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CRAPEER 1 IFTRODUCTION
* Barly ia ghia bc‘ti;y'tt vas believed that the ;u:th
vas surrownded by the ;icnll ef iaterplanetary space, and
thut the nagnctic field vas IOtlllly that of a piro ~dipole.
Sowever, the work of u:koxna (1908,1913) led to the
cquoctto: tint solar flares canacd butats of solar gas to
be eaitted by the snn ﬁgﬂ that, at’ tholo ti-on. ‘the earth's
Hnguuc field uud cazve oua autq ia m st:onng
solar gas. Chapsan aamd Perraro 9931) consido:od the
iateraction of the solar gas vith\thf oartsis sagnegjc field
coafiguration under the circuastances associated vith solar
fidres, K and they vere able to estimate the poiition of the
bouadary b?tvoon tho:.atth's magnetic field cavity and the
iaterplanetary sedius. Biersann (1951), noting that coamet
tails vere alvays diroétpd avay from the sun, independeat of ..
' the direction of motion of the comet, imferred that there’
wvas & continual streaming of matter awvay froa the sun.
farker (1958.1963i dovolopod‘oxtonsivc theoretical ;rgnionts
ia vhich it wvag assused that a continuous solar wind cxistcd
atd, vith the advont of space probes, it bhas been proven
that interplanetary space is filled with a plasma streanming
liﬁt fros the sun. Dus to this continuous presence of the
solar wind, {1t 'Sccglo apparent that the magnetic cavity,
teraed tpo lngnoto;photc, is a permanent <feature of the

earth's enviromaent. ' ‘
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a gotcilod . oéntin‘;ug‘ot the eatire magnetosphere, but a
brief dooc:ipt}qu~ott1£ is ia order. (
' The earth vith~1t- lignotic ti;ld act:ga- am obstacle
to the flow ’ot'.tho~ solar wind. Average solar lind bulk
v,locitio- are -of the Qt‘.t of 390 to 500 ka 8%, with
lnlbo: donlitioc of 5 to 0 ca-t, and tolp.ratntol in the
range of 10° °K to 100 °K. These values give an lltvcn
~ welocity of 50 to 100 ka s~3, and s sowad velocity of 100 to
200 ka s~% =0 that the solar wind is thus both supersonic
and tupo:-llfv‘;ic. Consequently, a standing
lgnotohydrqunsnic (NED) shock vave }13 set up, typicnlly
about 14 oarth radii (Re) upJ!roal from the earth, as shown
in prigure 1.t. xnnodiatoly integior to this 1: the region
called the lngnotoshcpth, vhich is a region of thersalized
pllllt. The pq;jpcﬁ along which the solar wind plasma
pressure is h‘Ianch by the earth's magnetic field pressure
is called the magnetopause. _
The solar vwind bloving past this cavity distorts it
such that it is bluat on the ‘sunward side of the earth, and
extended “in the anti-solar diéoction to fors the so-called
sagnetotail. It is nov known that the Bmagnetotail extends

beyond the orbit of. the moon (about 60 Re) (Ness gt al,



. ' v
Figure 1.1 A ‘schematic drawing of the magnetosphere
(sfter- Heixkila, 1972) modified by Rostoker
to include the plassa mantle.
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1967), although its actual lll?tb is not kaova at the
presest time. Axford aad Hines X1961) proposed the idea ot
plasaa coavectioa lit.‘l the magnetosphere, bHut theirs
sagaetosphere vwas a closed, toct-d:op shaped cavtty. They
suggested a "viscous-like®” 1ntotaction betveen the solar
wind and the magnetospheric plassa in the neighdourhood of
the magnetopause. This interactioa would result 4in plasaa
floving dowan-tail, and eventually returaing aloag the sun~
earth line to give a closed circalasios pattern. This motion
is shown in rigure 1.2. Close to the earth, there exists a
region of stably trapped particles, the plasaasphere, vhich
is honadod by the plasmapause. Beyond he plassapause, on
.tho nightside of the -earth, the is a region of plasaa
sysmetrically distributed on either side of a aid-plane, and
‘oxtcndinq along the length of the tail (see Pigure 1.1). On
average, this so-called -plasaa sheet /has a Ehicknoss of
abong S Re at the center, and widens to about double this at
the flanks (near the magnetopause). The magaetic field along
the central plane of the plassa shoot{is veak and normal to
this plané. This region of veak field is called the neutral
sheet at higher laéitndos. Outside the plassa sheet are the
tail 1lobes, in vhich the plasma density is very low (<0.01
ca—3) éonparod to donsitios'g; ;bont 0.1 to 10 ca—=? in the
plassa sheet itself.

Pigure 1.2 _depicts convection mapped onto the
eguatorial plane. However, if this motion 1is mapped to

ionospheric altitudes, it corresponds to anti-sunvard



Pigure 1,2 Streaalines of plasaa convectioa fiov ia the
egquatorial plane of the magnetosphere (After
Axford and Hines, 1961). . :
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cuvmu. uuu the nln ocap regisas, and o-nrl
mmuu at lower uucm-. Is s ouuu-m plassa,
both iens and electreas vesld ‘fellev the coavecties paseera.
lomu. ia tu loves houﬁ re, iens -Ocno aaay
collisieas with Mestral atess, %o that the fcas resais
alaocst cﬁumty u cnnum vith <¢he olmto,;\-. This
'utlouum -quu of umu and Mu ‘produges Rall
current in tbo dir.cttoa.oppo’}eo to that ot the coaveoting
nuu. The ccavectiea ntm: of Antisd and Rines then
cottospoul- approxisately to voct-ltd tlolilg Rall cnttont
in the pre-moon sector, at sed polar cap latitudes, and
oqstuard.tloutng curreat 1. the pott-loou sector. This basic
convociiol pl;f.tl is an ott-tcpo.tod_obco:vntion (see the
reviev by 8..::-.. and Gurnett (19{2;. and fho references
‘thorein) aad the curreats associated vity it corr.aiond in
1atgf part to those to be discussed lﬂtor/\tbfhio thesis.

Although the basic coavectioa pattera derived by Axford
and HNines (1961) \has ;v*thstood thcl test of | extensive
observatioas, ého coacept, of the closed -nqnotospiiro has
aot. Observations of solar ol,ctrola and lov enmergy solar
protoas (identified by their energy spectra) at high
latitades, indicate an’ esseatially unifora tlﬁx of these
particles ' (Stone, 196}; | Peanel, 1973; Vaapola, 1971;
BcDiarmid amd intiona,'197o; among others). It has been
concluded that, since solar particles have free access to
the high latitude regions of the earth, that the high

/

latitude field lines  are directly connected to the
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umm mnuc Ilmwam. n " \besatens
bedseved laee e mowmv.mm
Peopsced nageetic f£1a14 1ne seryiny o5 o jsesas by Wi G
-m«ucm.onhm “iis o m
Sopicting thts precess. The l- aezges uump-u'a
dipolar f1eld at the saguetepause, sad the serged tsale
iines thl ste cprested u the uu-.um ivestien hy
the selar viad, ?This cnvmxu of mu iises eecess’
because, im ¢the solar wisd, !h“ m“ axe “froses-ia® to
the plasaa. This convective aotion réuylts ia fieMd’ liaes
sovilg across the polar cap fros the dayside to the
aightside,and returajag at ‘ub-pht cap letieudes.
l:cutly, Rosenbauner g% 41, (1979) have suggested that “ilt
viad plassa Bsay l‘t.t' the -’létocpurc l.uoct.ly 4ia the
polar cleft (Pigure 1.)) to fora th plasaa santle stresaing
avay froa the earth. ‘rlo Ml. of the plassa also
indicates a direct coupling of the utotpl.uotu'y sediue

1.2 sagustosphece-Icsosshere Iatesactioss
Particles u the plasaa azxe sebject to ‘drife sotions

-

with the magnetosphere.

du to oloct:ic fields, pressuge gndxuta uuou. ﬂ“’.
1

sagaetic tull gradieats and sagaetic field cuutm (uo'.

for ezasple, Roederer, 1970). Some of these driftiag

particles precipitate iato tie wpper atsosphare, where due
to 1onl.nt16n and excitdtion of mewtral atoss asd solecules,

a8 ' regioa of eabanced conductivity is created. It is in this

v
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V\'rigurc 1.3

-

Noon-midpight meridian section of the open
magnetosphere showing field lime werging at
the nose of the sagnetopause. The pumbers
represent the nmotion of field lines, with
motioa proceeding to the highér numbers.
Note that in this figure, the morxth pole has
been placed at the bottoas o he figure..
(After Hess, 1968), :

~



-




172

region that the major hox;;zon}al ionospheric currents flow.
1t it is assuaed that the conductivity along field lines is
ln.tficicnﬁly bigh to perait ncq.logt of any potential drops
along field 1lines, and further, that the f£ield lines are

vertical, then the equation

Z-ZL-5%5

1.1

states a generalized Ohm's Law for the ionosphere. Here,
2,

\ .
conductivities (see below), €; is the electric field

and z“ are height-integrated Pedersen and Hall

perpendicular to the nmagnetic (fieldq, _Q 4 andl is the
bheight-integrated current density. The height-integrated
conductivities are derived fros the bheight dependent
con’dnctivitiu‘. vhich, for the ionosphere, and assuaing a

single ion type of aass B, are givem by

3

_ _he'r/m, nety; fy L2
O = Trotr - tTeainE

_*ne*r,w/m ne'r-a M | 1.3
% = Teami- "7:%%--—

where ¢ and 7; are the electron and ionm Collision periods
vith neuatral atoas, £2 is the ion gyrofrequency, and & the
electron gyrofrequenlty. Pigure 1.4 shows the variation of
o’ and Oy vith altitude. It is clear that the Pedersen

(4
conductivity predominates at high altitudes, and this fact

—



: . ' .
Figure 1.4 (a) Variation of . pedersen conductivity  wiceh
altitude. (After Hangon, 1965). '

l

Figure 1.4(b) variation of Hall  coaductivity with
C '~ altitude. (After Hanson, 1965) _

4
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vill Dbe ‘cpployod'iniChaptc: 4, In the 1qnobphoric !.toqibn
(altitude range 85 to*1e0 ka), olccgfqgc msy gyrate ti(,ly.
Ww>l, bt ioas are 1lpododﬁddo to collisi&nu, o that
. Pros equations 1.2 and 1.3, the Pedersen current is
carried lainly by ions, ‘the Hall current by electroas. At
higher altitndos. :ound 160 ki (the P rcqion), .both {ons
and electrons gyrate cnd drift essentially trotly. so that\
the tvo teras in OP (oguntion 1.2) almsost eancol. Hovever,
there tclains a significant Pedersea conductivity. o
.As well as the horizontll cnr:cnto vhich flow by virtue
of the * horizontal cloctric ticlds and nall and Podets.n
conductivities, fiold-aliqnod currents alao flov. Bifkcland
(1908,1§13) first 1nttoduépd the concept of field-aligned
currents, but this vork d4id ;ot gain immediate acceptance.
Pe jer (1963) add Kern (1962) reintroduced the concept,'and‘l
Bostroa (1964) pade extensive use of field-aligned curreats
in his sagnetospheric substors loq'ﬂs. |
That, in reality, field-aligned cn:ronts aowe flovw, has
been shoun by vVasyliunas (1968). Consider the non-height-
integraéod form of egquation 1.1, 1ncluding field-aligned
-curreht flovw, i.e., |
ngé;l*o;f‘*c;%_g_ 1.4
Then °

+

Ef =~ L'+ gL >0 1.5

ror the steady state, V-J =0 . and ‘assusing that E is
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vdoctroctauc. --W,-ntc ‘ As \tho electrostatic

potcntinl. Ther ofo, ,
gsogr - —-ch.(dhr) ‘ 1.6

Integration of this over the volume of the ionosphere under
consideration, aand notiag from eguation 1.5 that R.J > O,

gives, ' - X
S L4 = -[r@Ddv-fords >0

The fipal integral 4is over the surface of the systes, aad

‘since it is non-zero, indicates that currents are flowving

iato and out of the systea,

rioldoaligﬁod currents were accepted bDefore direct
experisental evidence through jp gity measurements vas
'fortth|ing. Zsuda ¢t al (1967) and Arastrong and
Zauda (1970) ﬁtc:ontod evidence froa polar orbiting
satellites vhich indicated that field-aligned current sheets
floved into and out of the auroral regions. These results
vere based on the existence of level shifts in the east-vest
coaponerr of the !aa’u:cd magnetic field. Many similar
studies of data tfbl‘ polar-otbiting satellites nov exist
t3auvda and Arastrong, 1974; Sugiira and Potemra, 1976;
Iijina and Poteamra, 1976), and have confirmed that indeeq,
large scale field-aligned currents connect the outer
saghetosphere to the 1onosphofc. kndorson and Vondrak (1975)

have revieved the data concerning field-aligned currents.

o4,
-
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1.3 Lazge-gcale Cuccent Systead

1.3.1 The Sq and L current Systess

Observations of geomagnetic disturbances have led to
the description of a nuaber of 'larq--scalo"1onosphor1c
current  systess. As global magnetic ;ifiations becane
available, it 'bocano possible to sap the quiot-&ay
variations in detail, and a solar variation (Sq) vas
isolated. Basically, this v&riafion is caused by ionospheric
currents vhich are dtivon by an atiosp‘ctic dynamo. E-region
plasma is vind-driven with a horizontal velocity J, across
the magnetic ficld; pr resulting ia the production of an
electric field, ¥ x B. This field drives a height-integrated
current, I. As vell, a space charge o;ecttic field, B,
develops to give a total eleétric tield,‘g.¢ Y x B. The fors

of the Sq current system can be found froa the solution of
V-I =0 °
I =§(§.y.‘g)

vhere Z is the height-integrated cdnductivity tensor. (See
for ex;:;le. Akasofu and Chapaman, 1972). Pigure 1.5 is a
plot of the " 8q current systeas for Deceaber
solstitial,equinoctial, and June solstitial seasons, as well
as the yearly average during IGY (1958) (Matsushita, 1969).
The current direction is counter-clockwise in the northern

hemisphere, in these figures.




Pigure 1.5
‘ &

t

N\

Plots of the Sq current systems for Deceaber
solstitial, eguinoctial, and Jume solstitial
seasons, and the yearly average during the
IGY (1958). Current interisity between tvo
consecutive contours is 2.5 x 10 A, (After

Matsushita, 1968).
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\ Another geoaagnetic fluctsatios preseat as all tiees is
\that found to be associated with atmospheric tidal sotioas,
drivon by the moon's gravity field. The perturbations dug to
this so-called L current Systes are approxisately one _p}d.t

of magnitude less than Phe Sg variations.

1.3.2 The Dst and DP1 Current Systeas |

|

Nhen the Sq and'L magnetic variations are reasoved froa
the data, the so-called disturbance field (D) remaiss. This
field c;n be represented as the sua of two components, Dst
and DS. The Dst éonponent is independent of 1longitude, and
DS is the d;ffetonpe betveen D and Dst. The Dst coaponent is
believed to be due to a wvestward floving ring current in .the
eqpatorial Plane and several earth radii (Re) from the
eafth. Bany equivalent current systems consistent with the
DS component have been put forth ia the literature. The DP1
systeam (Obayashi, 1967) is the one associated with magnetic
substoras. Pigure 1.6 4is a polar plot of this classical
systea. Note that relatively intense cu{ront flows both

eastvard and wvestvard near 70°) latitude, corresponding to

the location of the auroral oval.

1.3.3 The.&’ and DP-2 Current Systeas

During times of very low magnetic activity, there is a -
polar cap magnetic variation which has been called {z’ by
.Nagata and Kokubun (1962). Subsequent authors (Kavasaki and

Akasofu, 1967; Preldstein anad Zaitsev, 1967) revised this
i ,
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systea to oxcludi aay pouliiility of Bmagaetic disturbasce.
Pigere 1.9, fros Kavasski -aad Akasofu (1967), shovs the
.lOtilllttl ,a?noilc disturbance voctoig‘tor the .qr systea
for Bay 8,1964. Iz the sade paper, these authors verified
Nagata and Kokubua's ob‘.ivu}tbu that q{ vas auch skrongor
ia the susser lOlfhlo..ld concluded that the {g' msagnetic
variation wvas d4we to an ionospheric current systea.
Subsequent work (Kavasaki ‘ﬂ‘ Akagofu, 1973) has shown that
the data of Pigure 1.7 aay be :o..pnably modelled by a
coabination of field-aligned and 1ononph;t1c curreats. ”
Bishida (1968) proposed an additional current systes,
DP-2 (Pigure 1.8), bet Akasofu gt a) (1973) pafl expressed
the belief that ihb DP-2 current systes is in qact due to a
coabined effect of expapsion of the auroral 6..1 and an

enhanceament the 5” system.

1.3.4 The Electrojets and the Interplanetary Nagnetic Pield
Harang (1946) published observations of the diurnal
variation of sagnetic d;-tnrhuncc vectors at high latitudes
(53.8°8 to 74.29l‘ geonagnetic latitude). It is élonr from
Pi- vork apd all ssbsequent vork that there are two main
ion&cphotic equivalent currents, the eastvard and vestv:;d
"electrojets, vhich can account for the majority of magnetic
ob.ofvatioas at high latitudes. The eastward curreat
produces a positive (i.e., northvard) north-south component
of magnetic field, the westward current a negative north-

south componeat, and these signatures are apparent in
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aatnng's published d!t’. vitheastward current flowing from
noif’loon to approximately lidnlght, and westward current
’tlovinq from nocn into the pre-nidnight sector. The region
of current reversal, in the pre-aidniqht'se&tor, bas become
knovn as the Harang discontinuity.

It has become clear in the past fewv years that the
/Jlagnitnde of auroral zone magnetic petturbations is governed

by the interplanetatj magnetic field (INF) and in
part}cula?, by the sign of the vertical (Bp) and
azinutéal (By,) cemponents of the INP. As vell, "the averSEe
magnitude of the vestwvard and eastwvard electrojets decreases
from summer to winter (Meng and Akasofu, 1968; Langel and
Brown, 1974, (Priis-Christensen and Wilhjelm, 1975), This
seasonal effect is not the same for both electrojets when
examined in terls‘of the role of the'IuP, as will be seen
belovw.

In terms of field line merging, it is not surprising
that the IMF vertical coaponent has a larkee effect on
ionospheric currents, since the wmerging rate is enhanced
vhen Bz<°° Akasofu (1977) has given an excellent révieu of
the relationships betwveen B, and various ionospheric
phenomsena, He also points out ihat great care Bmust be
exercised in interpreting scme of the relationships which
have been élai-ed to exist. For example,the AE index,which
is a le}sure of world-wide auroral activity, bhas been
correlated @ith B,. The AE index 1s'c01}uted from magnetic

records from a nuaber of auroral zone magnetic observatories

e
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vhich are approximately uniforamly distributed ia longitude
(Davis and Sugiura 1966; Allen and Kroehl, 1975). The
horizontal coaponent records ‘are superposed, and the curves
defining the upper and lower envelopes ’t these superposed
records are defined as AU and AL respectively. Then the AE
index is simply the distance betveen AU and AL. i.e.,
AE = (AU| ¢ |AL]

The AR index pfesupposos that at ieast one observatory can
sonitor the westvard electrojet to give Ai, and at least‘one
observatory can aonitor the eastvard oloctrojotﬂ to give AU,
It is assumed that these electrojets are most iﬁtonse in the
auroral zone, vhere :thqge obgservatories are 1located.
Howvever, Holzworth. aad. Heng (1975) bhave shown that B,
affects the size of the auroral oval, so that vhen By is
northvard, the radius of the auroral oval is reduced. Thus,
Akasofu ioints out, a strong correlation betveen B, and AE
may be, at least in part, only due ¢to the correlation
hetween By and the size of the auroral oval. Hirshberg and
Colburn (1969) bhave done a similar analysis between Kp and
By. fp is a 3-hour iﬁdex of the level of worldvide
geomagnetic activity introduced by Bargels (1949) (see
reviev by Rostoker, 1972). This index ‘i‘, computed in a
coaplicated nmanner froas data from sub-auroral z0ne
observatories, and Akasofu's c%’b}C1s' may also appiy.
Hovever, Hirshberg anmd Colburn (1969) shoved that there was
& good correlation retveen Kp and the magnitude of B,, vhen

Bz<°' In any case, negative B, causes an enbhanced merging of
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field lines with a resulting increase 1n'90nvcctton rate ani
thus onhanch electrojet current streagths. . |
The east-vest componeat’of the INF (B,) also plays a
regulatory role in ionospharic curreant dynaaics. Solar
sagnetic field lines are carried avny‘tr0| the sun H& the
solar wind, and due to the rotation of the sun, take on an
Archimedes spiral coanfiguration. Wilcox and UVess (1965)
detected the interplanetary sector structure in which, on
average, four sectors of alternatiag magnetic field
direction (avay from the sun, and tovards the sus), vere
found for every solar rotation. Iﬁon the INP 4is directed
avay from the sun,: it corresponds to a positive qr.
Svalgaard (19?8,1973), Bansurov (1969), and Priis-
Christensen ¢t a1 (1972) have shovq that the By -coaponent
affects the polar cap nag;ctic field. 1In .particular, vhen
§y>0, the inferred polar cap eguivalent current 1is

"
reverse direction vh-n.§y<o. Howewer, during willter months,

counterclockvise (looking down on the north p" and the
the magnitude of the polar cap l‘%‘btic varjations are
extremely small, approximately two orders of magnitude less
than during sumser months (SV;lgaard. 1973).

Returning to the seasonal differences in the eastwvard
and vwvestward electrojets and the role of EY' Langel and
Brovn (1978) bave found that, durimg the summer, IASBI and
A2y in the vcst:grd jet regioa are larger than in vinter
vhen B, <0. During away sectors (§y>0). IAH| is less in

sumner than in wvinter, vhile JAZt is approxisately the sanme
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in vinter and in susmer. In the eastward electrojet region,
IAH| and |AZ| are both.,greater in the suaser.

The observations conéornini\tho role of the 1INP upon
ionospheric cnr.\'tont ‘smtems are presented here for
completeness. I thi} thesis, data bhave not been ordered
according to the blatity of the IANP. However, an arguaent
is developed in éhaptor.ﬂ viicp depends, in part, op the

abo* ‘ considerations.

\.« Ionospheric Curcest Bodsls |

The ultimate test of any 1nt;tp:etationq3f data is the
Qfonstruction of a aodel coasistent l1t§ that interpretation,
and the comparison of comaputed results vwith ~the data. &
large number of curreat models have been devised to describe
specific current systegs, "although many of these bhave
consisted of only ionospheric currents. Kavasaki | and
Akasofu (1973) i:ad reasonable success in modelling the S{
current sysgel, usipg a nodel conaisting . 0f field-aligned
current (along d4ipole field 1lines) and a flat earth
appr&xilation for the 1onospheric eurrents. éaoda and
Haekawa (1973) undertook a numerical study of modelling -
global polar ionospheric curreats. ?hcy considered that
current vould be drivén by 1) an'atnospheric dyna«G electric
field; 1ii) a polarization electric field, 4rising from
conductivity gradients; and iii) an externally E%plied
electric field, induced by the solar vind. They did not

include the effect of field-aligned currents, although the
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oxt;thco .0f such currents as sources and sinkh vas poiQtod
- out, Three different models of conductivity vere eaployed,
as described by r.jor.(issa). Baeda and Naekawva found that
the geomagnetic variations produced by one type of
" polarization eloctr;lc t.:l.old. in which a@ posiﬁ.n point
‘chargd vas placed near ;:un, and a negative point charge
near dusk, are very siamilar to J;.. This charge distribution
is qinilar to that nsod\ by Kavasaki and Akasofu (1973),
although these authors used charge sheets. Howvever, HNaeda
" and Maekawa 4o not give a detailed coaparison sotwoon thoir\
calculations and real data.

Several glébal current models have been developed by
Yasuhara et al (1975). In their investiga®ion, it wvas
assumed that field-aligned current sheets floved into and
out of the auroral oval at 1ts'bdrdotl, such that current
vas dovnwarés on the polevard side, froa midnight to noon,
and upvards on the poleward side of the oval from noon to
midnight. The field-aligned «current at the equatorwvard
borders vas of thé‘opposite sensé, and of reduced intensity
by a factor of approximately 2. Por the model developed for
relatively quiet poriods& the auroral oval ias assumed to be
an annulds with an enhanced conductivity structure u;th
respect to the region outside the annulus. The ratio of
Pedersen to Hall height-integrated conductivities vas two
everyvhere. To deteramine the ionospheric curremt flow, the

equation

V-I =JeinX
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b))

vas solved, assuaing that the field-aligaed current, JE .
was vertical, (i.e., X =90°), and vhere I is the height-
integrated ionospheric current density. This model yields
‘both eastvard and westvard electrojets confined to the
auroral oial, as shown in Pigure 1.9 . As well, some current
flovs across the polar cap, from about midaight to moon, and
there is wveak cn:&ont at sub-auroral latitudes. Hovever, the
choice of field-aligned current distribution was somevhat
arbitrary in that the exact distribution was pot kaown ai
that tide. As a result, the currents derived from this model
do not appear too roalistié, inasauch as eastwvard current is
_shovn just past dawn, -and laqnotonotoi evidence does not
verify this (see Chapter 3 of this thesis £for exaaple).
Although this model vas not tested against ground-based
sagnetic data, it does demonstrate an approach that caquld be
quite fruitful in approaching iogo-pheric current flow. As
vell, these aﬁtho:s demonstrated for the first time that
east-vest aligned field-aligned curreant sheet pairs, if
unbalanced along a meridian, cad.producc ionospheric current
flovs that reseamble those vhicﬁ are believed to-exist.

