "for accurate location of the nearer longitudinal

end of the ionospheric segment of each current loop. ;Tif

that define the boundaries and the path of the /
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O

convincing fits obtained when field aligned Currents of the
/
model/are placed above the array leave 11ttle doubt of the

/
reallty of these currents,

/ With data from the two dimensional array it has been

possible *o observe the longitudinal displacements of the

//i nospheric segments of the current loop. Substorm 1, a

péief event, moved steadily eastward, at least 200 relative

to the surface of the Earth and at least 380 relative to -
geomagnetic midnight (Fig. 3.12). For Substorm 2 (Fig.
4.22)y, a prolonged event,‘ the ionospheric‘current systen
moved slowly westward over the array, and eastward about 180
relative to geomagnetic midnight; between 08{28 and 10.13
U.T. In the uext 35 minutes the current systeu moved about
100 eastward relative to the ground.and about 1890 eastward
relative - to geomagnetic midnight, then in its coda moved
rapidly westward relatiue to both. The relatively brief
Substorm 3 (Figqg. 4.23) has been modelled with ionospheric
current. segments having the eas+t end always at constant
longitude and rapid variations in the lougitude of the west
end. (The east end was too far from the array to be well
fixed for +this event, and some variation of its longltude
may actually have occurred). At some epochs the current
Systenm stretched westward to abou+ 265-2700, simultaneously
developing a northwestward bend (see ,also "Fig. 4.21). at
other epochs the current systen shor;ened, with its upward
field-aligned currentsvabove the array, and simultaneously

became 'straight' (i.e. in conStant’latitude range).
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\ |

Substo . 4%, resulting from a main eastwvard ionospheric

electrojet, »~»intained a very stable position ' of thg‘ east
W ) - '
end with respect = to the array. During the four last hours

that this substorm was modelled, the current systenm rotated
with the . earth, drifting 600 to the east with respect to

¥

geomagnetic midnight (Figé. 5.10 and 5.11). ‘ .

Northwestward bends in the ionospheric currents, tafing

the western end to higher geomagnetic latitudes, are seen in
all four substorms. In Substorms 2 (Fig. 4.13) and 1 (Fig.

3.11) this bend is always within 309 of longitude to the

\

vest of geomagnetic midnight. In Substorm 2 the bend occurs

’

‘both east and wegét of geomagpet ic midnight at different

epochs. In all three substorms (1, 2 and 3) the bend

disappears oncé the west end of the ionospheric current lies .

east of geomagnetic midnight, i.e. in the morning sector. An
~ )
association between the bend.and ‘the Harang discontinuity

seems possible (Harané, 1946 ; Hepphner, 1972) . -

The northwest bend seen in Substorm & {Fig. S.jO and
5.11) was most iikely/related to the shape of:thé auroral
dval in the evening sector, except at epoch 04.i3 . (Fig.
'5.11) vhen the bend was more pronounced than requi%ea\for

the oval.

The use of uniform current density distribution in the

modelling was only suitable for Substorm 1. Ai. others
. . 1

‘required a non-unifornm current density distribution.

Application of the Oldenburg inversion te&hnique to obtain

|
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: \
the ‘current density distributions at different epochs in ‘the

development of a substorm, hasimade it possible, by. using
the three-dimensional current loop modé], to observe
sighificagt equivalent eastward curréhr to the north of the
main westward electrojet. For the three substorms where this
technique was used (Substorms 2, 3 and 4, Figs. 4.13, 4.21
and 5.16) itgappears that tég reverse current north of the.
main current tends to be large early in the substorm and
decays faster than the main 'electrojet current. In
particular, in' Substorms 3 and 4 (Figs. 4.21%and 5.10) the
reverse current flowing north of the array decays while the |
main electrojet first'gro;s and lérer falls /Ain the coda of
the event. These two _ substorms are vastiy\ different;
Substorm 3 is a short lived event with a vestward main
ionospheric current over the array while Substorm 4 is a
long lived event with eastward main ionospheric qfrrent over
the array. ‘Different mechanlsms may drive those eastward ani
. *

westward currents, as the.ratio of their magnitudes varies

thfauéﬁ\each event.