' Nothing has been said concerning the mapping of
these various current systeas to the outer magnetosphere. As
th{s mapping is required to understand thJ possible driving
sechanisas for the curreats, it will be inclﬁded in Chapter

5 of this thesis, vhere some possible current gemerators are

described.
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Pigure 1.9 A model ionospheric Curreat pattern. The
curreat stremngth betveen two adjacent
current contours is 2 x 10 a. (After
Yasuhara et al 1975,
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1.5 Ihe Oblectives of this Thesis

The data analysis presented in the thesis vas
undertaken .in the hope thit it would lead to a l0¢01 of
ionospheric and wmagnetospheric currents thch vould be
consistent with all known observations in the high latitude
regions of the earth. This goal was, in retro#pect, perhaps
too ambitious. noquér,‘vorking from ground-based magnetic
data, and using average characteristics of the ibnospheric
electric field and ionospheric conductivities, a current
sodel has been developed, which, although it does not
reproduce the Observations exactly, does reproduce in a
statistically significant way, wmsany fe#tures of the data.
This is the first time that a current model has been so
rigidly tested against real data, and the prime value of

this thesis lies in that test.
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CHAPTER 2 DATA PROCESSING AND ABALYSIS

2.1 Data Bapdliag
. 4
Proa late in 1969 to early in 1972, the University of

»

Alberta intersittently operated a number of 3-component
magnqtic observatories. In the centered dipole systes of
coordinates, these observatories all lie along npptoxilatclx
the 300°E ameridian. Table 2.1 gives the positions of these

observatories, as well as the \ob.otvatory or station

anesonic, and Pigure 2.1 shows a sap of the locatiomn of

these stations. As vell as these observatories, -‘data froa
Resolute Bay (RESO;83,.00°N, 290.592) and Newport
(NBWP;55.1°N,3CC,.0°E) vere available to extend the coverage
of the line of stations both northvard and southvard. At
each of the sites shovn in Pigure 2.1, data were recorded
digitally on 7-track magnetic tape, with a sample rate of
one data point in each of 3 channels every 1.92 seconds,
tiiing of the data being coansiderdd ‘ié&nrate to t1s
ixisabcth,1972). The systea has a dynamic range of £1000nT
with a 1:1aT sensitivity. As vell as recording the magnetic
data, a timing signal from radio station WWNVYB vas recorded
for 2 minutes every 7.5 hours. Kisabeth (1972) has described
the instrumentation in some detail. '

Por computer cospatibility, the field tapes were
converted to 9-track ftation master tapes, containing data
for one station only. As this wvas being done, the WWVB

timing data vere interpreted by a special computer code, and

34
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Figure 2.1 A l&f showing the location of the University
of Alberta magnetic observatory sites. Data
_ vere also available froa Newvport, U.S.A.,
. and Resolute Bay, Canada (hot shown) along
the sane adridian as the ‘University of

Alberta observatories.
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‘tlu,.lq uguutioa,'uouq vith the station anemocaic vas
Ifitton ”Q; ‘a label tfor each block of dat;,(1 hour, 5
ainates, 32 eecoads of data). Ia some instaaces, the WWVB
;1ilty iaforsation vas not.nachino decodsable. rhdn{.a cal
ZCopp, plot IIQ' nad; of the WWVR signal, and it was
-liltttpttfid by hanad.

- Whem all-data had been éranster;cd to 9;track magaetic
tapes, .a so-called event tape vas created for specific
iltotvall ‘of tise. 'Bach  eveat tape coatains a series of
files, vith each Tile containing all data for the time
.1n€i:§l1>t0t one station. Thus, each event tape coatains the
datg for all the stations for a given interval of time. The
availability of event tapes lini-izés :;e' number of tapes
which must be manipulated t6 study a specific period of
ti‘o, or svent. | . '

.. At the boginninq of this thesis study, the data vere
aiailnblo on 9-track lnstof tapeé: data chuisitiou d4id not
play a significant role ia this thesis.

The sagnetometer semsors at each of the observatories
were aligned in the direction of lobei sageetic north,‘local
magaetic east, and the verticai (8,0, and Z respectively,
vhere H is positive lotthvard,.n is positive eastward, and
‘2 is positive downvard). To facilitate the interpretation
of ‘the data gad the modelling of the magnetic fi#1d sources,
the centered A1polo‘coo:dinito systea (an orthogonal systea)
vas nsod..and all data‘ii this thesis vill be presented in

ﬁéig systes. This required that the no&sltod horizontal

.
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components ( H, D) of the magnetic field be rotated 1nt§ thé
centered dipole systea through the transformation
(1' cos@ -sinf u) f
| & N sin 8 cosO)(D

vhere the primed coordinates represent ;ho centered sxpole
system and the unprimed coordindtes the local magnetic
systea. Here, 6 is defined asu the difference between the
magnetic declination of the station and the dipole
a;clination. vable 2.2 lists 8 for tho'obsotwntqries used in .

~ " this shesis.

2.2 pata Processing

2.2.1 Latitude Profiles
The primary suite of data that was used in this study
vas from the time period froa Day 332,1971, (Noveaber 28,
1971) to pay’ia, 1972, .{January 24, 1972). The data vill Dbe
. presented in the fora of latitude profiles. A latitude
p;qttli’i; constgpcted fto- data points chnired at all
c{atioﬁs at a gi&en time, plotted as a function of 'the
'latitude of the stasion. This method of presentation bhas
been chosen for gfveral reasons. A latitude profile depicts
a,laggc anqnht of gpfornation in a single frame; that is(
.ﬁigf ‘1atitudinal behaviour of the three components of the
ltgn’tic field at a given time is shovn‘on one ©plot. Also,

in many cases, a latitude profile can be interpreted readily

in terss of overhead 1on65pher1c curreats (see belov). These
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tvo features greatly facilitate the Lag-tptotation of lltylp'
amounts of lagnoiic data. An example of a latitude p:otii.
is -houi in Pigure 2.2(a). This is a model profile (i.e., it
is the result of calculating the magaetic field dee to a
hypothetical current systea), tok an LOlbsphét;c curzrent of
5¢ 4in latitudinal extent, and 20° 4in lonqit‘hilll extent,
and vith unifora carrent density. Ptibto 2.2(b) shovs a
sinilar profile, bat for a case vhere fhd‘cnt:oat density is

distributed in latigude, cpording to t§0 expression

J(x) = exp (-3x2) where X _ ; __.;utitidinal distance from
the centre of the carrent. Bdt‘ of these current iystoqs are
connected to the smagnetosphere by tecld-alignad currents
with closure in the equatorial plane as shou&_ in Pigure
2.2(C). JNote that the " morth-south or X'-component peaks
rectly under the centre of the‘oldctrojet, and that the i
. sitions of <the polevard and eguatorvard edges of the
f&hrtent sy.iol are provided by the Z-cokponent extrema. The
profiles shown in Iig;tc 2.2(&) and 2.2 (b) are calculated
for ionospheric current flowing in a uoityntd directiea. Por
cntgont tl?-ing eastvard, the sigus of all the perturbation
components are reversed. |

As vell as .ncﬂ/an east-wvest current system, current
may flov in a north-south directipn 1n‘"5§o ionosphere,
linking the two anti-parallel field-aligned Birkeland
cntro‘t sheets. An idealized picture of such a curreat

systea 1is shovm in Pigure 2.3. Kisabeth (1972) has computed
latitude profiles for short (i.e., limited in longitudinal
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Pigure 2.2(a) A sodel 1ldtitude profile tof’a curreat of S5°
. latttulisxl tent and 20° longitudinal
extent, asd_ Uf unifors density. The total

cerreat is 10% & and the profile is taken
along a :‘};no 5 east of ‘the central

‘meridiaax. ter Kisabeth, 1972).
[ ) [
- 4 Y
Pigure 2.2 (b) Similar to Pigure 2.2(a), bﬁi for a current
: _ density distributed according tq¢ .

Jix) = exp(-3x2), vhere x —ts* ‘the distance
froa the latitudinal center of the systea.
(After li-aboth./1%72).
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Pigure 2.3

/

Coaplete three-disensional cprrent systea
involving an ionospheric Turyent .sgystea
flowing in the north-gsouth direction. tAfter
Kisabeth, 1972). ' )
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exteat) aorth-south systess; such a profile is shova in
Pigeure 2.4, along vith thg p;rtu:bation- due ¢to the
contributing hysto--. As well, ridpro 2.5 shows the magaetic
perturbations for a very long ‘1805 in longitudinal extent)
north-south current systea., It vili be observed that the
gond:al features are silila; to those shovn in Pigure 2.4,

It is 1nitrnct1vo at this poiat ¢to coasider the
sagnetic perturbations due to certain other hypotﬂotichl
currents as vell.

Por a current system wvhich, unlike that shovn in Figure
2.2(c) does not flov alomng 1lines of equal latitude, the
latitude profile produced along a meridian line differs from
that showvn in Pigure 2.2(a). Por §uch a 'tilfed“ current
systea, the perturbation in the X'-component is decreased
vhile the perturbation in the Y'-component is increased 1in
such a wvay <that X'2 ¢ Y'2 jg a constant. Pigure 2.6 shovs
the effect of constraining the ionospheric current ;o flow
uong;tho path described by & = 8, +#% (6, -8)(1+ cos )
vhere & is the colatitude, ¢ the longitude (measured
counterclockvise from midnight), and & and 6,
correspond to the colatitude at Y =180° and 0°
respectively. PFor ¢the profile shown, the polewvard boundary
has values of (dl e B ) = (159,200) vhile for  the
equatorvard boundary, t 0, , 8 ) = (20°,259). It is
apparent that AY' follovs AIX'.

Later in this thesis, reference will be made to0 “net

ticld-;liqnod currents™) that is, currents flowing into the
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<

Hodel latitude profile for a
three-disensional north-south current
sSystea, as shown in Pigure 2.2. This systen
lies between latitudes 65.5°N to 69.5°N, and
betveen longitudes 0° to 49, The profile is
taken 2° east of the central meridian, and
there is a total of 10¢ A floving. The
contributions of the coaponent current
systeas are showh as wvell.
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current systes.
betveen latitudes 65.5°% and
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80 L L ™ 0
CENTERED DIPOLE LATITUDE

very long
The systeam lies
69.5%%, and is

extent. At latitude

67.5°9, the height-integra ted ionospheric
current density is 1.0 An—!, and the total
current in the system is 7.8 x 10¢ A. The
Profiles are located at: '
a) the central merjdian (909) ;

b) 45° east of the central meridian;

C) 90° east of the ceyptral meridian.
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Figure 2.6

A aodel latitude profile for curreat
constrained to flov along the path desscribded
by 8 = 8, +£(6-8)(1+cosep) ¢ vhere
O 1is the colatitude, ¢ the longitude, and
06, and &, correspond to the colatitudes at
@ =180 ana 0° respectively. Por ' this
profile, the polevard boundary has
(8.8) = (159,209 .and the. - equatozvard
boundary bhas (6,,.8) = (20°,25%). A tetal of
10¢ A is flowing Detwveen longitudes 0° to
20°. Thée profile is calculated , at
¢ =10°.
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ioscsphere upu & magactic | tield Line at end umpc‘o
“which flev up the field 1ise iatc the sagnetesphere at sese
other loagitade. The nagastic pesturdatieas vhich pue
pcoduced by sweh curreats sfo shaxascterised by & lovel sbift
i8. the ocit-ucqjloo.pononé of the pagactic ttoll.uotoo- the
latitelinel extaat of the aet eurrest flew, Pigese 2.7 is
the latitude protfile for aet dowmward ttold-.liqno( curceat,

o

distriduted uwaiforaly over 5° of latitede and 20° of
10!91(:&0. | . |
Whea recording magnetic ' data, ome camnot easily
separate the field perturbatioas due to iopospheric currents
froa . those imduced 1: the coaductiag earth. It has been
niotul in the past to atteapt to coapensate for this effect
by' |pdo11£nq the earth 'by a sphere vhich is perfectly
coaductiag né to sose depth belov the surface of the earth,
azd i1is an illtlAtOt above ghaﬁg depth (Postr3a, 1969;
o Kisabeth,1972) . This is only an approiisatioa to the reald
;l:ﬁgéfnation.‘ but bhas the advantage that the sodel is time
'}“;Ni:htpondont. i.e., the nature of the induced field is wmot
B dependeat upon the time variation of the exteraal field. If
an earth of finite coaductivity is used, then ome nust be
coaceraed vith tio skia dapth which is frequency depemdeat,
as vell as the. phase Jiffereace betveen the lnﬁncflc
isduction fiekd and the induced electric field (vhich is
also frequency l‘po.dclt). For aas infinitely conducting
saterial, the skia depth and phase differensce are coastaats.
~uub«:A (1972) bhas ’GO;IICOC ra.‘lts of this approach for

I .
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“total of 106 A is floving, amd the protilcs

are taken at:

.a) 1C°® east of the central seridian;’
. b) 20° east of tha ceatral aeridian;
¢ e) 300 east of the ceatral seridian.
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as drawn.

sa

different depths of an imnfinite coaductor, and these are

toptodncbd is Pigure 2.8 . It will be noted that the X'~ sad
!’-eoappu-u are eahanced DLy the {aduction and the %~
conpo;oat is reduced. Although thin‘ approach involves a

rather risky approximation to the earth's condsctivity

strecture, iasufficient detail about | 'chdnciivity

structure aunder the University,ef Albert gloto.otit line
is kaowa to varrant the use of techniques to separate the
external and intermal coaponents of the pirtlrbation field.

Bovever, it is believed that the techniques used by Kisabeth

\grovido at least a first order correctioa to the data making

any inferences drawan more reliable than they vould have been
'otiaiot.OOlc correction for inductioa taken into account.
rho'latitpdo profiles of real data preseated in this
thesis are sasooth curves dgaun through the data pqints.
These curvis are meant to serve as am xid to the eye and 4o
‘B0t Aaecessarily represent real data between the labelled
~points. BoJ;vo:, the curves are dravn based on experience
vith a very large ngmber of vsuch profiles., Since the
discussion of the data vill be directed wmore tovards the
_statistics of the samples rather than the iadividual eventsh

it is believed that {t is reasohable to discuss the profiles

~

H
2.2.2 Polar plots
Although for analysis of the-data it has been found
that latitide profiles represent the preferred aethod of

.-
i t . »

A
L
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Pigure 2.8 Hodel 1latitude profiles shoving the eff
on - the corputed compbnepts- - of
pertutbation magnetic field of lacing a
superconducting sphere at different -depths,
The panels on the left shov the total field
and ‘taose oy the right the field Que to the
induction only.’ These profiles are for an‘
east-vest current loop, spanning the
latitude range 65°N to 75°. A total of
10¢ A is flowing over 20° of longitude. The
profiles are taken 5% cast of the central
meridian. (After Kisabeth, 1972y .
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‘.nta - pto&ntauo‘. ti‘dqnﬁ‘tiy in euroral physics, cnlt;at
systess are dilplayod 1: polar plots. In this thesis, this
pethod of displayiag tho daia and addel résults will be used
ok occasion. Ia thesé plots, the horizontal lagnottc field

‘ vocto: has been totatod thtough 90¢ 30 as to represent an

ygnivulcat horizontal curreat, and the equiveleat curreat
vﬁctors have magaitudes proportiomal to the streagth of the
nainetgc perturbation. Note that the equivaleat curreats 4o
no€§noc0¢s§:ily rop:oﬂint‘:ﬂal curreats; sose portion of the
obcctv.d magaetic perturbations arises due to tiold-aliqnod

A

«ttnu vhich link the iomosphere to . ‘the ‘ont.,or

-ngnqtocphcrc. louovo;,’ this presentation peraits easy

conparison of 3ﬂb results of this study with some oarliet

uork 4in vhich-nquivalont 1onoaphoric current systels tave

" beea-used.

2o3ummnsz:nmamumx
Appqndix II describpes btiotly Bockna-cilbett limear

inversion theory, and more dstail say be obtained froa the

| " published papers }on this topic (Backus ~and Gilbert,

1967, 1970f, and a 'receat review by Parker (1977), Hovever,

it lhonld be cuphasizoa that considerable care must be

oxctcisod vhen 1ntotprot1ng the t.cults of an inversion ‘and
in pa:ticnlar vhen nsinq thc tosults of a "model that fits
the dataﬁb As pointed out in the Appeadix,, oue must be able
to forwird model the data before it can be successfully
inverted. ';n' the case of 19iott1nq sagnetic latitude

.
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pto{ilos. OR@ aust have a carrent molel which vill reproduce:

the obnt-tion‘ of the magnetic field, subject o.nly to

fiading the oorrect latitedinal curreat di-t:ibution.
QOvd.l'nltlt. this, a latitade profile wvas generated

- for a hi!‘thqticll esastvard flowing curreat vwith a s®

‘.‘&

lctitndilql exteat (colatitude 20° ¢to 24®) and a 200
loagitudisnl extent. (Pigure 2.9); The cntt.lt'lll unifors
ia latitede and Closed along field lines via ap @gquatorial
riag curreat. The profile thaus obtaincahuas inverted for the
current donsity,\lnbjoct to different model parameters.

Ia the ideal case, the geometry of the current systea
is oxactly';novn, as are all the currents whose fields
eont:;bnto to the prétilc. If the data of riqure 2.9 are
inverted, and the correct . paraneters (i.e., the correct
current bouadaries) ar;.snppliod to the computer code, then
the result is as ghown in Pigure 2.10. The solid line is the
dverage <J(e)>, and the broken lime is the so-called
flattest lodoi (see Appendix II). In this example, the
ltlth’ agrees exactly vith the knovs current d&ptribntion..
a3 there are errors neither in the data nor in thl supplied

paraaeters. The tlaitost nodel, vhich is only one of an

infinite ‘Set of models vhich may fit the data has been

coastrained to have zero current intemsity at the

. .
latitudinal extresa, aml in order to fit the observatiaas, .
7

this coaottiint introduc¢es spatial oscillations into the

\
sodel .

The resulfs of a second inversion of the data is shown

L
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rigure 2.10

" Result of faverting the data shown in Pigure .

2.9. The solid 1 is the curve of <J(9)>,
the average currtemt iatensity. The dashed
lise is the ocurreat iatensity for the
flattest sedel. ‘Ip this example, the current

lisits pere set to'66°N and 70°%.
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4n  rigere 2,11, In this case the Qonsttaints_ on the
lcttfldinai extent have been relaxed, and this allovs the
flattest model to fit the data while still peraitting zero
current at the poleward and oquatori:}d borders. In this
case the model approxisates thé known current distribution.
However, the :bnrtont estinate no longer yields an exact
current density, because by ;ﬁiplying the computer code vwith
a latitudinal extent that is vider than that used to
generate the data, the inversion puts curreat into a region
vhere in tcniity there is ao curreat, thos causing an
overall degradation < the result. .

Finally, the data of Figure 2.9 vere inverted assuaing
that no field-aligned current or rinq current contributed to
the profile. Althoygh this is not physically realistic, it
serves to demonstrate the effect of using an incorrect
model, or, alternatively, of errors inf the data. Por these

results (Pigure 2.12), <J(©@)> |is roducedﬂxbecause less

current is required to produce the magnetic field

perturbations if the field-aligned and ring current
contributions ~ are ignored. .The flattest model in this
example consists of large alplitgde spatial oscillations,
and bears little reseablence to the\knovn current intensity

»
distribution, *

‘ . |
These exasples serve to demonstrate several tetgh?es of
. $

the inverse problem. In the first place, eaghé%%f the
flattest models of current disgtribution, if n:cé? in the

~.forwvard problea, vill generate AIX' and Az profd des in good

4
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Similar to Pigure 2.10. The constraint on
the current liaits has been relaxed to the

- latituade range 65.5°M to 70.5°nm.
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, agresnent with the Aypotheticel ggervetieas (rigere 2.3))..
Bovever, each of these aofels difter ia charscter
doncastratiag the N"ﬂﬁl‘l of she prodblen. cua.«\ of
n’u«:\:m torvazd nodel ceaa lesd to My uqvuoct
sodels that £it the -‘.“" pnuq\ the uaigue average,
<1¢0)> (i.e., uwnigue for a gives set of pareseters) ia all
cases gives a not unreascaable cu&:\‘t diu:jﬁt;p. Rrrots
in the data 40 pot gressly atfect the tn‘ vof the
saversioa 'of m xnum-.nw. ltpu §a the ‘dn/u nay
arise froa statistical cossiderations n ”muue data
collectioa errors. Rovever, u‘uilcogtwg forvard nodel is
Chosen, or the parapeters are  incorrectly specified, thea,
rohtin to that model, the data are ia error as well, If
the data of Pigure 2.9 bad beea real data, amd had been
iaverted using iacorrect sodel paraaeters, then the result
of rigure 2,12 could have beea obtained. The fit to the data
‘48 very good - (the root meaa square relative error is lgss
than 0. 1:9. Givea no \; pxiori kaoulodq'n of &ho nature of the
cugreat im::l.bution; this podel aight bovacccptabl'o. Duting
periods of strong ugnbéoaph’._;ic activity, iomespheric
conductivity apd electric tiolh.;uy boém. quite intemse in
spatially localized regiocms, an ia such cases, oae aight
a0t expect a ;.ooéh curzeat distridutiea. Bovever, the data
suite esed ia this thesis coasists of hosrly averagéd data,
aad the ucngiiq ’t?“ wild idu to emooth qnf intease
latitudisally localised aurozal u@htiqg‘gu- upnpﬁ.u.
together with the Miowledge of how spatislly oscillatory
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-

Comparisoa of the model data froam pigere 29

. 'mrum: saloulated frén the flatvest sefe
currelit distrfidution. -,

) Results froa the flattest aodel of Pigere

.

"OQ
b) Results froa the tlattest model of Pigure
L ’0

) Results froa the flattest model of Pigure
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uel bou' of the day, are what un be culd the
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Aatitude ptotuu. Hote mt the SPRA ntotuu hvolu

d u: degrée of subjectildity. That is, cutves were ‘azawa
through the date points of t.’n -ottgiul uo:igod latitude
profiles, nd as pointed oct earlier, these curves are Grawa
‘gebject to a certain degree of cubjocti.vity, nlthough
the curves do pass thiough each data point, amd are
constructed vith tbhe cnpctctutic ho\_’vtout of typically

) observed profiles studied 410: unul youss 1n uad.

There 1: obviously a nnro ptobxon 1. ptouatug hta» v

=

data ‘suites in which subsets of the data dcna@mra‘?‘--"
qnlitntinly siulu: features, The actual number of data.
points’ used it this thesis is of the order of. 5.4 x 107, and
it would be ubreasonable to_ pt.csont gnqh of ,thtqe. ' r.he
.i-fc:pos.gd-o\poch technique ulqn one to shov a lérge amount
of uta .::dicisoly. uthonqh it sust be borno in aind that
the nethod is duiqnd to onh&ico certain features of the
data., In additt’n}.‘thd 'se\u ug mask other: tqtnms of'tho‘
data. For oxalplo.'cc‘)‘asidtic t? latitude - proffuo shown in
rigm 2. 6. Whea it is digitized as descrided a*bon. ‘1. 50
\Jt.pa amy tron tho Ax* pesk as reference point, the AZ
, ’utmu lo m gall . at ugitmuon poi.nts. n fact, the
ututuq ﬂ“&h us S-\:o.poaat ‘extrena 10°rapart (ugm
L"J, uvug the m.um of an dm:ojct that is 100 ia

'Ntlﬂ. a e Gigiu.zation'
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l"ll ia the &’*fmponut.
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~ Por this \.tuy. latitede profiles froa wu averaged
values (centered ou tho half hﬂt% X¢t, 2%, and z. vere
}onum for the po:iéd froa Pay 133. 1971, to Day 2s,
1973, 81&16\ the _absolute ttul u not Beasured, bdaselinme
values were roga:u:od froa | nich to qouuro the Bmagnetic
‘field pertuchations. Te »m. iup - ’ulm of the three
colpounts at uch n&u» n:c deterained- over the honrly

,\' .\

intuul 0500-0600 uumul. tise um .0.. approximately

2100-.‘

nttubntious during the ' u so-called quiot" day) . ﬁ? .

nyiotic 1&.1 tiae (llu'n on days during vhich
rved - ngut“ zudn exhibited only small

the data suite ip this stuz hccltno v (ges ‘were chosen on

Day 385, 1971 zxp-w; and Dy 3‘
' % basslines vere used over an interval of 12 no.h». ~

y 2 t T Kps7-) and

- $4agle stmoa sagnetograss for the ~ ontiro p‘tiod of
uu otm n:n- nlund for chbvious d:utn in the baseline
nl o Hhen tm l.:c mcctcd. e ottatht line vas fitted
ﬁtth) the. m £3c the msoa d.:ing wvhich drift occurred,
to -this line before

in tho un \nro thea 3 __
uuuv o] gud ady bauuﬁn Por exanple, fros Day 351,
15, _1913(;j,_t Wpith, “o ;'ocouyonent shoved

125 &%, th_q_:_;!’-coqponont a
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the x'_ncumnt. 150 a? 4a tn"!'-';o:pﬁiny. and -150 aT ia
the s«umut over the tise peried t:o-/ Day 3". 1914 <0
hy 3%, tg‘n. a2’ the other: muou Ll able bagelises
.daziag the Mntun puoa. y )

g ¢ tm Q&uu. e doocciptul of t[,tcul latitude
pcofiles a3 a fuactios of u.. uu be presested, asnd a

' phosseenclogical sodel fot Oio réats is inferred fros this

data will be developed. ;

4

3.2 n. 2200 - 0200 s Reg#
L. ﬂut nih sector or rlqim sho pn:ind froa

_'abont 2200 BLT to abost 0300 41T, across the roqion of the.

mredg discostiswity. nop:umm *1-- from each of
tha 4 pourly utwu are shown ia rigumss 3.1(4,b,c,8). It

ident t
uu wt Toes thiee '9"”“““9 mt 14 \nfvr-t
muunq in the l‘mtlﬂﬂ of the auugo u:htiou‘.

Ia w‘ ‘Wo 1lk ; o
g M ’llovm ou-t\nt. or both

_ le M wm %ﬂg m It 1- pt“l,bl, that
: ; "of electrojets

Av nd At h m- toqind'
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uncnuod liter, noﬂttn A @hgnatere is fuorptotod as
tho result of poleward \4 " lowiag . Ball curreat diverging

. polevard vithin ¢l eastward and westward ,electrojets. )
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'3.2.2 The 0200 - 1000 KLY Regise ‘,

The Qqeond distisctive r ' w-- the ué‘n ._““1.“'_
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In fact, the remminder of the panels ia Pigure 3.3 are
aot unlike Pigure 3.3(C) 4imsofar as they all indicate aa
indisputable level shift in theq Y'-coaponent. As well, this
shift increases in --gnttndq t.iativo to the X'-coaponent
l.glti'} oxt;ol,q\ as the 1bcq} tine of the profiles
;gproichos noQn. 11;3, the asysaetry im the I-component that
was described above persists as a general feature. The
resalnder of the SPEA latitude profiles in Pigure 3.8 bear
out this. description as a general feature of this ohtiro,

maghetic local time sector.

3.2.3 The 1000 - 1800 HLT BRegime
The third aisQI;EZRv. region vhich has been delineated
spans local sagnetic poon froa about 1000 MLT to‘1400 ELT
(1600 UT to 22C0 UT). This region co:ro;ponds to the *"zone
.o( confuasion® identified by Barang (1946). An d&nlination of
latitude profiles tronA this sector bears out this
description. Ptgure 3.5 shovs a series of latitude profiles
for the sase day Arom 1000 HLT to 1400 HMLT. The Z-coamponent
\1n/rigure 3.5(a) 1; consistent vith a veak eastward flowing
current centered at about 67.5° ), and a stronger ;estuard
flowing current centered at about 73° N, Howvever, the IX'-
coaponent profile is not consistent with this. Similarly,
the 2- and x'-conponent; in Pigure 3.5(b) are not consistent
with any simple eastvard/vestwvard electrojet interpretation.
Indped, none of the profiles im Pigure 3.5 can be

interpreted ig any sisple way, and this difficulty exists on

Vs
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all days examined in this sector. The one feature that
appeurs consistently in the (iatitndo ‘profiles from this
region is the clear, relatively large positive-going level
shift in the Y'-component.

The SPEA of the profiles froa 1000 to 1400 HBLT (Pigure
3.61a,b,c,4)) is very difficult to explain in terams of any
simple east-vest current flows. However, again the 'level
shift in AY* is brought out clearly, as is the overall
negative bias in the X'-component. The level shift in the
Y'-component actually appears more as a ramp but this is
more an artefact of the SPEA than a feature of the real
data. That is, in this time sector, there is a real lgvel
shift in AY', but the latitude ramge over vhich this
occurs varies considerably from day to day so that the
Heaviside-like Y'-coaponent becomes smeared out.

3.2.8 The 1400 - 1900 MLT Regime

The fourth regime which bhas been i%}dtified is the
post-noon gquadrant, lying betwveen approximately 1400 to 1900
MLT (2200-0300 UT). This regime presents latitude profiles
in vhich AX' and AZ can be interpreted in teras of a
silpie eastvard elec}rojet. For exaasple, Figure 3.7¢(b) , tAe
latitude profile <for 2300 to 2800 UT (1500 to 16C0O MLT) on
Day 10, 1972, may be interpreted as an eastvard’ current
centered about 67.5° N, combined with a poleward flowing
current to give fhe negative AX' poleward of 70° N,

Further similar examples are shown in the resainder of
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Figure 3.7

Representative
profiles for the hours:

(a)
(b)
(c)
(d)
te)

1400-1500 MLT

1500-1600 ALT

1600-1700 MLT

1700-180C MLT

1800-1900 MLT
]

hourly average

(2200-2300
(2300-2400
10000-0100
(0100-0200
(0200-0300

UT)
uT)
uT)
uT)
uT)
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Pidure 3.7. The Y'-component in this tise regise is variable
ia that, part of ghe time, there is a positive-going level

shift (e.g.,' Pigure 3,7

and (c)), and other tiltc‘ti‘ro
is no level '-u/;‘r slf\d‘)). The SPEA of the data
ftes priqr to aspproximately dusk a
posit&vo-i ft in AY*' (Pigure 3.8).'loai ‘dusk
(Figure 3.8(0L), ;he Y'-component tends to follow the Xi-
component, indic:ting that the 4ionospheric current 1likely
does not flov ain a direction orthogonal to the magnetometer
chain.‘Boyond this time in this regime, the SPEA gives
profiles 1in wvhich the !'-conpoiont shovs a negative-going
level shift although it is is not as clear a shift as
observed in the ©pre-goon sector. Hovever, soae, of the
examples of the original data shown in Pigure 3.7 show that
indeed a negative-going 1level shift .Aoos occur in many
1ns}ances although the majority of profiles ip to 1980 HLT

\,
\

shov no distinct level shift in AY?'.

3.2.5 The 1900 - 2200 MLT Regime

The fifth and Final region that has been identifigd
froa this study occurs in the evening sector from about 1900Q
tq 2200 BLT (0300 (tg‘ 0600 UT). This regime is dominated by
the positive AJX' signature of the eastward electrojet.
Rovever, this time period is distinctive in that there
exists a negative-going level shift in the Y'-component, and
a togion of negative AIX' polevard of the positive ATIX!®

regime. Although in the previous sector there also existed a

7N ,

(
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Figure 3.8 Superposed epoc is of the
averaged latitude p s for the a
(a) 14C0-1500 MLT ¢ -2300 uT) oo

(b) 1500-1600 MLT (2300-2400 UT)
(C) 1600-1700 MLT (0000-0100 UT)
(d) 1700-1800 MLT (0100-0200 UT)
(e) 1800-1900 MLT (0200-0300 UT)
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region of negative AI' ia the polevard part of the

.tn ,regios, asd

the S-coaponeat  vas consiatcnt’.vith oaly an eastward

profile, the X'-coamponent did aot peak in

c-ftont. The AT’ level shift in the 1900-2200 HLT regise
[

occurs over a narrov latitudinal vidth across and polevard

of ongtuard electrojet positive I'-bay signature.
ures J.9(§.b;c) are typical ot ;ach Pontly intaxval in
this time sector. The corresponding SPEA profiles (Pigure
3.10¢a,b,c )) aq&ﬁn serve to esphasize the general nature of

the observations in this regiame.

3.2.6 Sn-iary of the Pive Regines

To suamsarize fo far, hourly a:;taqed latitude profiles
of the perturbation asagaetic field may be divided into 5
distinct regions, characterized prisarily by the behaviour
of the east-wvest or Y'-component of the field. Around
midnight, including the region of the so-called Harang
discontinuity, the Y'- component is negative over the wvwidth
of the profile, and the X'-component shovs the signature of
a vestvard electrojet and, at times, of an eastwvard
electrojet as vella Froa 0200 HLT to near noon, there is a
distinct level :hift in AY', positive-going with
increasing latitude. This level shift is confined primarily
to the region of the westward electrojet and increases in
magnitude (vith respect to the maxiasuam ZXX'; as noon is

approached. The third region spans noon and is characterized

by great variability in the X'- and Z-coaponents. Hovever



Pigure 3.9

Representative bhourly
Profiles for the hours:
(a) 1900-2000 mLT (0300-0400 oT)
(b) 2000-2100 mLT (0400-0500 vuT)
(c) 2100-2200 mLT 1{0500-0600 oT)

average

latitude
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Figure 3.10

Superposed epoch
averaged latitude
(a) 1900-2000 nmLT
tb) 2000-2100 msLT
tc) 2100-2200 MLT

snalysis of the \hourly
profiles for the hours:
(0300-0400 UT)

(0800-0500 UT)

(0500-0600 UT)
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A Y' consistently shovs a large bositive-going step o1
level shift. From about 1400 to 1900 MLT, the profiler aic
characterized by the signature of an eastward ilowing
current and either a small positive-going step in ATY' or
no step at all. From 1900 to 2200 MLT, the profiles provide
evidence of both eastward and westward currents ( the latter
being the most poleward current) and with these, a negative-
going level shift in the Y'- component,. )

The remainder of this chapter will deal with the
interpretation of these profiles in terms of a wotrldvide
three dimensional current systea, as well as presenting soame

other information derived from these profiles and other

sources.

3.3 Interpretation of the pata Suite

The most distinctive feature of the data is the level
shift which occurs 1in the Y'-component, As described in
Chapter 3, a net field-aligned current produces as a ground
magnetic signature, a step in AY', Field;aligned currents
vere first proposed by Birkeland (1908,1913) and
subsequently were reigtroduced by Pejer (1961), Kern (1962)
and Bostroam (1964) in three-dimensional current models for
auroral regions. It was not until recently (Zmuda et al,
1967; Arastrong and 2Zmuda,1970) that such currents vere
identified from in Ssjitu nmeasureaents by magnetometers on
board polar orbiting satellites., Several more recent studies

(Yasuhara et al, 1975; Sugiura and Poteamra,1976;Iijima and
4
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Potesra,1976) shov that there is a tendency for there to be
aet dovwnvard current flov in the wsorning sector of the
auroral oval, and net upward flov in the evening sector. If
this is indeed the case, and the net field-aligned currents
are uniformly diverging in the ionosphere, them no ground
based signature would be observed (Vasyliunas, 1972).
Pukushima (1969) has given a simple description cf this
phenomenon by considering a line current flowing into the
ionosphere (Figure 3.11)., If the total inflow is I aaps,
then at a radial distance r frca the current, on the groungd,
the amagpetic field is given 'by I/r, and 1is directed
clockvise (looking along the <current). If this current
diverges uniformly radially outward (in the bhorizontal
plane), then the overhead ionospheric current density at the
same observation point is I/27rr, and the magnetic effect on
the ground is given by I/r, but in the counter-clockvise
direction. The net effect is thus zero magnetic perturbation
below the ionosphere. However, the ionosphere provides a
highly conducting channel in the form of the auroral oval,
s0 that one would expect to see distinctive magnetic
signatures at ground based observatories. These will Lkave
the basic characteristic of a level shift in the east-west
component of the_ magnetic field across the }egion of net
field-aligned current flovw. This fact together vith
satellite observations of field-aligned currents has been
used to aid in the interpretation of the latitude profiles.

In fact, if a positive-going AY' step is taken to be the
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CURRENT

a4

Pigure 3,11 Schematic

drawing
vertical current
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/
/
/

FIELD -

A

7

ZERO

to demonstrate how a
vhich diverges uniforaly

into the horizoastal plane produces no net
magnetic perturbation. See text for details.
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signature of a net downward field-Aligned current, and a

Regative-going AY' step to be the ’Iﬁi:?h(i of upward
floving current, then a picture of the diurnal vagiation of
fth; disturbance component of the magnetic field associated
with the field-aligned current flovw may be obtained. Such a
picture 4is shown in Pigure 3.12. This is a histogram of the
frequency of océurtence of inuard and outward net field-
aligned current, as well as the number of cases when no such
cases vere observed in the ground data. The cross-hatched

A\

region delineates that region of the auroral oval known as
the Harang discontinui;y.

There is a remarkable similarity between the béhaviour
of the net field-aliqped current as inferred from the
latitude profiles, and the diurnal variation of the average
electric field observed at auroral latitudes (Mozer and
Lucht, 1974; 1Iversen and Madsen, 1977). Pigure 3.13(a) is a
plot of the east-vest and north-south components of the
average auroral zone electric field as a function of local
time obtained by Mozer and Lucht (1974). Most of the data
used in compiling this plot wvas collected at Thompson,
Banitoba, and Churchill, Manitoba, vhere local "time is
approxisately the sasme " as magnetic local time. Pigure
3.13(b) 1is similar data in a polar plot, obtained by Iversen
and Nadsen (1377).

The first region discussed above (2200 to 0200 MLT)
features an electric field which is wvestward and polewvard

(towards dusk), and ‘westvard and‘bquatorvardi(towards dawvn).



Figure 3.12 Histograa showing the distribution of net
field-aligned current as a function of
“Universal ‘fime, as inferred from the
ground-based magnetic measurements.,
Approximate magnetic loca) time dis shown
across the top of the figure.
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Figure 3.13(a)

The diurnal variation in the ionospheric
electric field in the region of the auroral
oval. The time scale is local time, which,
for these data, is approximately equal to
magnetic local time (see text). (After Mozer
and Lucht, 1974).



|

e 8 ° §g¢ 8 ° g3

AN3NOdWNOD LN3INOJWOD
QUVM L1S3IM QUVMHLNOS

W/AW  ‘gA3i4 21419313

101

20 -

16

o8 12
LOCAL TIME

04

00



102

Figure 3.13(b)

Average ionospheric electric field vectors
in the region of the auroral zone, plotted
in a geomagneti¢ latitude, magnetic local
time frase. (After Iversen and

Madsen, 1977).
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This field can drive a polevard Hall current and a vestvard
Pedersen current. In this region, the latitude profiles show
a Y'-component vhich 1is negative across the profile, and
this signature can be produced by polevard floving current,
The second region, or dawn regime has a doainantly
equatorvard coaponent of electric field and the east-vest
coaponent, although small, 1is prisarily eastwvard. This
equatorvard electric field can drive a wvestvard flowving Hall
current, consistent with the magnetic signatures observed in
this sector. The poon sector (1000 to 1400 AMLT) is
characterized by a wveak or zero east-west electric field,
and a transitional north-south electric field. 1In this
region, the ground based magnetic observations are confused
with respect to electrojet flow, although the Y'-coaponent
signature is ¢that of a strong invard net field-aligned
current flow. In the post-noon quadrant, the data of Mozer
and Lucht indicate an essentially zero east-wvest coaponent
to the electric field, but a strong ﬁolevard component,
This, ¢too, 1is <consistent with the latitude profiles which
shovw in this sector an eastwvard electrojet that would be a
Hall current driven by a polevard electric field. The data
of Iversen and Madsen (1977) show a small eastvard component
in the electric field. However, the near absence of an east-
vest cosponent in the electric field 1is consistent with
essentially no north-south cosponent of Hall current. Thus
one wvould not expect the electrojet Hall current to diverge

significantly along field 1lines in this region. Pinally,



fros 1900 to 2200 HLT the electric (field bhas a vestward
coaponent increasing tovard uidaight and a pélovntd
coaponent increasing toward dusk. These fields are also
consistent with thp observed eastvard electrojet flow that
is observed in this ctor. Table 3.1 is a sumsary of these
comparisons.

As pointed out above, the level shift 4in the Y*'-

comnponent ( AY!' is believed ¢to be related to net

step’
field-aligned current flovw into and out of the ionosphere.
The positive-going ‘kx'step in the dawn and poon sectors

is then interpreted as the signature of net invard field-
aligned current flow. To maintain current continuity, it was
bypothesized that this net inward current feeds the vestward
ionospheric electrojet. Similarly, the net inwvard flow in
the immedijate post-noon sector could feed the eastwvard

electrojet. In the dusk sector, vhere Pa § {s

'step
negative-going and apparently related in position to the
negative X' latitudinal regime, the inferred ugvatd field-
aligned cu;rent has been hypothesized to be the resualt of
the electrojets bleeding'upvard along the field lines into
the magnetosphere,

To test this hypothesis, it vas assumed that the peak

©

values of the X'-céiponent { AX! vere related to the

peak )
magnitude of the electrojet current strength, and further
that Asr'step vas an indicator of the magnitude of the
un bal anced field-aligned current. Subject to these

assuaptions, one would then predict that the nora of the
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ratio of Asr'.t.p to t&l'p..k fros 0200 BLT to apos

wvould increase and froa nooa to dusk, the sase ratio would

[
decrease. 1n the dusk gquadrant, | Vo | step / ALIL..x

vould increase for negative A1, and decrease for positive

AL, Figure 3.14 shows cﬁi. ratio obtained

through the SPEA, platted as & function of msagnetic local
tise. It 1is apparent that qualitatively, the l60'.
expectations are realized. MNear noom, it vas difficult to
establish a value for AX', so no values are plotted for
this regise,

This analysis 18 important in that the results fors a
basis for a world-wide carrent systes model vhich will .be'
discussed in detail in Chapter 4. That is, it is believed
that the distinctave pksitive level shift in AT of the
hourly averaged lJatitude profiles across local noon and in
the pre-noon sector is a signature, a{ least in part, of
un balanced field-aligned current flow into the ionosphere,
vhich feeds the ionospheric Hall current electroje?s. The
negative level shift 1D AY' in the pre-midnight duadrant
reflects field-aligned current flovw out of the ionosphere.

. An alternative way to ¢xasine these data is to consider
A;Y'step and lsx.peak separately as functions  of
sagnetic local tise. Pigure 3.15 is the plot of the average,
for a given hour, of Zkt'step and zkx‘pe‘k versus HLT.
jote that for the dawn regiee, Vo & eak increases fros 0200

-1000 MLT (i.e.,it becomes less negative), by about a factor

of three, vhile ‘kt'step ipcreases by a factor of 2 to 3.
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AX>0 e
AX<QO o

Pigure 3. 14

The ratio of AY! to AX! plotted as
a function of lo%%ip lagnetieea%ime. To a

first proximation, AT is indicative
of un anced field-aligisﬁp current flow,
and X'neak 1is a measure of the ionospheric

cufrent flow.
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AY'szp —a data
. ' nT
AX peak ** data
2 4 6 8 10 COoMLT
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Figure 3,15

.porth. Positive AIX'

Plot of ATY! and AX? as a function

of magnetic 15881 time. B8:tive ASYégeg
ron

means a positive-going level shift

south to north; negative AY' .. means a
negative-going level shift ?rog south to
eak is the signature of
eastwvard flowing curgent, negative z}x’eak
is the signature of westward flgulng
current.
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Similarly, in the region of the eastward electrojet,

(] 1 ‘ L}
X peak increases until about dusk while lsxstep
decreases. Beyond this time, A&Y;tep becomes increasingly
negative in coincidence with a decreasing Axe « All

peak
these observations are consistent with the interpretation

given in the previous paragraph.

In the diurnal variation of zxx'peak for the interval
0200 to 1000 MLT, there is a distinct inflection on the
curve near Jlocal magnetic dawn. This inflection is thought
to be due to a decrease in the total vestward flowing
current near dawn. Some of the current flows up field lines
near dawn due to a conductivity gradient between the sunlit
and dark hemispheres, This observation will be discussed 1in
some detail in Chapter 4. Pinally it is noted that le.peak
has a negative extremum during the hour 0200-0300MLT. This
is in agreement with Allen and Kroehl (1975) who found that
AL (indicative of the strength of the westward electrojet)
tended to reach peak values approximately three hours after
local magnetic wmidnight.

The time sectors 1in which upward and downward net
field-aligned <current are found from ground based data are
in good agreement with those described by Sugiura and
Potemra (1976) (Figure 3.16) except in the 1200-1400 MLT
sector. These authors find net upwvard field-aligned current
in this sector, vhereas in the present study, the reverse

current flow was observed, and this latter 1is <consistent

wvith a growing eastward electrojet. Most of the published

<



Figure 3.16

Percentage occurrence of level shifts in the
east-west component of the magnetic field
observed by the Triad satellite, as a
functicn of MLT. The dotted regions
represent net upward field-aligned current,
the clear regions net downward field-aligned
current. (After Sugiura and Potemra, 1976).
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data from the Triad satellite bhave been fros the summer
months, whereas all the ground- based data in the present
study come from vinter months. An explanation of the
discrepancy betveen the Triad _gg}ellite and ground
magnetometer data will be offered in Chapter u.

Because of the role that the interplanetary magnetic
field (IuP) plays in magnetospheric and auroral physics (see
Chapter 2), it was useful to examine the correlation betwveen
the IMP and the presence of the LAY level shift observed
in the latitude profiles. To this end, data vwvere selected
from twvwo regions shouing'pronounced level shifts in the Y'-
coaponent. The hours 1600-1700 UT and 1700-1800 uT
(approximately 0800-090C MLT and 0900-1000 MLT) were chosen
as representative of positive-going level shifts in the Y'-
component, and the hours 0400-0500 UT and 0500-0600 UT
(2000-2100 MLT and 2100-2200 MLT) were chosen to represent
the negative-going AY level shifts. Pigure 3.17

(a,b,c,and d) are plots of AT vs B

step {i.e., the

z ’
coaponent of the IMF normal to the ecliptic plane). Although
in some cases there were no data for the IMF for thoses

cases where data did exist, there is a <clear 1linear

relationship Dbetween A and B

step z for the pre-noon

sector. That is when Bz >0 (i.e., the IMF points northwards,
or is parallel to the earth's field in the ecliptic plane)

3 [ ] . 4 t
there is a veak AY step however, if Bz.<0, then nystep

increases linearly with increasing negative B "If as

z L

suggested above, the level shift in AY' is related to a net



Fiqure 3.17 Plots of

A ep_ as a function of the
compgnent of ige IMNF normal to the ecliptic
plane (B ), for the hours

(a)  0400-0500 UT
(b)  0500-0600 UT
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Figure 3.17 Plots of AY! as aqunction of the
comaponent of §E3PIMF normal to the ecliptic
plane (B ), for the hours
(c) 1600-1700 UT
(d) 1700-1800 UT
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coaponent of field-aligned current vhich in turn is related
to the strength of the westvard current, such a relationship
betveen ‘&'.step and By vould be expected. 1Ip fact,
Hirshberg and Colburn (1969) have shown a good correlation
betveen Kp, a measure of Jhroral activity, and q: + When
B, is directed southvard.

In the evening sector, the relationship betwveen

Ay and By is not as clear, although a pattern

‘step
similar to that observed in the pre-noon sector is observed
here. It would be of considerable help in determining
unequivocably the relationship betwveen A&!'step and By if

there were more cases of large ZL!'step in this local tiae
interval. Hovever, for the period of this study, there was
INF data for about only 50% of the days in each hourly
interval, and of this 50%, only about half of ¢the cases
provided large level shifts in AY'. The result of this
unfortunate circumstance is a paucity of data involving
large level shifts in the Y'-component. However, the results
are consistent with the observations of others (Hirshberg

and Colburn, 1969) in view of the interpretation of the Y'-

component level shift presented in this thesis.

3.4 Inversion of Latjtude Profjle Data neap Dusk

It vas pointed out earlier in this chapter that there

vas evidence for penetration of the westward electrojet
poleward of the eastward electrojet as far westward as 1800

BLT. Rostoker and Kisabeth (1973) have shown that eastward
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"and wvestward electrojets exist sisultaneously in this time
sector during polar asaganetic substoras. Hore recently,
Kaside and Akasofu (1976) have published a similar result.
As the existence of a vestvard flowing current in this tinme
sector during quiet to @soderately disturbed times is
isportant to the understanding of magnetospheric processes,
a detailed study of the «current flov in this regime vas
under taken using the linear inversion theory of Backus and
Gilbert (1970). In particular, the formulation developed by
Oldenburqg (1976) was used to Jdetermine the 1lat{tudinal
distribution of <current in this time sector. Appendix II
gives a brief outline of the theory involved in this
technique.

Besides carrying out the inversion, which leads to the
only unique solution to the problea, a model of current
intensity that ®"fits the data®™ vas generated. That is, out
of the infinite set of particular models, one vhich
satisfied the relation JfJ'QO)dO = minimum, and which was
constrained to fit the observations that fit the data as
closely as possible, vas developed as an aid in interpreting
the results of the inversion. There is not necessarily any
physical reason for choosing such a model. However, such a
choice 1is analytically and numerically easy to handle, and
does ;atisfy the intuitive belief that the current density
of auroral current systeas, op average, vill vary
latitudinally in a smooth manner vhen averaged over the time

span of one hour.
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To deaonstrate the results of the 4imversion, one
exanple fros each hour from the sector 2300 to 0600 OT (1500
to 2200 BLT) is presented. Pfor each latitude profile, there
are three accospanying fiqures. The first 4is a plot of
standard deviaticn yg colatitude, contoured for constant
values 61 avotaginq function width. These plots are in
effect a graph of the trade-off between error in ého
calculation cf the current density and the resolution for
the same calculation. This figure is required to interpret
the second plot vhich shovs average current density as a
function of <colatitude contoured for a constant standard
deviation. Pinally, the "flattest" model of .ioight-
integrated <current density that fits the data is plotted to
assist in the evaluation of the current density estimates.
As discussed in Appendix II, the forward model used in this
study employs both east-west current flovs and north-south
current flows. Purthermore, in this regise, the electric
field is approxisately northward, so that the sisplified
relationship between the Hall current and the Pedersen
current, as developed in the Appendix, has been used. In all
cases, the ratio of height-integrated H?ll conductivity to
bheight-integrated Pedersen conductivity wvas set to twvo in
accordance vith the results of Brekke et al, (1974). The
results of the inversion are shown in Pigures 3.18 through
3.26. 1t is evident that prior to 1800 HMLT, only eastward
current is detected, as shown by the curves of <J(@)>. It is

interesting to coapare the profiles in Pigure 3.20 to those
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ta) The latitude profile as a function of
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tb) The flattest beight-integrated current
dens ity model.

(c) The standard deviation of the current
estipates ag a function of colatitude

(4) REstisates of height-integrated current
density as a function of colatitude,
contoured for constant standard deviatijion.
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COLAT]I TUDE COLATITUDE

Results of inverting the hourly averaged
latitude profile for 1600-1700 nLT
(0000-0100 ©T), Day 17, 1972.

(a) The latitude profile as a function of
Colatitude.

(b) The flattest height-integrated current
density model.

- (€¢) The standard deviation of the current

estisates as a function of colatitide

(d) Estimates of height-integrated current
density as a function of colatitude,
contoured for constant standard deviation.
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(b) The flattest height-integrated current
density model. -

(c) The standard deviation of the «current
estinates as a function of colatitude

(d) Estimates of height-integrated current
deasgity as a function of colatitude,
contoured for constant standard deviation.
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(a) The latitude profile as a function of
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(b) The flattest height-integrated «current
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2] Bt

Results of inverting the hourly averaged
latitude profile for 2000-2100 HLT
(0400-0500 UT), Day 338, 1971%1.

(a) The latitude profile as a function of
colatitude.

(b) The flattest height-integrated current
density model.

(c) The standard deviation of the current
estinmates as a function of colatitude

(d) Estisates of height-integrated current
density as a function of colatitude,
contoured for constant standard deviation.
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in Pigure 3.21 for the hour 1700-1800 MLT. In Piqgure 3,21,
"there is a possibility of a westward current poleward of the
main eastward electrojet, or this simply may be due to a
vestvard current to the east of the magnetometer whose
strength 1is large enough so that the resulting magnetic
perturbations can be seen at the magnetometer line. For
times later than 1800 HLT, the contours of <J(§)> show
unambiguously that there is a westward electrojet flowing
polevard of the eastvard electrojet. The validity of the
forvard model used is somevhat open to question a; evidenced
by the oscillatory nature of the ‘flattest model. However,
such behaviour of the particular model does not detract in
any great measure from the results of the actual inversion,
as shown in Appendix II. Table 3.2 is a summary of the
results of the inversions of latitude profiles in this
sector. All cases included in this table are for times when
Bo substorm activity wvas present in the magnetometer chain
sector. The positive X'-component eitrenun varied from 10 nT
to 100 nT, while the negative X'-component extremum varied
from 10 nT to 105 nT.