An'interesting point is made by Figs. 3.12, 4.22 and
4,23 concérning Substorms 1, 2 and 3 respectively. The

boundary between westwvard and eastward ionospheric currents
. ] |

lies close to 700 geomagnetic latitude, especiaily'east of

theﬁbena (vhere there ic one), at all epochs of Substorms - 2

,and 3. The currenﬁ system of Substorm 1 (Fig.\3.12) lies at

latitudes south of 700 g;Bmagnetic*kexcépt vest of the'bend)

and no eastward current is required to model-the fields. The
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700 geomaénetic latitude may have some relation to the
existence ~of eastward current during.substorms in which the
-principal ionospheric current is vestward. However, the
Oldenberg inversion test described in Chapter 4 (Fia. 4.4)
shows thatfthe lack of stations to the north of the - array
does not allow resolution of the p051t10n of the eastward
current. The association of the boundary between westward

and eastward currents and latitude 700 N may #hus be partly

| - -

an artefact of the location of the magnetometer array. For
Substorm 4 (riq. 5. 11) the boundary is also close to 700

latl ude, except west of the bend at epoch 04.13 U. T.

Fourier transforam maps obtained from data of the\ array
indicate that no 51gnfflcant conductivity anomaly in the
earth exists under the array. PFuture studies. will extend
this finding to .obtain a conductivity-distribution wifh
depth and attempt a separation of the perturbation fields
into its‘ components of internal and:external orlgln. When
obtalnlng the Fourier transform contour maps in search bof
conduct1v1ty anomalies under the array, it was observed that
in general the phases of H and 2z at different periods

Presented a consistent phase lag to +the south-vest '(Figs.

3.2 to 3.4) which may have some significance.

Vieving conditions of the visval-auroral for the all
sky camera and Auroral Scannlng Photometer (ASP) (ISIS-IT
satellite) over the array were not ideal (Wallis, 1975) . In

the summer the high sun nade viewing ' poor, 'making the

- »
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comparison betwveen visual auroras and ionospheric currents

impractical.

At the time of the events presented in this - thesis,

— y

available TRIAD satellité data came from passes more fhan
30°’west of the -:cray (Kamide, 1§76)'and are therefore of

b3 o

little use in inferring parameters of field aligned currents
|

“bove the!\ array. These data could be of interest wvhen the
current model predicts field aligned currents near the

satellite passes.

o

In future 'érray studies to extend\‘@e results here

d
\reported,, it {s "clear that an extension of the twvo-
di-ensional array to the north i;, highly desirable to
invéstigate the fields and currents north of the main
elecﬁ:ojets. | | )

The  newv contributions to \tpe knovledge of polar
lagﬁetic substoras rééorded in tgis thesis are the
following: T \\ |

X

1. Birkeland field aligned curreﬁts at the east and
‘vest.end of thnggdospheric current that give rise ¢o the
pertﬁrbation fiélds have been firmly establi;;%?.

| 2.\%Duri{g substoras %Eére is a general tenﬁency of the
“ current system to drift eastwvard with reépect to égonagnetic
midnight. ‘ ) " : ’ \\

3. The ionospheric current segment exhibits a bénd to -

\\ o o , y \



216
the north-west near or just west of geomagnetic midnight.

4. Eastward electrojet associated with a substorm
studied corotates with the¥ earth maintaining the upward
field aligned current at the east end near the edge of the

array for _our hours or more.:

5. Eastward ionospheric current (or equivalent current)

north of the westward electrojet was observed:

6. Westward ionospheric current north of the eastwarad
‘ ] "

electrojet was observed.
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/

Akasofu, s. 1I., 1968. Polar_ and anetlc Substorms, b.,
Reidel Publ. Co., Dordrecht, Hollan |
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APPENDIX A
THE MAGNETIC FIELD FROM A THREE-DIMENSIONAL

LINE CURRENT

[ 4

This appendix contains a sunhary of the equations used
by Kisabeth (1972) to compute the magnetic field from a
three-dimensional current system. These matrix equations are
deriyed from the Biot-Savart's law which not only enables
the rapid calculation of any magnetic field due to an
arbitrary three-dimensional current system whose pathé are
known but also contains the necessary terms to represent the
Farth's induction effects in the case vhere these can be

simulated by a perfectly conducting sphere.

The magnetic induction B at the observation point
(r ,eo,¢o) (Fig. A.1) on the surface of the earth ’rO) due

to an arbitrary loop C of current intensity 11 be

evaluated. The coordinate directions at the source (r,9,9¢)

~ ~

are different from the'coordinate directions (ro,eo,¢o) at:

the observing position, where both coordinate éystems are

related by
v
~ b A
r N r
o
0, = Al o
¢ ¢



Diagram defining ' vectors in 'spherical

Figure A.1
: coordinates . for magnetic field
calculations (after Kisabeth, 1972).
/ . \
/ 4

/
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where A is an orthogonal matrix with components:

All = sineosinecgs(¢O—¢)+coseocose
Al2 = sineqcosacos(¢o—¢)-sin6coseo
Alé = sineés;n(éo;¢) »~

A21 = cPseosinecos(¢O—¢)—sineocose
A22 = coseocoseco§(¢o-¢)+sineosine
‘A23 = cosf_sin(¢_-¢)

Ay = —sinesin(¢o-¢)

Ag, = —cosesin(¢o-¢)

A33‘= cos(¢o—¢).