Since the examples analysed in this study vwere for
quiet or only moderately disturbed periods, as evidenced by
the range of the X'-component peak values, the westward
electrojet that has been detected in the dusk sector is not
the substorm westward electrojet. Rather, these results show
that the convection westward electrojet may penetrate as far

vestvard as 1800 MLT. Previous workers (Kisabeth and
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Rostoker,1973; Kaaide and Akasofu,1976) have found substora
vestvard electrojets in this sector. The results of the
inversion, together vith these other rosulfa, make it
imperative to include the vestward current polewvard of the
eastvard electrojet in the pre-midnight sector up to locai

dusk in any vorld-wvide current aodel.



Chapter & A WORLDWIDE CURRENT HODBEL

e.1 Infroductiop

In this chapter, the data and its interpretation
outlined in the previous chapter, are synthesized to provide
the input parameters for a vorld-wide three dimensional
current model. The model is tested against the data inasauch
as the gross features of the data are reproduced. That |is,
no atteapt is wmade to, say, logst squares fit a model
latitude profile to an observed profile. Rather, the
comparison that has been @made  is one of coamparing the
sagnitudes of the AX' extrema and the level-shift in AY!*,
This is justified in that the sodel is designed to reproduce

only the gross features of current flov in the ionosphere.

Bowever, it is believed that suitable variation of the model .

parameters vwill lead to current aodels that vill reproduce
specific latitude profiles. Several exanmples of such current

models are described to desmonstrate this.

8.2 Elesentary Copaiderations

4.2.1 The Auroral Oval

In order to develop a model of vorldvide current flow,
oae nust deteraine the direction of current flov and the
geoaetry of the curreat systeas. Chapter 3 has outlined the

10:91;:22331 distribution of eastward and westvard current

132
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flow, Hovever, it is also necessary ¢to define the
latitudinal extent of the current systeas. From the
superposed epoch analysis, and using the AZ extresa as
indicators of the latitudinal boundaries of current
(Kisabeth 1972), 4it is found that in general the east-vest
current systeas are confined to a region about 59 wide in
latitudinal oxtonéi.rurthorloro, there is evidence that the
eastvard and vestvard ionospheric currents 4o not flow in a
direction norsal to the magnetometer line. That is, the Y*'-
component in the latitude profiles cannot be attributed
solely to field-aligned .current, but is in part due to a
tilt of the wmain electrojet with respect ¢to 1lines of
constant latitude (see section 2.2 and Figure 2.6). Indeed,
the electrojets are observed to flov along the auroral oval
(Feldstein, 1963, Akasofu et al, 1965). Kisabeth (1972)
modelled substoras current systeas flqving along the auroral
oval by representing the current path by a parabola given by
ab | .
(b cos“yp + a‘m‘«)ﬁ
Wwhere O is the colatitude of the boundary, (f is the

lonqifnde (measured counter-clockwise from midnight), Q 1is
the wmidnight colatitude ‘QP-O) and b is the davwn or dusk
colatitude (49-900 or 4932713 respectively). However, he was
interested in currents of relatively short longitudinal
extent (up to 20°9), vhereas the vork presented here deals
vith curreats of global 1longitudinal extent., Kamide and

Pukushima ¢1970) have examined current flow along a path
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given bY

8 = 8 +4 (8 ~6)1+casqp) ‘.2
vhere 8 and (P are as givea above, and O, is the
colatitude of the path at nooa ('-1000) aad 6‘ is the
colatitude at aidaight (17-0‘). Siace small scale current
structures are of 1little comncern in £his thesis, equation
4.2 is ideally suited for describing the auroral oval since

a single specification of 9, and Q suffices to describde am:

3

ght sactor, it is believed that there is a

entire oval boundary.

In the &

cornoqt £ evard flovw and that both eastvard and
westvard el ts coexist. To accoamodate such* currents,
a separate s fication of boundaries is required, but
equation 4.2 may also be used to describe the path. PFigure
¢.1 4is a polar plot of the auroral oval bouadaries used in
this thesis and table &.1 gives the paraseters that describe
these boundaries (Simce the polar plot 4is 1ia terss of
latitude, the table 1lists latitudes (A ) instead of

colatitude (#8)).

8,2.2, Location of Curreats

The nature of the iomnospheric current flow is based on
the interpretation ofv the latitude profiles given in the
previous chapter. Westward curreat flovs froa anoon around to
aidnight vhere it flows polevard and vestvard across the
midaight sector to 2200 8LT. This flov thea coatinues

wqstvard to 1800 <BLT. BRastward curreat flovg from moon
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Figure 4.1

Polar plot of the auroral oval used for
modelling purposes. The boundaries follow
the locus| @ = O, +» %2(6,-6,) (L +casp) where 8
is colatitude and longftude, measured
counterclockwise from midnight. di and O
are the colatitudes at noom and midnight
respectively. The values of &, and 6, are
given in Table 4.1,
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around through dusk to_ 2200 BLT and Y;ogllorthuard and
eastvard to®the egquatorwvard boundary of the aidnight sector
vestvard electrojet, teraimating at 2400 HLT. Both the
sastvard and westward electrojets are one segment of a three
diasensional current loop sisilar to that used by Kisabeth
(1972) . However, the field-aligmed currents connecting the
ionospheric eloctrojqﬁl to the ;AQIOtOIph.tC are not
confined to sheets at the ends of the iomospheric curreats
but are 1n.§rncral disttibutod over the length of these

curr '1n this model, the electrojets are assumed to

~grow a | dbcay ,over a fiasite 1longitudinal extent, as
described in Chapter 3.

Proa the nature of the electric field configuration in
the auroral zone (see figures 3;12 and 3.13), it is apparent
that the eastvard and ucstugrd electrojets ar entially
Hall currents, so that for a coaplete cnrrentmol, one
aust also account fog the currents in the direction of the
eslectric field, the so-called Pedersen caurrents. In&eed,
receat observations Dby th; rriad satellite (Iijima and
Potesra, 1976) imdicate tha} the auroral oval is bounded by
regions of ti‘ld-alignod current (Pigure 4.,2). These
currents close in the ionosphere through north-south
C‘ttc.tl.‘ In the model vhich has been developed for this
thesis, all east-west ionospheric currents are bounded by
infinitesimally thin sheets of field-aligned current w¥ich

are ia turn connoct.d by north-south ionospheric current. In

:ogionc Qf vestward ~\\hont flowu, there is dovavard fileld-

N
\\



rigure 4.2

The locatioam of field-aligned curreat sheets

- a8 deduced frona Ragaetometer data from the
polar-orbiting Triad satellite (Proa Iijima

and Potemra, 1978 ) The panel on the left is
for low level activity (AL<100), and that on
the right for higher activity (AL>100). _

>
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aligned current along the ~polevard boundary and this
diverges egpatorvard in the ionosphere, across the
electrojet, and up field lines at the equatorward boundary
of the electrojet. In regions of eastward ionospheric
current, the north-south current systea is reversed.

48 wvell as these large scale currents, tvo Other
current systeas are involved in this global model. Rostoker
and Hron (1975) have shown that there is a veak eastvard
current equatorvard of the main wvestwvard electrojet in the
dava sector. ‘This current system is believed to be a
gﬁqgnture of electron precipitation associated with a
’Qrocontiguration of the. sagnetosphere after a period of
strong activity. On a statistical basis then, the strength
of this curren{ systes vould average out to be relatively
veak, and it has been inclndid in thé aodel onlf as a very
veak current systea. An additional curreant systea vhich may
be simjilar to &F or DP-2 has also been add.ed to the model
and the reasons for iancluding this systea will be discussed
at length later in this chapter.

Current in the polar.cap (the region from the north
pole to the poleward boundary of the auroral oval) has not
been included in this model. All the iaqnetic data vhich has
been used in torlulaiing the current model is winter data,
and during this period, the polar cap is essentially dark
throughout ¢the day. Pigure 4.3 shovs the sunlit-dark
terainator for 19“ at its extreae positions during the
period of Day 332 1971 ®o Day 23 1972. Thus, there is little



Figure 4.3

The extreme positions of the sunlit-dark
tersinator for the period from pay 332, 1971
to Day 24, 1972, at an altitude of 115 ka.
The s0lid lines oriented from left to right
indicate the terminator, and the dotted line
is the positlon of the polewara border of
the model auroral oval, <the approximate
location of the Ragnetometer lime is shown
for 1700 UT, and the location of the
Greenvich Meridian is shown at 0© longitaude,
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if any solar ultra-violet radiation reaching the polar cap
upper atmosphere and therefore there is little if any photo-
ionization. This in turn means that there is little if any
polar cap conductivity, and therefore no significant polar

cap current.

4.2.3 The Electric Pield and Conductivity Model

Mozer 4nd Lucht (1974) and Iversen and Madsen (1977)
have published data on the auroral zone electric field. When
the research for this thesis was initiated only the former
data were available and these data vere used as the electric
field model required in modelling the currents. The electric
field consistent with the global current aodel is
shown in fiqure 4.4, This polar plot shows only the unit
vectors of the electric field because to define the electric
field explicity, one requires an explicit nmodel of the
conductivity. This will be dealt with in detail in section
4.3.

Pigure 4.4 is most easily compared with the data of
Iversen and Madsen (1977) (Figure 3.13). In the region of
the auroral zone the model electric field is in reasonable
agreement with the real data. Note that the model electric
field immediately equatorward of the auroralmzone in the
davn sector is essentially eastward. This is in keeping witk
the vork of Rostoker and Hrom (1975) in which it is shown
that the dawvn eastwvard electrojet is a Pedersen current. The

east-vest component of the low latitude electric field is



Figure 4,4 Polar plot of the unit vectors of the .,
electric field used in the awroral current
flovw model.

.
-
'
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directed tovards moos in all iastances, aad the l.tth;IOltl
CoRpoRent is egsatorvard ia the soraiag and polevard in the
aftecnogn. This is gualitatively t‘,utﬁnut with the 4ioa
drift velocity seasureseats of Bealis et al ()910). As well,
as electric field of this coafigeratioa, for a ratio of
beight-integrated copductivitses (Ball to DPedersen) of 2,
drives currents uhié; are similar to the q;' systea.

The conductivity wvas not absolutely defimed ip this
sodel. Hovever, the ratio of the height-integrated nnli
coaductivity to Pedersen qondnctivity vas taken to be 2
everyvhere. Brekke ot al (1§7Q) have shown that for 1low
aagaetic activi{}, this ratio holds in the aurorgl zone.
Yasuhara ¢t 3], (1975) similarly have used this sane height-
iategrated conductivity ratio in the auroral zone and sub-

auroral latitudes. Since the current model developed for

this thesis is a model for average condig}gns. the ratio of

’33”‘ '.". »
~ »n i 1y
2 is vell justified. ' ’ @ 3 bl WY
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4.3 ZIhe ApPLoach 19 Cuireat % '
As descrided in the pr chay%i‘, h hhiﬁt colctpt fal

of what east-vest ard tiold-aliqnj cuu‘nu vere - .tlmﬁjf}
had beea established and it vas li ‘1ntod‘eht that there

4
-
‘ -~

exist lotth°l°ltl currents vhich s » t*icintly inflp-nco_tho
aagaetic perturbation pattera. ;ﬁ?g‘ apptoach taken in

developing this model vas to gcnd 't@fnagnotic pcrtntbations
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perturbatioan field. The ocurzeats OCeuld net all be schosea
indepeadently ot.on aaether; that s, cuiut goatiaaity
had to bé naintained. This approach s siasilar to that used
by Kisabeth (1972) to sodel sebstomes; bt it is walike that
used by Tasuhara gt 3l (1973) 4a vhich a giobal aodel of
height-integrated Ball and Pederses conductivities vas
asslaed, along vith a field-aligned curreat mode], to solve
the eguatioa

A -
vI-
vhere, I is the ionospheric height-integrated current
density and .7; the field-aligned currsat density.

In this thesis, [ 4in the east-vest direction has been

assuned, and JJ has been derived to afford cnt? .

continuity. To detersine the Rorth-sosth coaponent of
the electric fiéla *’odol a‘d ratio of nﬂht-intogutod

coaductivities hu been 4invoked. Coasider a coordinate
system in which x is directed northward, y eastward and z

down. The horizontal bheight-integrated current demsity is

I-zp‘{*znzi'g 4.3

vhere 2 and 'I‘ are the height-integrated Hall and

givea by

Pedersen. cosduectivities respectively, £ 1is the horizontal
electric field vector, nd ﬂ the sagnetic induction field

vecter. I1f § is chosep as 8 = Bl, then .
- I,E ~ 3,6, ' 44
Ly = 5E.+ 1,8, - 4.5



a9

Dividinq eguation 4.5 by 4.8

I, e ¢ B

"I: = 1 - k-) ‘- 4.6

Thus, if ome coipoaent of the poriscatal current is assumed

v
‘L

knowa, thea one meed oaly specify ¥he ratio of the electric
field coaponeats and the ratio of iho height-integrated
coaductivities. The value of E’/E. u_tzoj taagent of the
angle that f sakes vith the x-axis, and because of this,
oaly unit vectors have been showa ia tuuo'l.c.

It should be pointed out that sisce the locus of east-
vest current flov is ot along parsllels of latitude (see
oqnat{pn a.j). before oquatifn 4.6 may be os‘li‘i correction
must be applied to the east-west bheight-integrated current
density. That is, the avuroral oval bhas an asisuthal

deflection angle (cX) froam a latitude circle giv'cn by
_ /BB . . N
o¢. = Famws (LZ ﬂ.llf) .7

and care must therefore be takeam 4in specifying the true
east-vest carreat douity. | ' |

n,a. froa thc groedd bcud data, it vas determined
uat the out-uut curreat vas varying 4s lcngitndo, this
n:utm kas Dbeea auund\u ﬂ u:ur. There 4is no
evidenoe uuuuo mcu'gu »- exact Bmature of tho
Louulmu vaciation of tho convoct.&oa cloct:ojou. ud 80
the -uplnt n:htin posgible, . bat ome "still able to
m:ocm the mm-, has bees. cboou. '

—vap .4ty
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Ia the nodel developed for /)llji thesis, iomospheric
cerrent is assused to flow 4ia s ihgot of infinitesinmal
vertical exteat; that ;13', the curreat is bheight-integrated.
‘one must therefore decide at what altitude this iomospheric

current sheet aust be pla

anide aad Brekke (%977) have
exanined radar data and that oi average, the yo-tvard
electrojet is wituated at 720 ka, and the eastward jet at
100 ka. Por both eslectrojets, Kisabeth (1972) has used the
'lll; of 115 ka. Ia thiq t‘osis, it has Deen assumed that
the 1ono-ph¢:1q sheet curreats flov at as altitude of 115
ka. Any error in the résults due to am iacorrect vales of
the current altitude will be less thaa 10% (Kamide and
Brekke 1977). .

To produce the nost reliable guantitative current
model, it 4is ~desirable to include the ottoéts of currents
4aduced in the earth. As discussed ia the prov;ous chapter,
‘dnduction - effects have been iidcluded by placing an
infinitely conductiag sphere at depth. ror calculation - of
msodel substorm flelds, Kisabeth (1972, 1975) ahd Kisabets
ul. Bostoker (1977) used a depth of 250 ka, based on the
fact that thtq dopth gives tie  best fit botuoon lodol
calcnlations and tcal " data. In the nodollinh for this
thesis, a depth of 600 ka has been used throaghost. This too
is as eapirical result, giviaq the Siﬁi qualitative fit of
the -odol to the Cntn. vhes cases Anltlntqt'by pere overhead
cl.ﬂttoj-t flow are anuctl.zol. tld!ll‘ ‘since this vork is
cl.utelcl nt&l dll' lﬂi!lt vut,lll o.ttilltlo-l inasasch as
S et C »

¢

~ . .
e e @ a
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all the data is hoerly cv-ru’od. one sight expect that the
induction effect wvould be.dess than for the case of substora

sodelling. ol

.
4.8 Zhe BaBiC Current SYstwis
In this section, the main current systems eaployed in

the model vill be dpscribed at some length. Basically there

are S main cutronts:‘i) the westward flowing current, vhich

flous from noon through aidnight to dusk; ii) the eastvard
flowing cnrtc;z:.vhich.tious from nooa'to midmight; iii) the
north-south curreant associated vith each of the above east-
:l.lt currents; iv) the current which flows equatorvard 1in
'tho morning sector and polgvatd in the afternoon sector, and
v) an eastward current in the davn sector.

.

4.4.1 The Vestvard Current Systea.

~.

. % It will be recalled from Chapter 3 that the grouand

based ' data for the time period nooa through dawvn to

approxisately nidg‘ght had been interpreted bagjically as a
groving vestward current. Hovever, near dawvn (approximately
0809 , iLf for uintor). &:o ves a smarked decrease in the
sagaitude of the peak of the :léorpqc.d epoch AX' profile.
It is not perfectly clear vhat casseg this decrease, byt the
follewiag 11'0110:04 as a poesible explamation.

Curreats flow ia the auroral oval because this region

]

of the atsosphere has as eahasced electrical conductivity

relative to the rest of the¢ atsesphere. This coaductivity is
: -~ ! R '

2\
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brought about by the precipitation of charged particles froa
the magnetosphere which, through collisioqn& ptocosso-;
produce charge carriers in the ionosphere. is vcli as f’il.
--hotc the upper atmnosphere ’1- sunlit, -éltt ultra-violet
(UV) radiation may produce charge carriers in the atmosphere
through photo-iolization‘ptocpcsos. Thus, up to dawn (and
syametrically, up ¢o 'dnsk{, there are two sources of
condpctivity, solar p' aad particle precipitation. Away froa "
dawn (and dn;k). tovards nidnight, only particle
precipitation is ravailablc to produce electrical
conductivity so that near the dawvan aad }nct terainators
there is a gradieat in coaductivity (probably over a nittov
' region). As well, there is a gradient in the electric field
near dawvn and Jdusk, isoo rigure 3.13(a)). In order to
accoanodate these gradients #P the conductivities and the
electric 'ticld; currenst flows up field lines. Thus there is
a reduction in the magnitude of the ionospheric curreat, and
a_ corresponding reduction in the peak of ¢the I'-gomponent,
no'qbsotvod. |

In the -glohnl current model, it has bocn\tspunqd that
both the Hall sad Pedersen cqnduc}iiitiol vary ia suck o
samner that their zctib':ciatn: con'tant;-}nliqptiﬁn 8.6.1
of this chapter, the ottdg; of this reduction ia -electrojet
streagth will De !Itltl‘d ia noke dtéail.'rtgi:o 4.5 is a
pot of’cnttnli thoﬁrjty as a functioa of time for both the
eastvard and n.‘uﬂ slectrojets. It 1is ’oqby--that the
vestward jet tiho curve uwith valoes ovcryﬁﬁor._xd-a than

oy

2 e

pte

ul ' . ! ‘A."- s ’ . _“



Figure 4.5 The model height-integrated current deasity

. for the east-vest currents, as a function of -
MLT. The current densities for both the
eastvard curreat (values > 0) and the
vestvard curreant (values < 0) are shown,
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4
gero) exhibits variations over its entire leagth, Froa noon

to about 0800 NLT, the curreat density increases limearly
from 0.0 to 0.221 Aa-%. Ia this sector, the width is
oon-tant at 5° of latitude, so the current here ranges froa
'§§ub A to 1.25x10%A. Near 0800 HLT, there is a 20% reddction

ia the total curremt, vwith a concoajtant reduction in the

- beight-integrated current density. As a result, 2.5x10%A  is

fed out of the ionosphere in a field-aligned current sheet.
This field-aligned current is most likely distributed over a
fiajite 1lomgitwdinal range, bet this range cannot be
deteranined from the available data. In lieu of this, the
epvard flowing current is :oélacod by aa equivalent upvard
floving éutrtnt sheet.

Prom 0800 NLT ¢to 0100 MLT, the vwvestward cnt;ent
continues to grow back to its peak value in the sunlit
sector. That is, the total current increases from 1.00x10%A
at 0800 MLT to 1.25x10%A at 0100 ALT,

Over the entire region discusood‘ so far, since the
vestvard current is groving, there Iﬂ;t be a aovnvard field-
aligned current feeding e%oaucstua:d jet, (apart froa the
upvard current sheet at 0800 #LT). Since the ionospheric
current gJrows aost rapidly im the sector froa nooa td 0800
SLT, this is obviously vhot; the greatest invard field-

y aligaed curreat flous. Pigere 4.6 48 a plot of field-aligned

cutreat dengity ss a feaction of magnetic local time. It is
clepr that 3fbeen aidnight and 0800 HLT, very Little field-

"b'.‘:-:f';:\“-;‘mxA X oue



Pigure 4.6 The nmodel ebbalanced field-aligned current
~ densities that connect with the tast-vest

.curreat systems, ag a function of HLT.
denotes downwaraq field-aligned current, anad

. ® upvara ﬁOId-aligned current.|



157

1IN
(o] 4 r4 ) 0 eé 02 8l 9l 1 4] el
. TR

Wy .

AiisueQ 4uesin) poaubiiy pleigd jON



158

aligned current vhich feeds the electrojet is a local net
field-aligned current inasauch as if one vere to 1integrate
‘alonq a seridian, there is an imbalance in the field-aligned
current flow.

Referring to, figure 4.5 again, it is seen that the
vestvard current intensity generally decreases from 0100 MLT
to 1800 MLI. In fact, the total current flowing across a
meridian in this sector decreases linearly from 1,25x10%A at
0100 ALT, to 0.0 A at 1800 MLT., The non-linear variations in
the current intensity come about froam variations in the
width of the vestward current ia this rcqino{ In this
sector, fi‘ld-aliqned current ;nlt flov out ©of the
ionosphere, and the outwvard field-aligned clftont density is
shown b; the open cirélos'in figure 4.6. The varjiations in
this curve are again due to the varying width of the
current. In fact, the upvard flowiag curreant as a faunction
of 1longitude is constant. The high curreat density at 1800
BLT is due solely to the extresely marrow (0.5°) latitudinal
extent of the electrojet at this éoint.

Superimposed on this entire westward electrojet systes
is a npnorth-south cnrro:t systea. In accordance with the
procedure outlined earlier, the curreant floving in the
north-south systea vwas obtained directly froa the electric
iiold and conductivity nodcis. Pigure 8.7 is a plot of the
global ‘north-lonth current systea plotted in teras of the

field-aligned curreant coatribution. The curves of immediate

interest are the upper two curves in the pre-amidnight hours



Figure 4.7

The field-aligned cir%.nt strength for the
north-south current systeas as a function of
MLT. (5] denotes  upward field-aligaed
current, and @ indicates downwara
field-aligned current. The dashed lime
represents current flow at the equatorvard
border of the auroral oval, and the solia
line indicates current flov at the polevarad
border of the auroral oval.
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aad their couzisvation iato the .p-t--unt’n Iru., Note
that the dovavard ocurreat couhy is g:ntc:\”m.
spvazrd. Jhis is dee to the fact the southwerd
curreat flows aloag seridians and thoroto:i~q1vo:g s, so
that for a coastaat cwreat, the cerreat deasity varies as
the sine of the colatitude.

The 2 )‘.01-' of rigure &8.8.are the aocdel latitude
profiles for the :L.t-atd floving ocurreats, tlglndiiq the
associated "aet® fiald-aligaed mmu,‘ bet ehcludiag the
aorth-south currents. The features that oOae aight expect
froa kaowledge of the curreat distribution are evident in
these profiles. There is ’ decrease in the X¢-conponeat
- ektrema froa 0900 BLT ‘to 0800 ALY (Pigexe Q.l(j.‘znd Pigure

4. 8(i) respectively). Because of the preseace of unbalanced,
dovavard field-aliyned curreat froa 0100 t0 aeoa HLT, oOne
vould expect a positive going level shift (north-to-south)
in the ecast-vest éoapoaont. This in fact is seen only wp ¢to
0300 ALY .ﬁho ,hodel profiles for 0100 and 0200 HLT show
either a veak negative goiag shift in AY', or no shift at
all. This is due to the stroag upvard field-aligmed curreat
in the aidnight sector, completely saskiag the weak dowaward
carrent in the post-aidaight sector. Indeed, the positive-
goiag level-ghift is seea beyomd noca, -;llling over as an
ead-effect iato the 1300 NL? and perhaps 1400 NL? sector.
Novever, the nmagaitede of all these level-Bhifts appears
ssall relative t& those suggested by thq real data. This
ocould be dne to ome or bogh of two posaibilities: (1) there



Figure 4,8

’

Nodel latitude profiles @se to the coaplete
vestvard -::::: Lb " (daclefdiiag the
ioaospheric and itold-nlignog cn:toutc).

a) 0000 t0 0100 8LY

b) 0100 to 0200 mLY:

a) 0200 to 0300 ML? . .

4) 0300 to 0400 ELZ v i, .
e) 0800 to 0500 mALY ) '
£) 0500 to 0600 MLY
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Pigure 4.8

1) 1100 to 1200 HsL?

Py -

Hodel latituds profiles due to the cosplste

- vestvard curreat systea (i{ncludiag the

ionospheric and figld-aligned curreats).
g) 0600 to 0700 a2 = -

h) 0700 to 0800 mi2 °~ v
i) 0800 to 0900 HLT » oo .
J) 09500 to 1000 w2’ thy 't'- SR -
k) 1000 to 1100 AL? : I ST
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Pigure 4.8 Yedal latftude profflse due to the complete
, vestward curremt system (including the
ionoepheric end fiald-aligned curreats).
m} 1200 to 1300 AT
n) 1300 te 1400 MLT
o] 1400 to 1508 MLT
pl 1300 te 1600 MLT
¢} 1600 to 1700 MLT
. ] 1708 to 1800 MLT

s
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Pigure 4.8 ‘8odel latitude profiles due to ‘the complete
: t vestward current -systea, (imcludiag the

. 10|o:£urio and f£i ld currents).

4 0 to 1900 & ’

- t) 1900 to 2
w) 2000 ¢co 2100
g v) 2100 to 2200
¥) 2200 to 2300

"Q-
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'4s sore uabalasced tiold-augul pxtut thaa u- been nnd
ia the aodel, or (2) there ate ou« curreat uatou ‘which
‘will prod.oo a AY' level-ghift. The first of these requires
an unonntic current systen othar thaa /A vestwapd curreat,
since increasing this utto:\ciﬁ sot m-go the size of the
Y'~-compoaent level-shift r‘liuv; to the t‘-conponont
extremus, sugo, a8 pointed: “t., earlier, it is m believed
that significant curzeats flov in the wiater polat cap, tiis

. first pemsidility suggests the presence of curreats floviag
qntﬁtntd-. Such a currdit 'l'”! s beea iacleded in the
glom model, and will be utn@d to later ia this chapter
(loction n.n.a;. rn seocoad msﬁilt‘.y i siqo a vinhlov
\ono. iasofar as ’d lorth-lonti gurreat ay-tn bas o't yet
beea coasidered.

Pizat, hovever, the reaaisiag f.atntu of the ncturd

systes alone should be coasidered. Note that tﬁﬁo‘mt-_
exhibits an asyametry not umlike that in the data, u the
pon-nihigtt houl®. u-o.’ the east-vest coapoaent is aot"
ugaun across the. .u:o mw-. as it is 4in the hu, in

the nquu s8cLor. mg, the edst-vest coapobent does
shov & ngsu.n-qom m'. ia t.h. pto-uaugn hours,

Ny

d-q.u h “ ohbwdxtn the un. N )
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Pigure 4.9

Hodel latitude profileg dne %o the ,Qo_uloto
vestward curreat gsystes, to wh{ch has been
added the corsesp apTth-pouth @gurrest
systes, W )

m) 1200 to 1300 aLT

n) 1300 to 1400 nu1L? I

o) 1400 ta 1500 ALY R

p) 1500 to 1600 aL?T ‘ .
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In fact, the remminder of the panels ia Pigure 3.3 are
aot unlike Pigure 3.3(C) 4imsofar as they all indicate aa
indisputable level shift in theq Y'-coaponent. As well, this
shift increases in --gnttndq t.iativo to the X'-coaponent
l.glti'} oxt;ol,q\ as the 1bcq} tine of the profiles
;gproichos noQn. 11;3, the asysaetry im the I-component that
was described above persists as a general feature. The
resalnder of the SPEA latitude profiles in Pigure 3.8 bear
out this. description as a general feature of this ohtiro,

maghetic local time sector.

3.2.3 The 1000 - 1800 HLT BRegime
The third aisQI;EZRv. region vhich has been delineated
spans local sagnetic poon froa about 1000 MLT to‘1400 ELT
(1600 UT to 22C0 UT). This region co:ro;ponds to the *"zone
.o( confuasion® identified by Barang (1946). An d&nlination of
latitude profiles tronA this sector bears out this
description. Ptgure 3.5 shovs a series of latitude profiles
for the sase day Arom 1000 HLT to 1400 HMLT. The Z-coamponent
\1n/rigure 3.5(a) 1; consistent vith a veak eastward flowing
current centered at about 67.5° ), and a stronger ;estuard
flowing current centered at about 73° N, Howvever, the IX'-
coaponent profile is not consistent with this. Similarly,
the 2- and x'-conponent; in Pigure 3.5(b) are not consistent
with any simple eastvard/vestwvard electrojet interpretation.
Indped, none of the profiles im Pigure 3.5 can be

interpreted ig any sisple way, and this difficulty exists on

¢
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all days examined in this sector. The one feature that
appeurs consistently in the (iatitndo ‘profiles from this
region is the clear, relatively large positive-going level
shift in the Y'-component.

The SPEA of the profiles froa 1000 to 1400 HBLT (Pigure
3.61a,b,c,4)) is very difficult to explain in terams of any
simple east-vest current flows. However, again the 'level
shift in AY* is brought out clearly, as is the overall
negative bias in the X'-component. The level shift in the
Y'-component actually appears more as a ramp but this is
more an artefact of the SPEA than a feature of the real
data. That is, in this time sector, there is a real lgvel
shift in AY', but the latitude ramge over vhich this
occurs varies considerably from day to day so that the
Heaviside-like Y'-coaponent becomes smeared out.

3.2.8 The 1400 - 1900 MLT Regime

The fourth regime which bhas been i%}dtified is the
post-noon gquadrant, lying betwveen approximately 1400 to 1900
MLT (2200-0300 UT). This regime presents latitude profiles
in vhich AX' and AZ can be interpreted in teras of a
silpie eastvard elec}rojet. For exaasple, Figure 3.7¢(b) , tAe
latitude profile <for 2300 to 2800 UT (1500 to 16C0O MLT) on
Day 10, 1972, may be interpreted as an eastvard’ current
centered about 67.5° N, combined with a poleward flowing
current to give fhe negative AX' poleward of 70° N,

Further similar examples are shown in the resainder of
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Figure 3.7 Representative hourly average latitude

profiles for the hours:

(a) 1400-1500 MLT (2200-2300 OT)
(b) 1500-1600 MLT (2300-2400 oT)
(¢) 1600-1700 MLT (0000-0100 uT)
(d) 170C-180C HMLT (0100-0200 uT)
(e) 1800-1900 MLT (0200-0300 UT)
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Pidure 3.7. The Y'-component in this tise regise is variable
ia that, part of ghe time, there is a positive-going level

shift (e.g.,' Pigure 3,7

and (c)), and other tiltc‘ti‘ro
is no level '-u/;‘r slf\d‘)). The SPEA of the data
ftes priqr to aspproximately dusk a
posit&vo-i ft in AY*' (Pigure 3.8).'loai ‘dusk
(Figure 3.8(0L), ;he Y'-component tends to follow the Xi-
component, indic:ting that the 4ionospheric current 1likely
does not flov ain a direction orthogonal to the magnetometer
chain.‘Boyond this time in this regime, the SPEA gives
profiles 1in wvhich the !'-conpoiont shovs a negative-going
level shift although it is is not as clear a shift as
observed in the ©pre-goon sector. Hovever, soae, of the
examples of the original data shown in Pigure 3.7 show that

indeed a negative-going level shift does occur in many

1ns}ances although the majority of profiles ip to 1980 HLT

\,
\

shov no distinct level shift in AY?'.

3.2.5 The 1900 - 2200 MLT Regime

The fifth and Final region that has been identifigd
froa this study occurs in the evening sector from about 1900Q
tq 2200 BLT (0300 (tg‘ 0600 UT). This regime is dominated by
the positive AJX' signature of the eastward electrojet.
Rovever, this time period is distinctive in that there
exists a negative-going level shift in the Y'-component, and
a togion of negative AIX' polevard of the positive ATIX!®

regime. Although in the previous sector there also existed a

7N ,

(
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Figure 3.8 Superposed epoc is of the
averaged latitude p s for the a
(a) 14C0-1500 MLT ¢ -2300 uT) oo

(b) 1500-1600 MLT (2300-2400 UT)
(C) 1600-1700 MLT (0000-0100 UT)
(d) 1700-1800 MLT (0100-0200 UT)
(e) 1800-1900 MLT (0200-0300 UT)
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region of negative AI' ia the polevard part of the

profile, the X'-coamponent did aot peak 1I.tll.t.910l. and
the S-coaponeat  vas consiatcnt’.vith oaly an eastward

c-ftont. The AY' level shift in the 1900-2200 ALT reginme
[

occurs over a narrov latitudinal vidth across and polevard

of ongtuard electrojet positive I'-bay signature.
ures J.9(§.b;c) are typical ot ;ach Pontly intaxval in
this time sector. The corresponding SPEA profiles (Pigure
3.10¢a,b,c )) aq&ﬁn serve to esphasize the general nature of

the observations in this regiame.

3.2.6 Sn-iary of the Pive Regines
~
To suasarize so far, hourly averaged latitude profiles

of the perturbation asagaetic field may be divided into 5
distinct regions, characterized prisarily by the behaviour
of the east-wvest or Y'-component of the field. Around
midnight, including the region of the so-called Harang
discontinuity, the Y'- component is negative over the wvwidth
of the profile, and the X'-component shovs the signature of
a vestvard electrojet and, at times, of an eastwvard
electrojet as vella Froa 0200 HLT to near noon, there is a
distinct level :hift in AY', positive-going with
increasing latitude. This level shift is confined primarily
to the region of the westward electrojet and increases in
magnitude (vith respect to the maxiasuam ZXX'; as noon is

approached. The third region spans noon and is characterized

by great variability in the X'- and Z-coaponents. Hovever



Pigure 3.9

Representative bhourly
Profiles for the hours:
(a) 1900-2000 mLT (0300-0400 oT)
(b) 2000-2100 mLT (0400-0500 vuT)
(c) 2100-2200 mLT 1{0500-0600 oT)
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Figure 3.10

Superposed epoch
averaged latitude
(a) 1900-2000 nmLT
tb) 2000-2100 msLT
tc) 2100-2200 MLT
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A Y' consistently shovs a large bositive-going step o1
level shift. From about 1400 to 1900 MLT, the profiler aic
characterized by the signature of an eastward ilowing
current and either a small positive-going step in ATY' or
no step at all. From 1900 to 2200 MLT, the profiles provide
evidence of both eastward and westward currents ( the latter
being the most poleward current) and with these, a negative-
going level shift in the Y'- component,. )

The remainder of this chapter will deal with the
interpretation of these profiles in terms of a wotrldvide
three dimensional current systea, as well as presenting soame

other information derived from these profiles and other

sources.

3.3 Interpretation of the pata Suite

The most distinctive feature of the data is the level
shift which occurs 1in the Y'-component, As described in
Chapter 3, a net field-aligned current produces as a ground
magnetic signature, a step in AY', Field;aligned currents
vere first proposed by Birkeland (1908,1913) and
subsequently were reigtroduced by Pejer (1961), Kern (1962)
and Bostroam (1964) in three-dimensional current models for
auroral regions. It was not until recently (Zmuda et al,
1967; Arastrong and 2Zmuda,1970) that such currents vere
identified from in Ssjitu nmeasureaents by magnetometers on
board polar orbiting satellites., Several more recent studies

(Yasuhara et al, 1975; Sugiura and Poteamra,1976;Iijima and
4
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Potesra,1976) shov that there is a tendency for there to be
aet dovwnvard current flov in the wsorning sector of the
auroral oval, and net upward flov in the evening sector. If
this is indeed the case, and the net field-aligned currents
are uniformly diverging in the ionosphere, them no ground
based signature would be observed (Vasyliunas, 1972).
Pukushima (1969) has given a simple description cf this
phenomenon by considering a line current flowing into the
ionosphere (Figure 3.11)., If the total inflow is I aaps,
then at a radial distance r frca the current, on the groungd,
the wmagoetic field 1is given 'by I/r, and 1is directed
clockvise (looking along the <current). If this current
diverges uniformly radially outward (in the bhorizontal
plane), then the overhead ionospheric current density at the
same observation point is I/27rr, and the magnetic effect on
the ground is given by I/r, but in the counter-clockvise
direction. The net effect is thus zero magnetic perturbation
below the ionosphere. However, the ionosphere provides a
highly conducting channel in the form of the auroral oval,
s0 that one would expect to see distinctive magnetic
signatures at ground based observatories. These will Lkave
the basic characteristic of a level shift in the east-west
component of the_ magnetic field across the }egion of net
field-aligned current flovw. This fact together vith
satellite observations of field-aligned currents has been
used to aid in the interpretation of the latitude profiles.

In fact, if a positive-going AY' step is taken to be the
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into the horizoastal plane produces no net
magnetic perturbation. See text for details.
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signature of a net downward field-Aligned current, and a

Regative-going AY' step to be the ’Iﬁi:?h(i of upward
floving current, then a picture of the diurnal vagiation of
fth; disturbance component of the magnetic field associated
with the field-aligned current flovw may be obtained. Such a
picture 4is shown in Pigure 3.12. This is a histogram of the
frequency of océurtence of inuard and outward net field-
aligned current, as well as the number of cases when no such
cases vere ob?erved in the ground data. The cross-hatched
region delineates that region of the auroral oval known as
the Harang discontinui;y.

There is a remarkable similarity between the béhaviour
of the net field-aliqped current as inferred from the
latitude profiles, and the diurnal variation of the average
electric field observed at auroral latitudes (Mozer and
Lucht, 1974; 1Iversen and Madsen, 1977). Pigure 3.13(a) is a
plot of the east-vest and north-south components of the
average auroral zone electric field as a function of local
time obtained by Mozer and Lucht (1974). Most of the data
used in compiling this plot wvas collected at Thompson,
Banitoba, and Churchill, Manitoba, vhere local "time is
approxisately the sasme " as magnetic local time. Pigure
3.13(b) 1is similar data in a polar plot, obtained by Iversen
and Nadsen (1377).

The first region discussed above (2200 to 0200 MLT)

features an electric field which is wvestward and polewvard

(towards dusk), and ‘westvard and‘bquatorvardi(towards dawvn).



Figure 3.12 Histograa showing the distribution of net
field-aligned current as a function of
“Universal ‘fime, as inferred from the
ground-based magnetic measurements.,
Approximate magnetic loca) time dis shown
across the top of the figure.
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Figure 3.13(a)

The diurnal variation in the ionospheric
electric field in the region of the auroral
oval. The time scale is local time, which,
for these data, is approximately equal to
magnetic local time (see text). (After Mozer
and Lucht, 1974).
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Figure 3.13(b)

Average ionospheric electric field vectors

in the region of the auroral zone, plotted
in a geomagneti¢ latitude, magnetic local
time frase. (After Iversen and

Madsen, 1977).
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This field can drive a polevard Hall current and a vestvard
Pedersen current. In this region, the latitude profiles show
a Y'-component vhich 1is negative across the profile, and
this signature can be produced by polevard floving current,
The second region, or dawn regime has a doainantly
equatorvard coaponent of electric field and the east-vest
coaponent, although small, 1is prisarily eastwvard. This
equatorvard electric field can drive a wvestvard flowving Hall
current, consistent with the magnetic signatures observed in
this sector. The poon sector (1000 to 1400 AMLT) is
characterized by a wveak or zero east-west electric field,
and a transitional north-south electric field. 1In this
region, the ground based magnetic observations are confused
with respect to electrojet flow, although the Y'-coaponent
signature is ¢that of a strong invard net field-aligned
current flow. In the post-noon quadrant, the data of Mozer
and Lucht indicate an essentially zero east-wvest coaponent
to the electric field, but a strong ﬁolevard component,
This, ¢too, 1is <consistent with the latitude profiles which
shovw in this sector an eastwvard electrojet that would be a
Hall current driven by a polevard electric field. The data
of Iversen and Madsen (1977) show a small eastvard component
in the electric field. However, the near absence of an east-
vest cosponent in the electric field 1is consistent with
essentially no north-south cosponent of Hall current. Thus
one wvould not expect the electrojet Hall current to diverge

significantly along field 1lines in this region. Pinally,



fros 1900 to 2200 HLT the electric (field bhas a vestward
coaponent increasing tovard uidaight and a pélovntd
coaponent increasing toward dusk. These fields are also
consistent with thp observed eastvard electrojet flow that
is observed in this ctor. Table 3.1 is a sumsary of these
comparisons.

As pointed out above, the level shift 4in the Y*'-

comnponent ( AY!' is believed ¢to be related to net

step’
field-aligned current flovw into and out of the ionosphere.
The positive-going ‘kx'step in the dawn and poon sectors

is then interpreted as the signature of net invard field-
aligned current flow. To maintain current continuity, it was
bypothesized that this net inward current feeds the vestward
ionospheric electrojet. Similarly, the net inwvard flow in
the immedijate post-noon sector could feed the eastwvard

electrojet. In the dusk sector, vhere Pa § {s

'step
negative-going and apparently related in position to the
negative X' latitudinal regime, the inferred ugvatd field-
aligned cu;rent has been hypothesized to be the resualt of
the electrojets bleeding'upvard along the field lines into
the magnetosphere,

To test this hypothesis, it vas assumed that the peak

©

values of the X'-céiponent t AX?

peak ) vere related to the
magnitude of the electrojet current strength, and further
that Asr'step vas an indicator of the magnitude of the

un bal anced field-aligned current. Subject to these

assuaptions, one would then predict that the nora of the
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ratio of Asr'.t.p to t&l'p..k fros 0200 BLT to apos

wvould increase and froa nooa to dusk, the sase ratio would
[} [ ]

decrease. 1n the dusk gquadrant, | Vo | step / A&lp..x |

vould increase for negative A1, and decrease for positive
AX. Figure 3.14 shows this ratio obtained
through the SPEA, platted as & function of msagnetic local
tise. It 1is apparent that qualitatively, the l60'.
expectations are realized. MNear noom, it vas difficult to
establish a value for AX', so no values are plotted for
this regise,

This analysis 18 important in that the results fors a
basis for a world-wide carrent systes model vhich will .be'
discussed in detail in Chapter 4. That is, it is believed
that the distinctave pksitive level shift in AT of the
hourly averaged lJatitude profiles across local noon and in
the pre-noon sector is a signature, at least in part, of
un balanced field-aligned current flow into the ionosphere,
vhich feeds the ionospheric Hall current electroje?s. The
negative level shift 1D AY' in the pre-midnight duadrant
reflects field-aligned current flovw out of the ionosphere.

. An alternative way to ¢xasine these data is to consider
A;Y'step and lsx.peak separately as functions  of
sagnetic local tise. Pigure 3.15 is the plot of the average,
for a given hour, of Zkt'step and zkx‘pe‘k versus HLT.
jote that for the dawn regime, z;x'peak increases fros 0200

-1000 MLT (i.e.,it becomes less negative) , by about a factor

of three, vhile ‘kt'step ipcreases by a factor of 2 to 3.

-,

~
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AX>0 e
AX<QO o

Pigure 3. 14

cufrent

The ratio of AY! to AX® lotted as
a function of lo%gip lagnetieea¥ise. To a
first proximation, AT is indicative
of un anced field-aligisﬁp current flow,
and x'geak is a measure of the ionospheric
lovw. .
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AY'szp —a data
’ ' nT
AX peak ** data
4ttt -
2 4 6 8 110 MLT
I8 20 22 MLT
+-60 ——r———
T
+ -80 -20F
4-100]| -0}
80}
Pigure 3,15 Plot of ATY! and AX' as a function

.porth. Positive AIX'

of magnetic 1581  time. B8Wtive ASYégeg
rom

means a positive-going level shift

south to north; negative AY' .. means a
negative-going level shift ?rog south to
eak is the signature of
eastwvard flowing curgent, negative z}x’eak
is the signature of westward flgulng
current.
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Similarly, in the region of the eastward electrojet,

x'peak increases until abodt dusk while Al

step
decreases. Beyond this time, A&Y;tep becomes increasingly
negative in coincidence with a decreasing Axs « All

peak
these observations are consistent with the interpretation

given in the previous paragraph.

In the diurnal variation of zxx'peak for the interval
0200 to 1000 MLT, there is a distinct inflection on the
curve near Jlocal magnetic dawn. This inflection is thought
to be due to a decrease in the total vestward flowing
current near dawn. Some of the current flows up field lines
near dawn due to a conductivity gradient between the sunlit
and dark hemispheres, This observation will be discussed 1in
some detail in Chapter 4. Pinally it is noted that le.peak
has a negative extremum during the hour 0200-0300MLT. This
is in agreement with Allen and Kroehl (1975) who found that
AL (indicative of the strength of the westward electrojet)
tended to reach peak values approximately three hours after
local magnetic wmidnight.

The time sectors 1in which upward and downward net
field-aligned <current are found from ground based data are
in good agreement with those described by Sugiura and
Potemra (1976) (Figure 3.16) except in the 1200-1400 MLT
sector. These authors find net upwvard field-aligned current
in this sector, vhereas in the present study, the reverse

current flow was observed, and this latter 1is <consistent

wvith a growing eastward electrojet. Most of the published

<



Figure 3.16

Percentage occurrence of level shifts in the
east-west component of the magnetic field
observed by the Triad satellite, as a
functicn of MLT. The dotted regions
represent net upward field-aligned current,
the clear regions net downward field-aligned
current. (After Sugiura and Potemra, 1976).
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data from the Triad satellite bhave been fros the summer
months, whereas all the ground- based data in the present
study come from vinter months. An explanation of the
discrepancy betveen the Triad _gg}ellite and ground
magnetometer data will be offered in Chapter u.

Because of the role that the interplanetary magnetic
field (IuP) plays in magnetospheric and auroral physics (see
Chapter 2), it was useful to examine the correlation betwveen
the IMP and the presence of the AY' level shift observed
in the latitude profiles. To this end, data vwvere selected
from twvwo regions shouing'pronounced level shifts in the Y'-
coaponent. The hours 1600-1700 UT and 1700-1800 uT
(approximately 0800-090C MLT and 0900-1000 MLT) were chosen
as representative of positive-going level shifts in the Y'-
component, and the hours 0400-0500 UT and 0500-0600 UT
(2000-2100 MLT and 2100-2200 MLT) were chosen to represent
the negative-going AY level shifts. Pigure 3.17

(a,b,c,and d) are plots of AT vs B

step {i.e., the

z ’

coaponent of the IMF normal to the ecliptic plane). Although
in some cases there were no data for the IMF for thoses
cases where data did exist, there is a <clear 1linear

relationship Dbetween A and B

step z for the pre-noon

sector. That is when Bz >0 (i.e., the IMF points northwards,
or is parallel to the earth's field in the ecliptic plane)

3 [ ] . 4 t
there is a veak AY step however, if Bz.<0, then nystep

increases linearly with increasing negative B "If as

z L

suggested above, the level shift in AY' is related to a net



Figure 3.17 Plots of AY ep_ as a function of the
compgnent of ige IMNF normal to the ecliptic

plane (B ), for the hours
(a) 0400-0500 U1

(b)  0500-0600 UT
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Figure 3.17

|

Plots of AY! as a[,function of the
comaponent of §E3PIMF normal to the ecliptic
plane (B ), for the hours

(c) 1600-1700 UT

(d) 1700-1800 UT
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coaponent of field-aligned current vhich in turn is related
to the strength of the westvard current, such a relationship
betveen ‘&'.step and By vould be expected. 1Ip fact,
Hirshberg and Colburn (1969) have shown a good correlation
betveen Kp, a measure of Jhroral activity, and q: + When
B, is directed southvard.

In the evening sector, the relationship betwveen

Ay and By is not as clear, although a pattern

‘step
similar to that observed in the pre-noon sector is observed
here. It would be of considerable help in determining
unequivocably the relationship betwveen A&!'step and By if

there were more cases of large ZL!'step in this local tiae
interval. Hovever, for the period of this study, there was
INF data for about only 50% of the days in each hourly
interval, and of this 50%, only about half of the cases
provided large level shifts in AY'. The result of this
unfortunate circumstance is a paucity of data involving
large level shifts in the Y'-component. However, the results
are consistent with the observations of others (Hirshberg

and Colburn, 1969) in view of the interpretation of the Y'-

component level shift presented in this thesis.

3.4 Inversion of Latjtude Profjle Data neap Dusk

It vas pointed out earlier in this chapter that there

vas evidence for penetration of the westward electrojet
poleward of the eastward electrojet as far westward as 1800

BLT. Rostoker and Kisabeth (1973) have shown that eastward
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"and wvestward electrojets exist sisultaneously in this time
sector during polar asaganetic substoras. Hore recently,
Kaside and Akasofu (1976) have published a similar result.
As the existence of a vestvard flowing current in this tinme
sector during quiet to @soderately disturbed times is
isportant to the understanding of magnetospheric processes,
a detailed study of the «current flov in this regime vas
under taken using the linear inversion theory of Backus and
Gilbert (1970). In particular, the formulation developed by
Oldenburqg (1976) was used to Jdetermine the 1lat{tudinal
distribution of <current in this time sector. Appendix II
gives a brief outline of the theory involved in this
technique.

Besides carrying out the inversion, which leads to the
only unique solution to the problea, a model of current
intensity that ®"fits the data®™ vas generated. That is, out
of the infinite set of particular models, one vhich
satisfied the relation JfJ'QO)dO = minimum, and which was
constrained to fit the observations that fit the data as
closely as possible, vas developed as an aid in interpreting
the results of the inversion. There is not necessarily any
physical reason for choosing such a model. However, such a
choice 1is analytically and numerically easy to handle, and
does ;atisfy the intuitive belief that the current density
of auroral current systeas, op average, vill vary
latitudinally in a smooth manner vhen averaged over the time

span of one hour.
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To deaonstrate the results of the 4imversion, one
exanple fros each hour from the sector 2300 to 0600 OT (1500
to 2200 BLT) is presented. Pfor each latitude profile, there
are three accospanying fiqures. The first 4is a plot of
standard deviaticn yg colatitude, contoured for constant
values 61 avotaginq function width. These plots are in
effect a graph of the trade-off between error in ého
calculation cf the current density and the resolution for
the same calculation. This figure is required to interpret
the second plot vhich shovs average current density as a
function of <colatitude contoured for a constant standard
deviation. Pinally, the "flattest" model of .ioight-
integrated <current density that fits the data is plotted to
assist in the evaluation of the current density estimates.
As discussed in Appendix II, the forward model used in this
study employs both east-west current flovs and north-south
current flows. Purthermore, in this regise, the electric
field is approxisately northward, so that the sisplified
relationship between the Hall current and the Pedersen
current, as developed in the Appendix, has been used. In all
cases, the ratio of height-integrated H?ll conductivity to
bheight-integrated Pedersen conductivity wvas set to twvo in
accordance vith the results of Brekke et al, (1974). The
results of the inversion are shown in Pigures 3.18 through
3.26. 1t is evident that prior to 1800 HMLT, only eastward
current is detected, as shown by the curves of <J(@)>. It is

interesting to coapare the profiles in Pigure 3.20 to those
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Pigure~»3.18 Results of invertiag the hourly averaged

latitede profile for 1500-1600 MLT
(2300-2640C UT), Day 3, 1972.

ta) The latitude profile as a function of
colatitede.

tb) The flattest beight-integrated current
dens ity model.

(c) The standard deviation of the current
estipates ag a function of colatitude

(4) REstisates of height-integrated current
density as a function of colatitude,
contoured for constant standard deviatijion.
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COLAT]I TUDE COLATITUDE

Results of inverting the hourly averaged
latitude profile for 1600-1700 nLT
(0000-0100 ©T), Day 17, 1972.

(a) The latitude profile as a function of
Colatitude.

(b) The flattest height-integrated current
density model.

- (€¢) The standard deviation of the current

estisates as a function of colatitide

(d) Estimates of height-integrated current
density as a function of colatitude,
contoured for constant standard deviation.
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Pigure 3.20 Results of inverting the hourly averaged

latitude profile for
(0100-0200 uT), Day 15, 1972.

1700-1800 MLT

(a) The latitude profile as a *“function of
colatitude.
(b) The flattest height-integrated current

density model.