The magnetic field at a location (a,60,¢o)‘0n the surface

of the earth (a = ro) can be expressed as

3

13j (a,eo,¢o) = kJ fz dcij (A.1)
1=1
C
where B. = Z, H, or D as j assumes values of 1, 2, or 3

respectively. K is the proportionality factor dependent

upon the system of units used. The matrix dc has

-

. components
- S -A.,e,ds -
‘ Q A31e2dsl 2172771 .
dc:-rA13e0ds2 '-(rA23el+e2A32)dsz (rA33el-A2262)d52
_frAlzeOdSB —(A33e2-rA22e1)ds3 -(A23e2+rA32el)dsi




)

vwhere
e
o
€
€2
\
and’
r
o
IR|
/
|R'
_IZ(AllSO
12(A11>0
where b

(Fig. A.1l).

i

i

) —_

11
(ré)z ‘1
1
rR R +r—ro All ,
e
r' . Cjﬂ@r' -r All)
rI_A '—Qe-+ In {.-
1711 R ‘ r(l-a,,) ",
r'! r(l + A..)
rIlAll LS 1n 11
R' R'-r' + r A
e} 11

is the radius of the superconductive sphere

227
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In the ionosphere and ring current

ds o= ds2 =0

ds3 = r sin6d¢
énd along the field lines

dsl = 2r ctnb6de

d52 = rd#

ds3 = 0.

where ds, d52 and ds., are the components of the

3

~differential current path in the source coordinate
. Y] !

system (r,6,¢).

By B,, and B, given by Equation (A.1l) are the

3
local Z, X and Y components of the mégnetic induction
LN
ﬁ,at the observation point. However, it is common
practice to use the Z, H and D components in the

downward, North and East directions respectively. These

are expressed in terms of Bl} B2, and B3 as- follows:

Z = —Bl
H = --B2 '*
D =B
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APPENDIX B
‘Kp AND AURORAL ELECTROJET MAGNETIC

\ ACTIVITY INDICES

\

An estlmafe of tﬁe global auroral zone magnetic
activity ~at the tiae of the eubstorhs‘discussed in this
thesis can be oPtained by observing the corresponding

, \
Auroral Electrojet\zindex. These are a quantltatlve measure

of the activity produCed by enhanced 1onospher1c currents.

'From the report of Alleﬁ, Abston and Morris (1976) the
hourly averages of alplltude of the upper envelope (AU) and

lower envelope (AL) will be listed, v1*h the corresponding

T

station that contributed "to - that value. The reader is

"

refered to thevorigiaal report for a eonplete definitidq of

these indices as for their graphs. ' “,

Table B.1‘gives a list of the locations of the stations
and their code names that contributed to the AE indices at

the time: of the Substorls 1, 2; 3 and 8. Location of the

& n

stations are also shown 1q'Fig.JB.1 in a polar azimuthal
equidistant ‘projectidn of centered dipole geomagnetic

coordinates.

Kp and Auroral Electrojet indices are given for

>5ubstorns 1, 2, 3 and 4 in tables B.2, B.3, B.4% and i.5

‘respectively. . | B (

A
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OBSERVATORIES USED FOR THE DERIVATION OF At_INDICES

Observatory

:ﬁ{s.';

Leirvogur : !
’ ) .

Narssarssuag
LT~
. \\Cféﬁtuwhale River
Port Churchill
College
Barrow .
Capeyﬁgllen
Trixif Béy
" Cape Chelyuskin
Dixon Island

Abisko

LR
NA
GW
¥C
co

BW

UE

Ti

- CC

DI

AL

66.17 "

64.18
61.20
55.27
58.80
64.87
71.30
71.58
77.72
73.55

68.36

. 338.30

314.16
285.22
265.90
212.17

203.25

190.17 .

T ~329.00

104.28

80.57

18.82..

70.22

71.21

66.58

- 68.70

64.63

68.54

Geographic Coord. Geonagnétic Coord.
Code N. Lat. E. Long. N. Lat. E. Long.

71208
N
36.79"
347. 36
322.77
256. 52
241.15
237.10 .

2
191.41

176.46

161.57

115. 08

N
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180

270 )
% o8
GEOMAGNETIC COORDINRTES | .
Figure B.1 -Map of observatories used in calculating

AE indices, . inm aziauthal equidistant
Frojection <c¢f centred dipole geomagnetic i ..
coordinates. o
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