(C) The standard deviation of the
estimates as a function of colatitude
(d) Essimates of height-integrated current
dengity as a function of colatitude,
contoured for constant standard deviation.
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(0100-0200 0T), Day 13, 1972.
(a) The latitude profile as a function of
colatitude.

(b) The flattest
deggity model.
t The

height-integrated

current

standard deviation of the current

estimates as a function of colatitude
(d) Estimates of height-integrated
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Pigure 3.22 Results of inverting the hourly averaged
latitude profile for 1800-1900 MmLT

(0200-0300 UT), Day 333, 1971,

(a) The latitude profile as a function of
colatitude.

(b) The flattest height-integrated current
density model. -

(c) The standard deviation of the «current
estinates as a function of colatitude

(d) Estimates of height-integrated current
deasgity as a function of colatitude,
contoured for constant standard deviation.
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rigure 3.23 Results of inverting the bhourly averaged
latitude profile for 1900-2000 MLT
(0300-0400 U%), Day 18, 1972.
(a) The latitude profile as a function of
colatitude.

(b) The flattest height-integrated «current
density model.

(C) The standard deviation of the current
estimates as a function of colatitude

(d) Estimates of height-integrated <current
density as a function of colatitude,

contoured for coanstant standard deviation.
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rigure 3.24

Results of inverting the hourly averaged
latitude profile for 2000-2100 HLT
(0400-0500 UT), Day 338, 1971%1.

(a) The latitude profile as a function of
colatitude.

(b) The flattest height-integrated current
density model.

(c) The standard deviation of the current
estinmates as a function of colatitude

(d) Estisates of height-integrated current
density as a function of colatitude,
contoured for constant standard deviation.



127

YIS S MO NI '
RIN 0 sk oaY 338, 08 UT

c
A o
~ 9
z
Ez ol
© T
s :
o |
- ‘
o ® »
“
o
lAO l‘l ;0 il %0 " 0
COLATITUDE
(X 10-Y)
.0 ~—— S — . . DAY 338, 08 UT
! (\ B8 TRl D
s 2.0 ——————— ey p——y——
R 1
— 008 @/0n
r ! - ) — 008 ere.
& 1.0} [ 1 7 o :.l::;:
- : L | “ses 020 0/n
: : ) - 1.0
= ’
= o : 2
& F 3 -
= S \J‘ . .‘ 1 v
& 0.0 4 M 0.0
« : 3
> 1
© Y S
HA J
\s
A 1 Babtt Y B Y BT BT ‘
BT I Y R T - T COLATITUOE
COLATITUDE
Pigure 3.25 Results of inverting the bhourly averaged
latitude profile for 2100-2200 MLT

(0500-0600 UOT), Day 335, 1971.

(a) The latitude profile as a function of
colatitude.

(b) The flattest height-integrated current
density model. _

{(¢) The standard deviation of the current
estimates as a function of colatitude

(d) Estimates of height-integrated current
density as a function of colatitude,
contoured for constant standard deviation.
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(a) The latitude profile as
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rigure 3.26 Results of inverting the hourly averaged
latitude profile for 2200~-2300 MLT

function of

The flattest height-integrated current

the current

estimates as a function of colatitude

(4) Estimates

density as a of

function

of height-integrated current

colatitude,

contoured for constant standard deviation,
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in Pigure 3.21 for the hour 1700-1800 MLT. In Piqgure 3,21,
"there is a possibility of a westward current poleward of the
main eastward electrojet, or this simply may be due to a
vestvard current to the east of the magnetometer whose
strength 1is large enough so that the resulting magnetic
perturbations can be seen at the magnetometer line. For
times later than 1800 HLT, the contours of <J(§)> show
unambiguously that there is a westward electrojet flowing
polevard of the eastvard electrojet. The validity of the
forvard model used is somevhat open to question a; evidenced
by the oscillatory nature of the ‘flattest model. However,
such behaviour of the particular model does not detract in
any great measure from the results of the actual inversion,
as shown in Appendix II. Table 3.2 is a summary of the
results of the inversions of latitude profiles in this
sector. All cases included in this table are for times when
Bo substorm activity wvas present in the magnetometer chain
sector. The positive X'-component eitrenun varied from 10 nT
to 100 nT, while the negative X'-component extremum varied
from 10 nT to 105 nT.

Since the examples analysed in this study vwere for
quiet or only moderately disturbed periods, as evidenced by
the range of the X'-component peak values, the westward
electrojet that has been detected in the dusk sector is not
the substorm westward electrojet. Rather, these results show
that the convection westward electrojet may penetrate as far

vestvard as 1800 MLT. Previous workers (Kisabeth and
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Iable 3.2

sumsary of the Besulis of Inveriing Houply Averaged
Latitude Prefiles

. LA L4 B
1 Interval | Muaber of | Current Direction |
0 (ALT) 1 Cases { (Bastward: E |
[ ( ’ { Westvard: W) {
[ o 4 4+ |
| | { (
i 1500 - 1600 | q | E {
i | l {
it 1600 - 1700 L} | E i
| e | l l
{ 1700 - 1800 | 3 I E |
t ( 1 | EeW {
| | { l
{ 1800 - 1900 3 i E+W i
i | { {
{ 1900 - 2000 ¢ { ¢ E+W |
| i | i
{ 2000 - 2100 i 3 ] EeW |
| | | {
I 2100 - 2200 | 3 | PeW 1
{ | . | |
§ 2200 - 2300 5 | E+W {
{ { | |
[ A A y ]
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Rostoker,1973; Kaaide and Akasofu,1976) have found substora
vestvard electrojets in this sector. The results of the
inversion, together vith these other rosulfa, make it
imperative to include the vestward current polewvard of the
eastvard electrojet in the pre-midnight sector up to locai

dusk in any vorld-wvide current aodel.



Chapter & A WORLDWIDE CURRENT HODBEL

%.1 Infroduction

In this chapter, the data and its interpretation
outlined in the previous chapter, are synthesized to provide
the input parameters for a vorld-wide three dimensional
current model. The model is tested against the data inasauch
as the gross features of the data are reproduced. That |is,
no atteapt is wmade to, say, logst squares fit a model
latitude profile to an observed profile. Rather, the
comparison that has been @made  is one of coamparing the
sagnitudes of the AX' extrema and the level-shift in AY!*,
This is justified in that the sodel is designed to reproduce

only the gross features of current flov in the ionosphere.

Bowever, it is believed that suitable variation of the model .

parameters vwill lead to current aodels that vill reproduce
specific latitude profiles. Several exanmples of such current

models are described to desmonstrate this.

8.2 Elesentary Copaiderations

4.2.1 The Auroral Oval

In order to develop a model of vorldvide current flow,
oae nust deteraine the direction of current flov and the
geoaetry of the curreat systeas. Chapter 3 has outlined the

10:91;:22331 distribution of eastward and westvard current

132
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flow, Hovever, it is also necessary ¢to define the
latitudinal extent of the current systeas. From the
superposed epoch analysis, and using the AZ extresa as
indicators of the latitudinal boundaries of current
(Kisabeth 1972), 4it is found that in general the east-vest
current systeas are confined to a region about 59 wide in
latitudinal oxtonéi.rurthorloro, there is evidence that the
eastvard and vestvard ionospheric currents 4o not flow in a
direction norsal to the magnetometer line. That is, the Y*'-
component in the latitude profiles cannot be attributed
solely to field-aligned .current, but is in part due to a
tilt of the wmain electrojet with respect ¢to 1lines of
constant latitude (see section 2.2 and Figure 2.6). Indeed,
the electrojets are observed to flov along the auroral oval
(Feldstein, 1963, Akasofu et al, 1965). Kisabeth (1972)
modelled substors current systeas flqving along the auroral

oval by representing the current path by a parabola given by

tiit:= ab % _ 4.1
(3 cos’p + a‘Jin‘Gﬂ)/

where O is the colatitude of the boundary, (f is the

lonqifnde (measured counter-clockwise from midnight), Q 1is
the wmidnight colatitude ‘QP-O) and b is the davwn or dusk
colatitude (49-900 or 4932713 respectively). However, he was
interested in currents of relatively short longitudinal
extent (up to 20°9), vhereas the vork presented here deals
vith curreats of global 1longitudinal extent., Kamide and

Pukushima ¢1970) have examined current flow along a path
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given bY

8 = 8 +4 (8 ~6)1+casqp) ‘.2
vhere 8 and (P are as givea above, and O, is the
colatitude of the path at nooa ('-1000) aad 6‘ is the
colatitude at aidaight (17-0‘). Siace small scale current
structures are of 1little comncern in £his thesis, equation
4.2 is ideally suited for describing the auroral oval since

a single specification of 9, and Q suffices to describde am:

-~

ght sactor, it is believed that there is a

entire oval boundary.

In the &

cornoqt £ evard flovw and that both eastvard and
westvard el ts coexist. To accoamodate such* currents,
a separate s fication of boundaries is required, but
equation 4.2 may also be used to describe the path. PFigure
¢.1 4is a polar plot of the auroral oval bouadaries used in
this thesis and table &.1 gives the paraseters that describe
these boundaries (Simce the polar plot 4is 1ia terss of
latitude, the table 1lists latitudes (A ) instead of

colatitude (#8)).

8,2.2, Location of Curreats

The nature of the iomnospheric current flow is based on
the interpretation ofv the latitude profiles given in the
previous chapter. Westward curreat flovs froa anoon around to
aidnight vhere it flows polevard and vestvard across the
midaight sector to 2200 8LT. This flov thea coatinues

wqstvard to 1800 <BLT. BRastward curreat flovg from moon
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Figure 4.1

Polar plot of the auroral oval used for
modelling purposes. The boundaries follow
the locus| @ = O, +» %2(6,-6,) (L +casp) where 8
is colatitude and longftude, measured
counterclockwise from midnight. di and O
are the colatitudes at noom and midnight
respectively. The values of &, and 6, are
given in Table 4.1,
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around through dusk to_ 2200 BLT and Y;ogllorthuard and
eastvard to®the egquatorwvard boundary of the aidnight sector
vestvard electrojet, teraimating at 2400 HLT. Both the
sastvard and westward electrojets are one segment of a three
diasensional current loop sisilar to that used by Kisabeth
(1972) . However, the field-aligmed currents connecting the
ionospheric eloctrojqﬁl to the ;AQIOtOIph.tC are not
confined to sheets at the ends of the iomospheric curreats
but are 1n.§rncral disttibutod over the length of these

curr '1n this model, the electrojets are assumed to

~grow a | dbcay ,over a fiasite 1longitudinal extent, as
described in Chapter 3.

Proa the nature of the electric field configuration in
the auroral zone (see figures 3;12 and 3.13), it is apparent
that the eastvard and ucstugrd electrojets ar entially
Hall currents, so that for a coaplete cnrrentmol, one
aust also account fog the currents in the direction of the
eslectric field, the so-called Pedersen caurrents. In&eed,
receat observations Dby th; rriad satellite (Iijima and
Potesra, 1976) imdicate tha} the auroral oval is bounded by
regions of ti‘ld-alignod current (Pigure 4.,2). These
currents close in the ionosphere through north-south
C‘ttc.tl.‘ In the model vhich has been developed for this
thesis, all east-west ionospheric currents are bounded by
infinitesimally thin sheets of field-aligned current w¥ich

are ia turn connoct.d by north-south ionospheric current. In

:ogionc Qf vestward ~\\hont flowu, there is dovavard fileld-

N
\\



rigure 4.2

The locatioam of field-aligned curreat sheets

- a8 deduced frona Ragaetometer data from the
polar-orbiting Triad satellite (Proa Iijima

and Potemra, 1978 ) The panel on the left is
for low level activity (AL<100), and that on
the right for higher activity (AL>100). _

>
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aligned current along the ~polevard boundary and this
diverges egpatorvard in the ionosphere, across the
electrojet, and up field lines at the equatorward boundary
of the electrojet. In regions of eastward ionospheric
current, the north-south current systea is reversed.

48 wvell as these large scale currents, tvo Other
current systeas are involved in this global model. Rostoker
and Hron (1975) have shown that there is a veak eastvard
current equatorvard of the main wvestwvard electrojet in the
dava sector. ‘This current system is believed to be a
gﬁqgnture of electron precipitation associated with a
’Qrocontiguration of the. sagnetosphere after a period of
strong activity. On a statistical basis then, the strength
of this curren{ systes vould average out to be relatively
veak, and it has been inclndid in thé aodel onlf as a very
veak current systea. An additional curreant systea vhich may
be simjilar to &F or DP-2 has also been add.ed to the model
and the reasons for iancluding this systea will be discussed
at length later in this chapter.

Current in the polar.cap (the region from the north
pole to the poleward boundary of the auroral oval) has not
been included in this model. All the iaqnetic data vhich has
been used in torlulaiing the current model is winter data,
and during this period, the polar cap is essentially dark
throughout ¢the day. Pigure 4.3 shovs the sunlit-dark
terainator for 19“ at its extreae positions during the
period of Day 332 1971 ®o Day 23 1972. Thus, there is little



Figure 4.3

The extreme positions of the sunlit-dark
tersinator for the period from pay 332, 1971
to Day 24, 1972, at an altitude of 115 ka.
The s0lid lines oriented from left to right
indicate the terminator, and the dotted line
is the positlon of the polewara border of
the model auroral oval, <the approximate
location of the Ragnetometer lime is shown
for 1700 UT, and the location of the
Greenvich Meridian is shown at 0© longitaude,
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if any solar ultra-violet radiation reaching the polar cap
upper atmosphere and therefore there is little if any photo-
ionization. This in turn means that there is little if any
polar cap conductivity, and therefore no significant polar

cap current.

4.2.3 The Electric Pield and Conductivity Model

Mozer 4nd Lucht (1974) and Iversen and Madsen (1977)
have published data on the auroral zone electric field. When
the research for this thesis was initiated only the former
data were available and these data vere used as the electric
field model required in modelling the currents. The electric
field consistent with the global current aodel is
shown in fiqure 4.4, This polar plot shows only the unit
vectors of the electric field because to define the electric
field explicity, one requires an explicit nmodel of the
conductivity. This will be dealt with in detail in section
4.3.

Pigure 4.4 is most easily compared with the data of
Iversen and Madsen (1977) (Figure 3.13). In the region of
the auroral zone the model electric field is in reasonable
agreement with the real data. Note that the model electric
field immediately equatorward of the auroralmzone in the
davn sector is essentially eastward. This is in keeping witk
the vork of Rostoker and Hrom (1975) in which it is shown
that the dawvn eastwvard electrojet is a Pedersen current. The

east-vest component of the low latitude electric field is



Figure 4,4 Polar plot of the unit vectors of the .,
electric field used in the awroral current
flovw model.

.
-
'
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directed tovards moos in all iastances, aad the l.tth;IOltl
CoRpoRent is egsatorvard ia the soraiag and polevard in the
aftecnogn. This is gualitatively t’%ugfoolc-t with the 4ioa
drift velocity seasureseats of Bealis et al ()910). As well,
as electric field of this coafigeratioa, for a ratio of
beight-integrated copductivitses (Ball to DPedersen) of 2,
drives currents uhié; are similar to the q;' systea.

The conductivity wvas not absolutely defimed ip this
sodel. Hovever, the ratio of the height-integrated nnli
coaductivity to Pedersen qondnctivity vas taken to be 2
everyvhere. Brekke ot al (1§7Q) have shown that for 1low
aagaetic activi{}, this ratio holds in the aurorgl zone.
Yasuhara ¢t 3], (1975) similarly have used this sane height-
iategrated conductivity ratio in the auroral zone and sub-

auroral latitudes. Since the current model developed for

this thesis is a model for average condig}gns. the ratio of

. /,t&:- »_‘,_N '”‘ L
2 is vell justified. ' - o S g&j T
S TR VR oy *3' - PR S
_ . léhki N

T R

LIPS T

L : T
4.3 The ApProach :o Surreat % -
As descrided in the pr chay%i‘, h hhiﬁt colctpt fal :

of what east-vest aad tiold-aliqnj cuu‘nu vere tlo’iﬁ*
Aad been estadlished and it vas ii

=

‘1ntod‘eht that thctc

exist lorth-sélth cerrents which sij ficqntly infln-nco _the
aagaetic perturbation pattera. ;ﬁ?g‘ apptoach taken in
developing this model vas to gond 't@flaqnotic portutbatiols

fros all curreats believed to | Isent in the ionosphere

A%
and magnetosphere and coabine ;t to ptodlco a total

{1
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perturbatioan field. The ocurzeats OCeuld net all be schosea
indepeadently ot‘on aaether; that s, cuiut goatiaaity
had to bé naintained. This approach s siasilar to that used
by Kisabeth (1972) to sodel sebstomes; bt it is walike that
used by Tasuhara gt 3l (1973) 4a vhich a giobal aodel of
height-integrated Ball and Pederses conductivities vas
asslaed, along vith a field-aligned curreat mode], to solve
the eguatioa
vI-
vhere, I is the ionospheric height-integrated current
density and .7; the field-aligned currsat density.
In this thesis, I in the east-vest direction has been

assuned, and JJ has been derived to afford cnt? .

continuity. To detersine the Rorth-sosth coaponent of
the electric fiéla *’odol a‘d ratio of nhht-intogutod

coaductivities h;s . been 4invoked. Coasider a coordinate
system in which x is directed northward, y eastward and z

down. The horizontal bheight-integrated current demsity is

I-zp‘{*znzi'g 4.3

vhere 2 and 'I‘ are the height-integrated Hall and

givea by

Pedersen. cosduectivities respectively, £ 1is the horizontal
electric field vector, nd ﬂ the sagnetic induction field
vecter. If § is chosey as § =~ BZ, then

- I,E ~ 3,6, ' 4.4
Ly = 5E.+ 1,8, - 4.5



a9

1vidinq eguation 4.5 by 4.8

I, e ¢ B

"I: = 1 - k-) ‘- 4.6

Thus, if ome coipoaent of the poriscatal current is assumed

g
¢

knowa, thea one meed oaly specify ¥he ratio of the electric
field coaponeats and the ratio of iho height-integrated
coaductivities. The value of E’/E. u_tzoj taagent of the
angle that f sakes vith the x-axis, and because of this,
oaly unit vectors have been showa ia tuuo'l.c.

It should be pointed out that sisce the locus of east-
vest current flov is ot along parsllels of latitude (see
oqnat{pn a.j). before oquatifn 4.6 may be os‘li‘i correction
must be applied to the east-west bheight-integrated current
density. That is, the avuroral oval bhas an asisuthal

deflection angle (cX) froam a latitude circle giv'cn by
_ /BB . . N
o¢. = Famws (LZ ﬂ.llf) .7

and care must therefore be takeam 4in specifying the true
east-vest carreat douity. | ' ‘

nu. froa thc groedd bcud data, it vas determined
uat the out-uut curreat vas varying 4s lcngitndo, this
n:utm kas Dbeea auund\u ﬂ u:ur. There 4is no
evidenoe uuuuo mcu'gu »- exact Bmature of tho
Louulmu vaciation of tho convoct.&oa cloct:ojou. ud 80
the li.’l”‘t mi&tion posgible, . bat ome "still able to
m:ocm the mm-, has bees. cboou. '
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Ia the nodel developed for /)llji thesis, iomospheric
cerrent is assused to flow 4ia s ihgot of infinitesinmal
vertical exteat; that ;13', the curreat is bheight-integrated.
‘one must therefore decide at what altitude this iomospheric

current sheet aust be pla

anide aad Brekke (%977) have
exanined radar data and that oi average, the yo-tvard
electrojet is wituated at 720 ka, and the eastward jet at
100 ka. Por both eslectrojets, Kisabeth (1972) has used the
'lll; of 115 ka. Ia thiq t‘osis, it has Deen assumed that
the 1ono-ph¢:1q sheet curreats flov at as altitude of 115
ka. Any error in the résults due to am iacorrect vales of
the current altitude will be less thaa 10% (Kamide and
Brekke 1977). .

To produce the nost reliable guantitative current
model, it 4is ~desirable to include the ottoéts of currents
4aduced in the earth. As discussed ia the prov;ous chapter,
‘dnduction - effects have been iidcluded by placing an
infinitely conductiag sphere at depth. ror calculation - of
msodel substorm flelds, Kisabeth (1972, 1975) ahd Kisabets
ul. Bostoker (1977) used a depth of 250 ka, based on the
fact that thtq dopth gives tie  best fit botuoon lodol
calcnlations and tcal " data. In the nodollinh for this
thesis, a depth of 600 ka has been used throaghost. This too
is as eapirical result, giviaq the Siﬁi qualitative fit of
the -odol to the Cntn. vhes cases Anltlntqt'by pere overhead
cl.ﬂttoj-t flow are anuctl.zol. tld!ll‘ ‘since this vork is
cl.utelcl nt&l dll' lﬂi!lt vut,lll o.ttilltlo-l inasasch as
5 REE "3 v

¢

\ - .« ST ) X
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all the data is hoerly cv-ru’od. one sight expect that the

induction effect wvould be.dess than for the case of substora

sodelling. ol

x.
4.8 Zhe BaBiC Current SYstwis
In this section, the main current systems eaployed in

the model vill be dpscribed at some length. Basically there

are S main cutronts:‘i) the westward flowing current, vhich

flous from noon through aidnight to dusk; ii) the eastvard
flowing cnrtc;z:.vhich.tious from nooa'to midmight; iii) the
north-south curreant associated vith each of the above east-
:l.lt currents; iv) the current which flows equatorvard 1in
'tho morning sector and polgvatd in the afternoon sector, and
v) an eastward current in the davn sector.

.

4.4.1 The Vestvard Current Systea.

~.

. % It will be recalled from Chapter 3 that the grouand

based ' data for the time period nooa through dawvn to

approxisately nidg‘ght had been interpreted bagjically as a
groving vestward current. Hovever, near dawvn (approximately
0809 , iLf for uintor). &:o ves a smarked decrease in the
sagaitude of the peak of the :léorpqc.d epoch AX' profile.
It is not perfectly clear vhat casseg this decrease, byt the
follewiag 11'0110:04 as a poesible explamation.

Curreats flow ia the auroral oval because this region

]

of the atsosphere has as eahasced electrical conductivity

relative to the rest of the¢ atsesphere. This coaductivity is

2\
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brought about by the precipitation of charged particles froa
the magnetosphere which, through collisioqn& ptocosso-;
produce charge carriers in the ionosphere. is vcli as f’il.
--hotc the upper ataosphere ’1- sunlite, -éltt ultra-violet
(UV) radiation may produce charge carriers in the atmosphere
through photo-iolization‘ptocpcsos. Thus, up to dawn (and
syametrically, up ¢o 'dnsk{, there are two sources of
condpctivity, solar p' aad particle precipitation. Away froa "
dawn (and dn;k). tovards nidnight, only particle
precipitation is ravailablc to produce electrical
conductivity so that near the dawvan aad }nct terainators
there is a gradieat in coaductivity (probably over a nittov
' region). As well, there is a gradient in the electric field
near dawvn and Jdusk, isoo rigure 3.13(a)). In order to
accoanodate these gradients #P the conductivities and the
electric 'ticld; currenst flows up field lines. Thus there is
a reduction in the magnitude of the ionospheric curreat, and
a_ corresponding reduction in the peak of ¢the I'-gomponent,
no'qbsotvod. |

In the -glohnl current model, it has bocn\tspunqd that
both the Hall sad Pedersen cqnduc}iiitiol vary ia suck o
samner that their zctib':ciatn: con'tant;-}nliqptiﬁn 8.6.1
of this chapter, the ottdg; of this reduction ia -electrojet
streagth will De !Itltl‘d ia noke dtéail.'rtgi:o 4.5 is a
pot of’cnttnli thoﬁrjty as a functioa of time for both the
eastvard and n.‘uﬂ slectrojets. It 1is ’oqby--that the

¥ $ B :
vestward Jjet (the curve uith valaoes everyvhers less thaa

2 A
pure o 9

e O - e 2



Figure 4.5

The model height-integrated current deasity
for the east-vest currents, as a function of
MLT. The current densities for both the
eastvard curreat (values > 0) and the
vestvard curreant (values < 0) are shown,

L4
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4
gero) exhibits variations over its entire leagth, Froa noon

to about 0800 NLT, the curreat density increases limearly
from 0.0 to 0.221 Aa-%. Ia this sector, the width is
oon-tant at 5° of latitude, so the current here ranges froa
'§§ub A to 1.25x10%A. Near 0800 HLT, there is a 20% reddction

ia the total curremt, vwith a concoajtant reduction in the

- beight-integrated current density. As a result, 2.5x10%A  is

fed out of the ionosphere in a field-aligned current sheet.
This field-aligned current is most likely distributed over a
fiajite 1lomgitwdinal range, bet this range cannot be
deteranined from the available data. In lieu of this, the
epvard flowing current is :oélacod by aa equivalent upvard
floving éutrtnt sheet.

Prom 0800 NLT ¢to 0100 MLT, the vwvestward cnt;ent
continues to grow back to its peak value in the sunlit
sector. That is, the total current increases from 1.00x10%A
at 0800 MLT to 1.25x10%A at 0100 ALT,

Over the entire region discusood‘ so far, since the
vestvard current is groving, there Iﬂ;t be a aovnvard field-
aligned current feeding e%oaucstua:d jet, (apart froa the
upvard current sheet at 0800 #LT). Since the ionospheric
current gJrows aost rapidly im the sector froa nooa td 0800
SLT, this is obviously vhot; the greatest invard field-

y aligaed curreat flous. Pigere 4.6 48 a plot of field-aligned

cutreat dengity ss a feaction of magnetic local time. It is

clepr that ifveen aidnight and 0800 HLT, very Little field-

‘altgned cnfsﬁit flows date the iomosphere.g

A - , AR )
'*‘.' ;’ . ...’ * t )
- g : [ R Lo AR



Pigure 4.6 The nmodel ebbalanced field-aligned current
~ densities that connect with the tast-vest

.curreat systems, ag a function of ELT. @
denotes downwaraq field-aligned current, anad

. ® upvara ﬁOId-aligned current.|
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aligned current vhich feeds the electrojet is a local net
field-aligned current inasauch as if one vere to 1integrate
‘alonq a seridian, there is an imbalance in the field-aligned
current flow.

Referring to, figure 4.5 again, it is seen that the
vestvard current intensity generally decreases from 0100 MLT
to 1800 MLI. In fact, the total current flowing across a
meridian in this sector decreases linearly from 1,25x10%A at
0100 ALT, to 0.0 A at 1800 MLT., The non-linear variations in
the current intensity come about froam variations in the
width of the vestward current ia this rcqino{ In this
sector, fi‘ld-aliqned current ;nlt flov out ©of the
ionosphere, and the outwvard field-aligned clftont density is
shown b; the open cirélos'in figure 4.6. The varjiations in
this curve are again due to the varying width of the
current. In fact, the upvard flowiag curreant as a faunction
of 1longitude is constant. The high curreat density at 1800
BLT is due solely to the extresely marrow (0.5°) latitudinal
extent of the electrojet at this éoint.

Superimposed on this entire westward electrojet systes
is a npnorth-south cnrro:t systea. In accordance with the
procedure outlined earlier, the curreant floving in the
north-south systea vwas obtained directly froa the electric
iiold and conductivity nodcis. Pigure 8.7 is a plot of the
global ‘north-lonth current systea plotted in teras of the

field-aligned curreant coatribution. The curves of immediate

interest are the upper two curves in the pre-amidnight hours



Figure 4.7

The field-aligned cir%.nt strength for the
north-south current systeas as a function of
MLT. (5] denotes  upward field-aligaed
current, and @ indicates downwara
field-aligned current. The dashed lime
represents current flow at the equatorvard
border of the auroral oval, and the solia
line indicates current flov at the polevarad
border of the auroral oval.
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aad their couzisvation iato the .p-t--unt’n Iru., Note
that the dovavard cerreat dessity is g:ntc:\”m.
spvazrd. Jhis is dee to the fact the southwerd

curreat flows aloag seridians and thoroto:i~q1vo:g s, so
that for a coastaat cwreat, the cerreat deasity varies as
the sine of the colatitude.

The 2 )‘.01-' of rigure &8.8.are the aocdel latitude
profiles for the :L.t-atd floving ocurreats, tlglndiiq the
associated "aet® fiald-aligaed mmu,‘ bet ehcludiag the
aorth-south currents. The features that oOae aight expect
froa kaovledge of the curreat distribution are evident in
these profiles.. There is a decrease in the X¢-conponeat
- ektrema froa 0500 MY ‘to booo ALT (Pigure Q.l(j.‘zpd Pigure

8. 8(1) respectively). Because ¢of the presemce of unbalanced,
dovavard field-aliyned curreat froa 0100 t0 aeoa HLT, oOne
vould expect a positive going level shift (north-to-south)
ia the cast-vest éoapoaont. This in fact is seen only wp ¢to
0300 ALY .ﬁho ,hodel profiles for 0100 and 0200 HLT show
either a veak negative goiag shift in AY', or no shift at
all. This is due to the stroag upvard field-aligmed curreat
in the aidnight sector, completely saskiag the weak dowaward
carrent in the post-aidaight sector. Indeed, the positive-
goiag level-ghift is seea beyomd noca, -;llling over as an
ead-effect iato the 1300 NL? and perhaps 1400 NL? sector.
Novever, the nmagaitede of all these level-Bhifts appears
ssall relative t& those suggested by thq real data. This
ocould be dne to ome or bogh of two posaibilities: (1) there



Figure 4,8

’

Nodel latitude profiles @se to the coaplete
vestvard -::::: Lb " (daclefdiiag the
ioaospheric and itold-nlignog cn:toutc).

a) 0000 t0 0100 8LY

b) 0100 to 0200 mLY:

a) 0200 to 0300 ML? . .

4) 0300 to 0400 ELZ v i, .
e) 0800 to 0500 mALY ) '
£) 0500 to 0600 MLY
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Pigure 4.8

1) 1100 to 1200 HsL?

Py -

Hodel latituds profiles due to the cosplste

- vestvard curreat systea (i{ncludiag the

ionospheric and figld-aligned curreats).
g) 0600 to 0700 a2 = -

h) 0700 to 0800 ma® ~ . v
1) 0800 to 0900 NLE oo »
J) 0900 to 1000 me2* .-, »” SR
k) 1000 to 1100 ALY : . ST
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Pigure 4.8 Yedal latftude profflse due to the complete
, vestward curremt system (including the
ionoepheric end fiald-aligned curreats).
m} 1200 to 1300 AT
n) 1300 te 1400 MLT
o] 1400 to 1508 MLT
pl 1300 te 1600 MLT
¢} 1600 to 1700 MLT
. ] 1708 to 1800 MLT

s



7¢

16

1R O NN

o

e

’ B
tin

(3 - 8
) ALlSN3iNI BYal4

v

S o, :
: N oyass RN ) ...
A LATITGOE .
AN Pt D N T

4 I L
- {1N) ALISWILNE

I

Bt




rigure 4.8 '8odel latitude profiles due to ‘the cTomplete
: ¢ vestward <current --)-tonl'(iuclnaing the

Brea

. ionospheric and f£i 4 currents).

- 0 to 1900 &

- t) 1900 to 2

w) 2000 ¢co 2100

g v) 2100 to 2200
v) 2200 to 2300
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'4s sore uabalasced tiold-augul pxtut thaa u- been nnd
ia the aodel, or (2) there ate ou« curreat uatou ‘which
‘will prod.oo a AY' level-ghift. The first of these requires
an unonntic current systen othar thaa /A vestwapd curreat,
since increasinsg this latter ttﬁ lpt m-go the u.u of the
Y'~-compoaent level-shift r‘liuv; to the t‘-conponont
extremus, sugo, a8 pointed: “t., earlier, it is m believed
that significant curzeats flov in the wiater polat cap, tiis
, . first pemsidility suggests the presence of curreats floving
”’;o A qntotntd-. Such a mt& lm s boen iacleded iz the
glom model, and will be utn@d to later ia this chapter
(loction n.n.a;. rn seocoad msﬁilt‘.y i siqo a vinhlov
\ono. iasofar as ’d lorth-lonti gurreat ay-tn bas o't yet
beea coasidered.

Pizat, hovever, the reaaisiag f.atntu of the ncturd

systes alone should be coasidered. Note that tﬁﬁo‘mt-_
exhibits an asyametry not umlike that in the data, u the
pon-nihigtt houS. u-o.’ the east-vest coapoaent is aot"
ugaun across the. .u:o mw-. as it is in the data, in
the nquu S8ELOT. ml' the esst-vest coapobent does
shov & Mvrqoﬂ m. ia t.h. pto-aiaught hours,

Ny

d-q.u h “ ohbtvd \.Qn the un. N )

-

Q_f""_tt quxom aro added to
P t” uuu profiles are

s
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Bodel 1latitude profiles due to the co-ploto

vestvard current systea, to whic
corresponding north-s

.added the

systea.
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Pigure 4.9

Hodel latitude profileg, dne % L0 Qouloto
vestvard’' curreat g stes,  to which bas been

added the cot:up apTth-pouth @gurrest
systes.,

m) 1200 to 1300 aLT

n) 1300 to 1400 nu1L? -
o) 1430 to 1500 ALY et
P) 1500 to 1600 ALY ' .
g) 1600 to 1700 ‘NLY

r) 1700 to 1800 NL®
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. . ~ v ¢
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rigere 4.9 - Nodql uuuafo_ P dse to the coaplete -
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adled tie 3¢ sorth-seeth curreat
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- g) 0608 to 0700 aL?.
- k) 0700 to 0800 ML®
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Pigure 4.9 ° Hodel latitude profiles due to the coaplete
. vestward current systea, to wvhich has beea

added the correspoadiag north-south current

’ ORe -

a) 0000 to 0104 BLY .

b) 0100 to 0200 uLY

c) 0200 to 0300 ALY

d) 0300 to 0400 ELI

e) 0800 to 0500 nLT

£) 0500 to 0600 ALT
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floving wmeridiossl curreat systes coasisteat uith the’

electrit field Jil conductivity sodel. Ia the  post-sidaight
a.ctoi. €0 30o0a, the size of the Y'-conpoment level-abhift is
cnhanéod; As vtlih\kb dololbi:atod later ia this chapter,

Al

Thus, as suggested in the  peaunltimate paragraph, ':20

thif level-shift is mov i close agresseat with the data,

possibility of additiomal carrests prodsciag a AT* le

-htft is- a reasoanadle one. Although level-shifts ia the
ooctooiot coapoaent may be dwe in‘part to uabalaaced field-
aliganed curreat, they camaot be oxplninod totally oa this
basis; a north-south curreat systea of gront longitedinal
oxtont will also prodace a -1.11.: !'-colpoaont. Iovovot. it
is aot possible to mnodel tho—!'-co-ponont level-shift solely
by - sorth-sosthr curreat flov, asd still produce the observed
variatioa ia the X'-componeat. As already discessed, (it is
evident that the westvard electrdjet grows over a regioa of
some longitudiaal extent, and this desands the presence of
tlbclanc;d'tiolahuliqnod current into the iomosphere. ///

sigafficant end effects of the north-south systes

- ™ associated vith the vestvard electrojet are evident in the

. ‘i/'

sodel profiles for tises ismediately after noon (Pigure &.9)

vhea they ‘are conpdkod vith the corresponding pamels of
HMguze 8,8, This effect is seen sainly ia the Z-cosponent,
" and 1is due prisarily to the ionospheric portion of the

'north-south three-dipensional systesm. A siasilar effect sy

be seen in the 1800 HLT model profiles, (Figures 4.8 (s) aand

8.9(s)) and is due to the aorth-south curreat systea

a™



160 .
« S .
associated uwish tihe ’u-h“'atjh vestvard .ofnkdjn&.
8. 4.2 The Bastvard Curreat Systes , P

In Chapter 3, 1t was ~shown  that the ground based
sagaetic data in the post-a0ca mector wepe isdicative of an .
eastwvard flowiag oloctt;jo't. Ia fact, based ea the ngug_-do
of the I'-componeft positive extresus .epi- edbtverd curreat
" was fownd to grov from moom to near dusk, shere there is a
ssall dec ¢ 1im the appareat curreat sagaitude. This is
‘sisilar to he bonviou of the wvestmrd m:ut tlow,
although this écc:(tao ia curreat strength is ot as
ptonoueod; l&'ovor. the sase arguseat as developed for the
nitutd cerreat has beea applied to the eastward curreat ia
the post-a00a sector. As well, there is a sarked decrease ia
the nagaitude of the Mun AI* extresa fros abost 2000
8LY to ;200 8LT. PFigure 4.5 4is a plot of the height-
iategrated curreat deasity for the cgatutd olocttéjog (the
curve with ‘poutiu values 'in this figure). The cn.trut
. grovs ‘u.n;}u fros ‘o.o An—1 at 200m to a saximma of 0.116
A=t (6.57x10%A total) at 1600 HLT. At this time, there is a
redection in curreat, vith 20% of the carremt floying out®of |
the iomcsphere ia a field-aligaed current sheet. The curremt
resains coastaat astil 2100 NL?, at which tise it begias to
flov poleward. As can be seer ia figure 4.1, in this regine
(2100 €® 2400 'IL!) the oanv;td curreat is coastrained td a
vedge-like region of the asroral oval. As the sastvard

floviag curreat diverges polevard, it ~ encouaters  the

L ‘ “« B TN
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N »
] f . - L]
N "

ugestesvend ;curdf the westuaxd. ‘nnnt.\ where the
epstwmrd ;utrolt‘izvccg.- ®p the field lints. Thas, ia the
a.lql, the; eastwatd olocttojct flows oat of the iomosphere
i3 a ttnll-nll.nll cerreat -hoot. ohe leses of vwhich
-t"ali- the .astvntd aad -&-&-atl electrojets 1ia the
togtoa ot tbo Baraag’ ltacontilisty. !1":0 ‘. .hous the
curseat C.-ltty GJ the tiold-lltanq’ curreat vhtch toods the
.lltlltl 1locttojot (1200 to 1600 BELT). It is coasiderably
less than the .lll fesd to tho sestuard electrojet (0900 ¢to
1200 ®mT), 4in looping -uith the r.lativoly sncllot total

cerreat that flows ia the eastvard electrojet. As in the

- case of the -ost'P:C flowiag current, there is a north-south

curreat sjystea associated with the eastward electrojet. Ip

the post-noca loctor} this curreat is directed polevard in

' Reeping vwith the electric field observations. Pigure 4.7

inciedes o plot of the (fisld-aligaed current Jdeasity

‘associated with this north-south curreat. Although this

curreat density is coasiderably less than that used for the

-udiunré curreat, it is consisteamt wvith the electric field

"model and coalectivity ratic descrided earlier. Pigurs 4.310

28 p.lclc} are plots ot the nodol 1atitndo prqtilcs for the
eastward sltt.:t together uith its a;.Ocintod tiold-pliqnod
cerreats. \The grovth of the eastvard electrojet is apparent
ia the t- oou pnotilo- ep to 1600 HLT (FPigures 4.10 (m)
th;o.gh .10
AX* s visible at 1600 ALT, and fros 1600 ALY to about 2100

)). The sl9ght docrtnsc in tho peak value of

nr ot 0.10 (9 to s, 10(v)) the magnitude of the I'-



rigure 4.10

L 4

Bodel latitude profileR due to the coamplete
current systea (iacladiag the

. eastvard
" ionospheric aad

a) 0000 to
b) 0100 to
c). 0200 to
d) 0300 to
e) 0400 to
£) 0500 to

0100
0200
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field-aligaed curreats).
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rigure 4.10

<

Bodel latitude profiles due t

current systen m the
field-aligned cu . P

eastvard

ionospheric anad

9)

0600
0700
0800
0900
1000
1100

to
to
to
to
to
to

0700
0800
0900
1000
1100
1200

plete

BLT
MLT
ALT
MLT
MLT
MLT



’ _Smmoms. 0 9.
M
gio
= o
-
2
[ Y]
-
=
a?
-l
w
iy

|| Y
#uun#.u
CENTERED OIPOLE LAT]I THOE

~

TR0 RIN. 0 8CC.

Ly

FIELO INTENS]ITY (NT)
-1 -3 J

|

FIELD INTENSITY (NT)

-1

4 9

o - . L
%unnn.ou
CENTERED DIPOLE LATITUDE

I

1Y

S MR O NiIN. & 8C.

-1

FIELD INTENSITY (NT)
-3 ’ I R iR ‘1

W
YV {
2=

Lo "” Ld "% ] L
CENTERED OIPOLE LATITUDE

FIELD INTENSITY (NT)

FIELO INTENSITY (NT)

, 183

. I

RTC YN H) m1

‘“!A ~1

w % N % w- =
CENTERED DIPOLE LATITUDE

—

|

- I

P N o A -

[ [ ” ” » ]
CENTERED OIPOLE LATITUOE

O MR O RIN. O BEC.

LA

JX

-1

Pre A A -

I LI % o8
| CENTERED DIPOLE LATITUDE



Pigure &.10 .

Hodel latitude profiles dwe to the coaplete

eastvard

ionogpheric and
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Pigere §8.1%0

Bedel laticede prefiles Guwe to the cosplete
eastvard curreat systes (inscluding the

4 ic aad
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oogpouolt peak 4is esseatially co-lttnt. loyo.‘ this time ¢o
aidaight, the streagth of the oast.atd elestrojet dop:onsoo.
!Ui'/tilt of the hnttoat'glon vith respett to paraliels ©of
latitede that has been built iato the model 1is evideat ia
tho -odol profiles for 1700 BLT to Y900 kLT, (rigures
' 4.10(r) to 4.10(t)). .In this time period, the tilt ia the
oval 4s greatest, and ia thess profiles, it is clear that
the dast-voot co-pouont follows the north-south coapoaent.
' rho o.-t-‘,ot cos ant in the. 1.-odiato pre-aidaight sector
(rianc- 8. 10(a) ¢ ¢~10(-), 0310(3)) shovs a negative going
level-shift (ftOl south to aorth ltfttudcs) coasistent vwith
the presence of the upward ti;ldfagigfod current sheet in -
this ;oqin‘. )

Outside the regime of the gnaiuatd current, soae
effects are visible. Por ‘xalplc.;tho:o is a small, broag,
positive AX* signaturé seen in the sodel profile for 0000
4LT (Pig. l.21(a;). 51111aily, an end-effect is evident in
;hé t®a_ hours preceding noca (Figures 4.10}k) and 6.16(1)).
Ih gemeral ‘however, the eastward flowing current p;odnces
little effect in regimes outside the actual location of the
curreat. _

The r 1t of adding the morth-south current systea
which flovs in conjunction vwith the esstvard current is
~showa 1in BRigure l.i1. The effect of the system on the
profiles showa ia Pigure .10 is not as large as vas seen in

the case of the vestward electrojet. The amain effect is

observed ‘ia. tha profiles for 2100 ALT through midnight to

N
i

\
¢ e



Pigure 4.11 Model latitude profiles due to the coamplete
eastvard current systes, to which has been
added the corresponding -north-south current
systeas. '

a) 0000 to 0100 MLY
b) 0100 to 0200 ALT
c) 0200 to 0300 MLT
4) 0300 to 0400 MLT
e) 0400 to 0500 MLT
f) 0500 to 0600 HLT
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Figure 4.11 Bodel latitude profiles due to the complete
eastvard current systeam, to which has been
added the corresponding north-south current
systen.

g) 0600 to 0700 MLT

h) 0700 to 0800 MLT

i) 0800 to 09 MLT -

§) 0900 to 1000 MLT

k) 1000 to 1100 MLT

1) 1100 to 1200 MLT
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Figure 4.11

aodel latitude profiles due to the coaplete
eastward current
added the corresponding north-south current

.’m.o
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Pigure 4.11

’

Bodel latitude profiles due to the coamplete
eastward current systesm, to vhich has been
added the corresponding north-south current
systea.

s) 1800 to 1900 nML1

t) 1900 to 2000 MLT

u) 2000 to 2100 MLT

v) 2100 to 2200 HLT

w) 2200 to 2300 ALT

x) 2300 to 2400 MLT
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2300 HLT (Prigere 0.11(v;.to 4. 11(xy. In Pigure &,11(v) (2100
ALT) the Y'-component is altered by the polewvard ‘tlovinq
current systea so as to alsost coapletely mask the effect of
the tilted .‘.tl:!d cn;ront systea. The saae effect is seen
in Pigure.s.11(w) (2200 NLY), vhere as vell, the level-shift
in the Y'-coaponent is reduced by the addition of the north-
south currenmt systea, Also, in the 2200 HLT';quilo. the 12-
cosponent is changed so that the vell-defined negative
extreaum shovn in the profiles for the eastward current
alone (riano' 4.10}!)) is all but lost. The profiles for
2300 MLT (Pigure 4:10(x) and 4.11(x)) shov that the north-
south current systea produc‘s a psarked change in all 3
coaponents; the XI'-component develops distinctly positive
values at high latitude; the r';conpon:nt takes on the
character of a stroagly tilted ca:t-v;st current systea; and
the Z-coamponent gains a marked positive extresum. Apart fros
this time period, little chan§e is observed in the profiles
vhich result froam adding the polevard flowing current systea

to the eastvard electrojet.

4.4.3 The North-South Current Systea

For the sake of coampleteness, the entire north-south
current systes is shown in Figure .12 (26 ganols). This
systes is fregueatly neglected in auroral current models, at
least in the case of polar magnetic substoras. Indeed, in
these cases there msay be some justification for considering

only the east-vest current systems inasmuch as the ratio of



rigure 4.12 Bodel latitude profiles due to the eatire
north-south current systea.
a) 0000 to 0100 uLZ
b) 0100 to 0200 HLT
c) 0200 to 0300 AMLT
d) 0300 to 0400 MLT
e) 0400 to 0500 HmLT
£f) 0500 to 0600 MLT
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Pigure .12

Sodel latitude .protiles
aorth-south ourreat systes.
g) 0600 to 0700 mLY

k) 0700 to 0800 uLT .

1) 0800 to 0900 nuL%

J) 0900 to 1000 mLT

k) 1000 to 1100 ML?

1) 1100 to 1200 mL?

q-‘ to the eatire
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Figure #4.12 * _podel latitude’profiles due to the entire
. north~south curreat systenm.
m) 1200 to 1300 MLT
n) 1300 to 1800 HLT
b) 1400 to 1500 ELT
p) 1500 to 1600 ALT
g) 1600 to 1700 NLT
r) 1700 to 1800 HNLT
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Figure 4.12 * Bodel ‘ latitude profiles due to the entire
north-south current systea.
s) 1800 to 1900 MLT
t) 1900 to 2000 mLT
u) 2000 to 2100 MLT
v) 2100 to 2200 ALT
w) 2200 to 2300 MLT
x) 2300 to 2400 MLT
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Zn to ZP increases to about & during periods of high
sagaetic ncttvity ‘(Brekke g% al, 1974), so that the rale .of
the north-south curreats is relatively less isportant during
substoras. Since the north-south ct;:onts are prisarily
Pedersen currents, their role 4ia’ llbcto:i nodelling is
possibly relatively saall. Kisadbeth ;1912. "QBTS; and
Bannister (1976) have succ;satnlly.lodollod nlbifornl while
ignoring north-south curreat cy:toQE;’ Rowever, in this
lod.l: representing guiet to moderately disturbed periods
the aorth-south cnttcnt systea becoses relatively iaportast
as say be seen in the lodil-liiiindb pratilonhot rignr;
¢.12. In the first two profiles (Pigure 4,12¢a) and (b);
0000 and 0100 HLT), the effect of the northward flowving
current in the midnight sector is seen as a strong positive
Al perturbation. It will Dbe r‘callod that in the SPEA
. profiles from the post-aidnight gquadrant, the Z-component
exhibited apn asymaetry, viih the positive extreamum being
greater than the nora of the negative extresua. In fact,
this positive AZ profile continues in the model north-south
system until about dawn. PFrom 08400 to 1100 uir (Pignfes
4,12¢@) to ‘4.12(1)), the JY‘'-comaponeat is of qg:gtest
interest. It is evident that the total north-south systea
enhances the level-shift ia AY', as yas sees in - the
coaparisoa of Pigure 4,8 and 4.9. In the 1100 and 1200 MLT
sodel profiles (Pigure &,12(l) and (m)), the Z-comsponent is
distinctly negative. As ujill be seen in section 4.5, this
effect is highly 1n£1n¢nt1;1 ian the total model. As already
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noted, the north-south curreant systea has 6nly a ainimal
effect in the region of the eastvard electrojet, froa noon
to dusk. Hovever, the total systea pt;ducpl a fairly marked
effect, in the " post-dusk sector, on the AY' profiles
(Pigures 4.12(t) ¢to l.iZ(vﬂ 1900 to 2100 ALT) In‘this
regime, the  total north-south curreat systea markedly
enhances the negative going level-shift in the Y'-component.

Pinally, the last tvo panels of Pigure 4.12 (v and x;
2200 and 2300 HMLT) shov a negative Y‘'-component across the‘
'qntito latitude profile, in keeping with the polevard

floving current in this region.

‘(_/

4,4.4, Other Contributing Current Systeas

In addition to the current systeas discussed up to this
point, it vas necessary to add two other current systeas,
although these are of relatively aminor importance. The first
of these vas the eagtvard flowving current located
1llgdiately equatorvard of the westward. electrojet in the
daﬁn sector. This current vas made to tibv anti-parallel to
the vestward electrojet in a 5° wide latitudinal strip whose
polevard border coincided with the eguatorvard border of the
vestvard electrojet. The ?urrent v;s linited to the
longitude range of 60° to 1659; thag is, eastvard curreant
floved froa 0400 MLT to 1100 HLT. Por modelling purposes it
vas CISU!’G that this current is fed t;o- a dovanvard field-
nlighcd sheet current that diverges eastward. At dawn, the

conductivity gradient described earlier (section 4.4.1) is
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encountered, and additionmal cyurrent flovs into the
1onoi§hotc at this point. At 1100 HLT the curreant di;.tg.l
back up a field-aligned current sheet to the magaetosphere.
The maxiaus curreat flowing in tiis oloct:bjot is 10* A, for
a saximum height-integrated curro;t dengity of 0.018 Aa-t,
lLatitude profiles for this current system possess no unusual
features and are not presented here. The maximeas positive
AX*' perturbation is ab&ut SaT, occurring in tzﬁ'protilo for
' 0900 ALI. "

ISQ final current 'l]lt.I is also a relatively wveak
systea vhen coapared with either the vestward or the
eastward electrojet systeas, but oneé vhich possesses useful
features, from the point of viev of the global amodel.

‘::; this stidy vas first undertaken, it wvas observed
that the AY' level-shift was not symmetric aboutnfho field
intengity origin., (See, for example, Pigure 4.3) However, an
unbalanced, distributed field-aligned curreant produces a
AY* level-shift vhich is essentially syametric about the
origin (rigure 3.7). As well, it became evident that the
inferences drawn from the ground-based wsagnetic data
regarding unbalanced field-aligned currents were not in
total agreement vwith the results obtained froa the Triad
aagnetoseter data (Sugiura and Potcnta, 1976). Tpt is,
interpretatioan of the satellite data shoved that net upward
field-aligned current flowed in the post-noon sector, the
exact opposite of the results of the gtonnd-basod data.

Hughes and Rostoker (1977) offered an heuristic argument in

)
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an atteapt to explain this discrepancy. This argument is as
tol{g,a. Rostoker and Hron (1975) have pointed out that in
the dawvn sector there exists an eguatorwvard-flowing Hall
current, and it is assumed that this Hall current circulates
through the lov latitude ionosphere to the post-noon
quadrant and then flovs up field 1lines into the
sagnetosphere, Consider two infinite anti-p:tullZl plane
sheet chronts separated by a finite distance (Pigure
4,13(a)). The ionospheric equivalent carrent for the
dowavard-floving sheet curreat (I) is tyo iorizontnl sheets
of strength 1I/2 flowving toward the vertical sheet.
Similarly, the equivalent curreant for the upvard-flowing
current sheet (I) is tvo horizontal current sheets (I/2)
floving avay froama the vertical sheet. (This is siaply an
extension of the technique used by rukuchiyav(1969) for line
currents). Connecting these two vertical sheets by a
horizontal sheet current results in an equivalent current
for the systea of zero, 80 that no magnetic perturbation is
observed on the ground. .

If, as suggested above, there is a horizontal current
flov into the region of Birkelaad current flow associated
with the auroral oval in the post-poon guadramt (Pigure
§,13¢(b)), thea there wvill be an unbalanced upward current
flov (as observed by Triad), but no level-shift will occur
in the east-vest coaponent as observed on the gronq'
Hovever, Figure &,.13(Db) shoua that there vill be a bias

the east-vest coaponent. A similar argument to this nmay be




Figure 4.13(a)

Y
)

Schematic drawing of equivalent ionosgheric
currents for infinite vertical carrent
sheets and a pair of anti-parallel vertical
current sheets connecting through a
horizontal sheet. Bquivalent currents froa
the downward-flowing current are shown by
the d4dashed 1lines, and those from the
upvard-flowing current are shown by the
dotted lines. Real currents-are shown by the
solid lines.
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Pigure 4.13(b)

Schematic 4drawing of equivalent ionospheric
curreats for a curreat system in vhich the
upvard curreat (I, ¢ I,) is greater than the
dovnward current, L. because of an
ionospheric curreat I, flowing into the
system. The equivalent current I /2 is
uniform across the curreant systea and
directed to the right. .
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T e a1s
applied <o icl‘ pre~neee "l‘!:!‘ %6 peodune & bias i3 the
cast-vest ocenpeacat. !‘c‘ is, OGuvavesd <@euzteat shich
diverges eqsatervard vill preduce a pasitive bias 38 the T°-
coapoasit. Thes, 4t is pessidble ¢0 ezplaia the discrepancy
betwveea the ground dsta asd iho satellite data, as vell as
explain the observed Das ia the I'-cemponeat, vith the same
arguseat. Of coerse, 4in reality, this a’hnno-t is »ot
totally valid. The closure of the vertical curreats is ’not
ceaplets, .otlcq,clou-m-{:urto.ta 32 the euter sagaetosphere
are neglacted, and also, the real curceats are of fiaite
exteat. HNowvever, the arguaseat wvas lﬂcc‘lﬂlll edough to lead
to tntthot‘invo.tigltio- of such a curreat @stesn.

These curreats will be referred to as the low-latitude
curreat sjystes. The total currest floving in this systea is
0.1873 x 10%A, osly 155 of the saxisea vestward floving
curreat. The lov-latitude currest systes coasists of field-
aligaed curreat flowing iato the aaroral oval vithin the
0600 to 1100 ELT sector. This current diverges eguatorvard
&ad eveatually iato an eastward flowing current locagod
betvweea b' to 40° latitude. In the post-noon guadrant, this
OQli;;:d curreat ia tirs flows poleward and thea diverges up
field lises at the polevard Ddoxder of the aeastvard
electrejet. BNote that ia the pre-nodn sector, the field-
aligaed c-:tint is dtottgh-tol ovar the latitude range of
the oval, vherens ia the post-acos sector, the field-aligued
carzeat is confised to a sheet. Pros 0800 to 1100 ALY, the

1§noo.locto current l.i 8 average height-imtegrated current



.

Sensity of ¢ x 10—awt. fres QENG to 0600 M2, the height-
tategrated currest deasity m te sezo. At seb-auroral
latitedes, the 1caeepherss eurrest istessity 1¢ aati-
syssetric abost) aooa. _ |
| Schenatieally, tais cu':.'ut systea Dbears asocae
resesblaace to the Sq ocurreat systes. Bewgver the sodel
systen is not completely closed 1a the ieacsphers, as is the
Sg systea., This lplol systea bocéo - a8 even cloeser
resesblance to the DP-2 system of Nishila (1968) altheugh
DP-2 i3 aot symsetric, in its geocsetry, about hooa. Akasofs
[0 3 “ (1973) have suggested that lifhldn'c DP-2 systes U;y
be due to an iateasificatioa of the ¥ curreat systea
together with aa expansion of /the auroral oval (see Chapter
1) It is possible then that the lov-latitude curreat systes
correspoads to DP-2 oc .&’ for the wviater iomosphere, since
20 polar cap curreat flovs ia the model. This topic will be
discussed somevhat farther ia section 8.7.1 of this chapter.
The 26 panels of ué-:. 8. 18 are latitude profiles
geaerated lby the pmodel Lou—lnut}k curreat systea. It ig
evideat from Pigures 4.184a) to 4.18(f) and Pigures &.14t)
to 8.18¢x) that this system has little effect ia the dark
beaisphere. fiote spat 1n fhe 0600 21T - to 1800 mIT sector
eriitto S.14(g) to l.‘ld) the Y'-gospeneat is biased as
" . 4esczibed ia previoss paragfephs, 1.0. AY' is positive 1a
the pre-aeoa sector, and negative ia the post-acon sector.
Bovever, wualike i{a the theocpetical u}mnt pat forth
eariiez, there is as additiosal featsrs to the !'-co-po.un;.



FPigure 4.14 " Model latitude profiles due to the
low-latitude current systea.

a) 0000 to 0100 MLT

b) 0100 to 0200 ALT

c) 0200 to 0300 MLT

d) 0300 . to 0400 ML1

&) 0400 to 0500 MLIT

f) 0500 to 0600 MLT
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Pigure 4,14 Bodel latitude profiles due to the
lov-latitude current systea.

g) 0600 to 0700 ALT

h) 0700 to 0800 HLT

i) 0800 to 0900 ALT

j) 0900 to 1000 MLT

k) 1000 to 1100 MLT

1) 1100 to 1200 HMLT
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Pigure 4.14

Mode]l
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FPigure 4,14 Model latitude profiles due to the
lov-latitude curreat systea.
s) 1800 to 1900 MLT
' t) 1900 to 2000 MLT
= u)- 2000 to 2100 ELT
v) 2100 to 2200 MLT
v) 2200 to 2300 ALT
x) 2300 to 2400 MLT
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in that the profile doeés not exhibit only a bias, but .hor‘
some structure as vell. Hovever, AY' in these profiles is
not easily interpreted in teras of unbalanced field-aligned
current, so that in fact, as suggested by Hughes and
Rostoker (1977), it is possible to have an unbalanced field-
aligned current without there being a readily recognizable
lignituro on the ground. In spite of this, the strength of
the upvard field-aligned current in the post-moon sector due
to the lov-latitude current systes is insufficient ¢to
produce an overall net upvard field-aligned current, so that
the discrepancy betveen this model and the Triad
observations remains. This will be dealt with further in

section 4.7.1.

&.5 Ihe Global current fodel
Pigure 4.15 is a polar plot showing schematically the

current systeams used in this model. Por the sake of clarity,
the north-south current systems are not shown here. Neither
relative wvidths of the arrows representing ionospheric
curreats nor the diameters of circles representing
unbalanced field-aligned current are necessarily drawn to
scale, Howvever, post of the general features of the current

systeas used in this model are represented.



Pigure &,15

Schematic drawving of the coaplete sodel
current systen, Downwvard field-aligned

currents are shown by ¢+ upvard by .
The width of the arrows is only an
approximate indication of relative
ionospheric current strength. Balanced
field-aligned curreants, and the
corresponding north-south ionospheric

currents have been omitted for the sake of
clarity.
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8.3.1 Qualitative Comparisoa of Hodel Latitude Profiles with
S#3A Profiles

Figaxe ¥.16 contains 40 separate panels ia vwhich the
sodel latitude profile for a givea hour is displayed next to
the SPEA latitude profile for the same howr.

It 418 re-iterasted at this point that the nodel has not
been coastructed to produce an exact f£it to tho_ data. The
variatioas ia the data froa day to day are large. Nowever,
coréain features 40 persist from day to day, and itgis these
features that the aodel bhas been designed to reproduce.
Thus, a oaly % seai-guantitative comparison will be made
betveen the nod;l profiles and the SPEA profiles. Ia secfion
8. 4.2, a statistical coaparison of A;X'p..k and Agl" for
the nodel and SPRA profiles will be given.

Coaparisoa of the 0000 MLT protilos.;hovs a high degree
of sisilarity betveen the mode] profiles and the data. The
Y'-cosponeat is negative across the profile in both cases
ard has a similar step-like character. The I'-components are
also similar. The model Z-component is asymmetric with the
positive extresus being larger than the absolute value of
the negative extremus, as is the case in the data. . noi.vor,
at bigh latitudes, the observed 3-compoaent msaintains
relatively large values, vhereas in the aodel, the 2z-
cosponsat decreases gJuite rapidly with iacreasing latitude
hyyond' mt lf vhich the peak occurs. This is a persistent
feature 1a the coaparisoca of the model with the data in the
post-aidaight sector.
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" Compazison of the model latitude profiles,

for the coaplete nodel, with the SPRA
profiles. UNote that the SPEA profiles are
labelled ia Uaiversal Tise, and the anodel
profiles ia Bagaetic Local Tise. local

asagnetic aidaight 4s at approxisately 0800
oz. .
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Comparison™ of the model latitude profiles,

for coaplete model, with the SPEA

» Bote that the SPEA profiles are
o’ ia OUniversal Time, and the nmodel
profiles. in Hagnetic Llocal Time. Local
magaetic aidnight is at approximately 0800
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Pigure &.16

Comparison of the model latitude profiles,
for the coamplete model, with the SPEA
profiles. Note that the SPEA profiles are
labelled in Universal Time, and the model
profiles in Hagnetic Local Time. Local

magnetic aidnight is at approxisately 0800
uT.
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rigure 4.16

/

COnp‘riaon- of the model latitude profiles,
for the cosplete model, vwith the SPEA
profiles. UNote that the SPEA profiles are
labelled in Universal fiame,c and the model
profiles in HMagnetic Local Tise. Local

magnetic midnight is at approximately 0800
Uz. ’ '
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Figure 4.16

’

Comparison of the model latitude profiles,
for the coaplete nodel, with the SPEA
profiles. MNote that the SPEA profiles are
labelled in Universal Time, and the model
profiles in HMagnetic Local Time. Local

magnetic midaight is at approximately 0800
oT.
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Pigure 4,16

Coaparison of the model latitude profiles,
for the coasplete nmodel, vwith the SPEA
profiles. JNote that the SPEA profiles are
labelled in Universal Time, and the model
profiles in Magnetic Local Time. Local
sagnetic midnight is at approximately 0800
UT.
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Figure 4.16

Cosparison of the model latitude profiles,
for the complete model, with the SPEA
profiles. Note that the SPEA profiles are
labelled in Oniversal Time, and the model
profiles in Magnetic local Time. Local

magnetic midnight is at approximately 0800
uT. .
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rigure 8.16

9 ‘ p )

Coaparison of the »odel latitude ::otiuc.
for the conmplete wmodel, with ¢ " SPRA
profiles. JNote that the SPEA profiles are
labelled in Universal Time, and the sodel
profiles in MHNagaetic Local Time. DMocal

magnetic msidnight is at appxgdximately 0800
Uz,
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N 0100 lﬂ.lul muuumuux.uuu- arce

ia fais quunt uuu-mm«memuuu
. thiﬂluptotuo.nuomcoucm ia the
- aet 13 the Gata shovs

cvuuu of a nau posttive go"":
sapecizposst oa & nun,pﬁiuu tilted ovel. $T’ appears
te uun Az, e sodel AT’ profile m evideace of
the o.’huu tilt, a8 Andeed m is beilt tato the aodel,
aad esssatially -o«h«l-suﬂ: m 1s beth cases, the
aeguiveds of the Atovishpiecat umnly ssall, aad these
um..cm are m j‘jot ones. |

_ Per 0300 818, the agresseat h-tnn “aedel and
ebsecvation s guu good. The asympetty in Al is muu

is both, asd the valuss of the peak A!' are .-.-eum the

.uc i both ean. The !'-cumﬁ .uo shows the sanme
Mtuuvc tutm. of a sught \;nnl-su.tt scross the
- uuu of the um:om. |
m*ﬂzu ut ‘of panals in mo e.16 (0600 ALT) also
shov l pol ,-uwn agtdnn’ betweea m observatioas aad
uo -du. 1xmm—wuhotA!- step in the model
_ M m is difficult to
’ e&tat m« of the




v \ | , . Wy,
agises due:to the choice of ssdel. nwx earreat, If
.the electric field Cl:tu the mnuu mh‘ ie tﬁ\tll.u
mefallet by the fiald shews i Pigere 4.4, #r {f the puighe-
| ‘,,_._htnntol conductivity satie eheuws wristiess w fTes the
vlse of 2 u' Duu sectec, thaa acded ut;b-oonth .
owsrest system vould disfer. tn- b . lo-nt. lack of
specific iaforsaties n-n uqn ag8 for the data
collection period have forosd the u- o! tlo mmt aorth-
sosth cerreat sodel. rurther :cmu _aay hmn- the
agreeseat bctnu the ohssrved and seter AT “'. but, as
vill be showa in secties 8.8,2; mmu m is
scceptadle. o )

g~ W m- of the sbove _PATAgTeph slso apply to the
comparisoa of sodel profiles with SPEA mt&lo. ‘foxr 0500 ll.l'
through 0800 ELE. Ia addition, it will be soted that the
sedel p:od@ a | sote step-lize I'“Teapoisat thaa is
observed in the 3PEA profiles. Iadeed, as deecribed 1ia
Chapter 3, the podel ATY' profiles i thﬁ sector i‘iou.
- sore like thoee obutm in uo nuvu-u houxly ucnm ;

latitede profiles thas that ia the $IS4 profiles.

unom-ocmuuw amchn tnt
mummemnmuumm:umog
the deta. It will Ne. pecAlied . tMt the mm_
dasax ihet pmmmm »-
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already described. Pto'l the superpesed :,fopoch amalysis, it
appears that ghere is 1little if ahy electrojet éu:qt
flewisg ia the moca sector, vhereagthe @l effects of the
sodel | vestvard curreat are cvuo;t Lgm -o!;._l profiles as
relatively large AIX® pottumionaf‘ As nli. the s
’cotuﬁ 11a the BoOR sector show evideace of the Sg carreat
systes at the lover latitudes. That 1is, AI' is biased
segatively at lev latitades, c&uutnt with what sould be
expected for the 3q q.ﬁl. Although, as noted 1;1 section
‘.Q;Q. the sodel lov latitade cu:!;ut lyaiil nigﬁf bear - sose
teseablsace to the Sg cerzeat, 8q cirahtgih the h?.gh-
latitude sub-auroral iomosphere as' a broad vestvard curreat.
This feature has a0t been bailt iato the Bodel, and it would
appear that the ataospheric flyngno curreat systea is |
reguired to satisfy all the observed perturbatioas.

The inclusion of aa Sqg current systea will not solve

A

‘the emtire probles im this sector. Prom 0900 to 1200 &LT,

the observed AXL' values across the profuo are ia general
less than those in the model .‘auu, and at nood, the AIX*

SPEA protuc Am a0t  $ndicate the pruuco - of an

Qlocttojot. !‘T Wh nmn to unntn lo“.l. £it in this

'm. the nodel vestvard electrojet ws .ﬂtﬂg‘l slightly,
 4n that ne oagzeat flov vas pexaigted fros soon, to 1020 AL?.
'm. 'th»unmd oucttojot as to oy to s u:uu of

1.3& 2 m A dY ouo T, as u the origisel. safsl. Thus,.
ﬁ!l ma BT to' m s, tu,nt dowmsard tield-aligned

. oustest wss mere intenee thaa $8 ‘the origisal sedsl. The

.n,
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Feffect of this solification vas limited to essestially the
1000 ELT to 1300 LT wector, &s showma 12 rPigexe
4.1i(a.b,c,d). It 4is appareat that tho‘nolgl le' profiles
are improved, although the ‘magaitede of ll!';t.’ is
iscreased. It is suggested that the best possible model lies
betveea the origfiasl aad this sodificatiom. |

‘Another possible explanmation of this difficulty is the

fact that the SPEA profiles in the mnoon sector LKave beaan

coastructed differently " thaa elsevhere. At noea, the

profiles‘vere referenced to AI' (see Chapter 2). It is
possible that, had the acon sector data beea sorted iato
cases which had distiactive eaastward or nstn:d electrojet
d.guturos. then the cormponduco bctu.n sodel and data
vould have been iaproved. |

Oae addttioln utctutin is tnt there may eoxist

cutqnt -ystou ia the nooa sector otbor than those which

‘have been sodelled. Bocontly. Iijisa and Pmln (1976) have
pablished results noui,ng field-aligaed curreats auitioul
to and polontil of those showa in liguo 8.2 ia the moon
ssctor. It is mot clear at this time “l thon cu‘tnp
coanect, 4f at. m. is the ,u.o-phon. | and tlttm
motiatiou of the oloctr!.o f1eld and u.u-u;ym
u:ruu 4a this regiea aze uquu:x uun cmuuou nr
be drawm “ae PEOQIRL, mmtu n:uuuq ia“ the
data, q:o. nouh to n‘lunur this sector sust be nﬁ
te sinisise the uponnoo 'lum discTepancy Hetween- tn
-ua and SPRA x'w pntuu u‘up m mu. As

. ) : " e e

7E 2

o
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"1l be shovs ia sectica 4.8.2, 1€ this varability 1s takea
iato acooust, the overall f£it of the sodel to t‘o data is
guite acoeptadle. ‘ _ -

n. 1300 ' met cavards, th sodel creproduces the
tumm c! the chserved pProfiles quite well. The positive-
,ohg step ia ATY' is evideat ia tho sodel profiles wp to
1500 l&t. and the growth of tn ecastward curreat is visible
threugh the iacreasiag sagaitude of <the puk of the X'~
coaponest. The ntu\b of the Y'-compomeat for the model in
the profiles for 1500, .1660‘::4 1700 SLT is sot 'gnctly the
sane as tm‘obntnd, This is act mto‘v.u to be a serious
fault ia that the sodel has been computed culy at a single
loagitade for each ‘opch. vhereas the sSPIZi profiles are
sepesposed nmgu of Jourly amu‘ profiles. Thus a

.bouduy \which cnlgu froa day to uy (for exaample, the

m.a{u. beyoad which the et dowvaward field-aligned ]

‘cerreat ceases to flow) will iatroduce certain errors which

Canadt be 4acoouated for ia the model. The presence of the

m!“tﬁ-‘clt:ut ia the postedusk sector of the sodel

proffles is ia good agreesedt with the obsarvations.
l’l.sﬂu.l‘y.' the: sigaature of plc;ud flowing curreat in

the M L) TY ’totuc ““.“’.u“ Y'<conponent across
‘the R‘t&h) is esseatially reproduced ia the model profile .

M”“ﬁ-l’. - . ’

nqqce gsalinative cqnn‘uu say be ..h(/ by .
Mnm\:ymumnuzmuuu

“'““’ o the m ““ oc “‘ nl-l sagaetic’ mum
.:“\\ "..‘[, ’”, : . . .;..,, ‘
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rotated 90° glockvise to Fepreseat equivaleat curreat flow.
!lt\ ﬁguw is to DHe pared with Pigure 4.16(), takea
£fros a receat publicatios of Friis-Christeasea aad ¥ilhjeln
(1978). 1Ia tiis tigure, Migh latitude average eguivaleat
curreat vectors for ten winters of 1966-198 are plotted,
separated ncootdiag to the valwe of By and !r for the INP,
Although there is such amore iaforsatioa ia Pigere 4.18¢Dd)
thas - ‘An pigure . 181a), it 4s appareat ehnt the nodcl
equivaleat curteat v-teors Are very siailar to those showa
iz the bottoa tiree Panels of rigure l.il(bm. S4ia0e the
aodel has been developed froa data during periods whea By
vas both positive and negative, it vonla be oxpoctod that
the model egquivaleat current vector field would agres with
obnorvattonl tor vhich B, vas less thln zero,

4 final coaparison say be made with the data siovn in
Figure &,18¢(c), takea froa chpn and Rostoker (197#);
Although this plot is of data froa a relatively disturbed
Period of time, the overall agreeaent betveen the model and
the .egquivalent ~current ~vectors of Pigure 4.18(a) is.

renarkable.

° .

8.5.2 Quantitative Bvaluatioa of the Hodel |

¥ discussed jprevicusly, tie aodel has not bpees
caspared tgbtho,cltn‘hy. for example, doing a 1oa.t-oqga§o-
liclyaaa oa the latitude profile curves. loéilltig ‘thnt
_Ak poax 18 ‘W to the iq!ntm -of the iomospheric Ball .
'anrtnot-. -.Q.' 49;‘." is :,}ltol to the streagth of not.

-



rigure’ 4,18 (b)

. o

Polar plot of the "mio high-latitude
horizoatal nagaetic perfurbatiom vectors,

.for wiater data, in a forsat like that of

Pigure 8.%0¢aj. The top row shews data for
cases vhes By =0, the bottem row shows data
for <=1, The data have a)lso been arranged
according to the asisathal compomeat of the
P, as noted in the Prigure. (Froa

Friis-Christensea and Wilhjels, 1975).
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field-aligsed curtest, the ”.tnln o M',... e
Axm produoed nmu«tmtlm.nwm

to these shaexved. Mni.nuc Mot of M'“ sad
AY'grep ohtaized froa the nedsl as & fusstics of magaetic
10csl tine Genpared wvish the ¢bgszved valses,  As Gescrided
is Chapter 3, valeep AN9Er 12oea e BOt shews &8 it vas
tifficult to detearnise & vuu for At' Sa thds n.ud. Ia
the sear aidaight sedter, - iwes to:”m.“nn ‘
...mu.-unuuauuﬂg'_ 42 alee awiet free
rigeze 4,19, T The faset "

‘ m ot Ax'm for the
pre-nidaigit sector num uw&

The ag:mt detyeoon tu hnld mn- ot Ax"n aad
AX* step 84 the cbescved valees .appeATs ressoaably good 1a
tu:"!tguo. Bovevex, to Sensustrate the agteemest i1 & acre
quadisative vay, uguo €20 u.h.c.d. snd @) shews plots of
the nodel values as tucuou o the mn‘ valses, Proxr a
‘paxfect 2it, the ”htl m 1a these !M would €all
oa a straight lime mith wie’ M The straight lise drawa
{tho‘qi thﬁ m.lu is xbo dest 245 stxeight 1ine, eseept ia
the ‘case of Figwre «.um-hmm. the sslel Ag*
ie eo*:u to the ehnasvel Mm. fox the 0200-1008' ke
sectar. Tt 15 ia €0is seeter Mmhwnm_
u&mmtm’u dut it 4a -ub uu\

otzeishe Lipk B - ‘j &m&a':
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rigu:o 8.20¢c) Cu'tohuon bctnan' for the nmedel

< and AKX - for the data for the pexiod.
‘ - . 1400-2 i‘ All data uvc been
- .voiM \
) . .. \ ¢z ; (
Pigure 4.20¢4) cunuua hetveen A! for the sodel’
| . and Ay* for the da for the pegiod
- , 1400-22 BB"-:.:. All Adate have beea egually
< veighted. '
e
-— Pigure %,20(e) cec: uc- mqu' w uh;.

“the a tot peckod .
nob-zzoﬂ“h ‘These data aze fer the
pre~aidaight uttultd clocmﬁtt. Al) Gats
have been egually ui.ghtod. . A
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pedat 1- amm il 0 the cmc deviaticn
“« te s m:n&mmmu--m;u

aum-mommm'
o um*t.zumﬁcmc&u« the, uumo. - S
d.l oanes; . the dmymmmuuqmum.
‘uoct:crntm‘m u‘m‘um i"! ® _high
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eoaductivity ' arisee dee to "N uunuu asd pnm.
ocmmm.m nﬂw WM% the lv atumge .of
counwm mm the elesirojet @‘“"‘“ are ¢
nnod. ol mt Sleus nouu t? ‘the’ -unhhn. 'ru

nut ia the n‘lo pelavasd ot the muu
W mn 1000 &1.2, nt -uoh um\\it n- mnouly

Wm mm\m cantuand ‘elestropt . ceatisses

. lt Mt ltm&m desk 0 2100 mL1, at '-‘u_cl’tiu

. tt m uvotgu pouvu-c. !hu u*(ﬁum ‘reaches the

. “sheatorwara - uuu:x of the m'a rarreat, it flows up
f1eld limes. .o

Ia the sﬂmun ncﬂc. e ”‘W q ‘4w to “a

ouua@un: J th c’ml cmt tm ’vutnt(

'olcc;tojot. the spyard’ carrest con we Ql.‘l!t" electrojet

- and  the aogth-sesth cmoat. ' nms sixtere of

| éut the cctuuuo.

‘mummxeu"
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As well as the %0 coavectica npotzo:hu. & very wesk
quuu slectsojet betvesn 0400 and - uoo ke see m pot
iage tie sobel, umdnu with the Temsies - ot _Sestoker
dad Broa (1975). a-u..« 3 mm:-mmu
_the S9BA profiles. u-vg:.uu,' .
siagle -vkuo‘ maxuuumumm, xth
is .nu'u out ta the SPMA hu. !bq |

4 ues the- obesrvatiohs. uuom .
ot W currest amn are n.u.g to 59, .
'l‘&ll! mt the ﬂrlu&tn« carreat ayaur
mu vu«t { nu-z.

. a n&%am m-m afuogdunwn
-ﬁi e s

§

o Glan




excalleat agrecseat. . : | )

| ummmummwmu.umcu
® this pelat, Mas "“M"m ALy .g ross
Mtutm- q! the perturhation m tield as
m‘ - sround level. The m -nmur ariees as
nmvmqumm say dessmide -miuc

mmxnvutmmciuau.

. "‘h m«« 1a
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rigure 4,21 -~ Latitsde profileg for Day 19, 1972, 0332 ®T.

‘ (e) tho result of the a).cthuo.
ﬁj ) the actual W
3 <
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~ the osseml mme 52 Wis.
) wd mm*
ISTS-2 pelur  etbitisg sat
‘19, 1972, vhm th sasellste _
uuontuutuad susters, aol Suwitng €309-0217

- U2, BDay . 1972, v&NMmMCM,

over th statieh 1ime. .
on Say 19, energtic eledtses flues ‘tup f.o' several
Re¥) sere chomrved ia the lacitudinsl cesge of 699 te 73.9°,
ia clese cscresposiesce with the eastvard electrejet. These
fluzes 4ropped atarply at €95, so that =0  electro
noaumtu ves preseat te prodece ealpuuty at lower
latitedss. There ¥as slse iasutficlest flux of high esersy
proteas (l > 150 V) ¢ w tor a eul-cuuty high

enoagh to 'cdm thc' mu qutocnrd ot 698,
-o-, bay 38, a siamilar patters wms m. vith ol.octm’
flaxes (1S ke¥ >B > 10 oV). coafined to m uuu« :ugo
10'! to 68.3°1. Thesw uuuu- mm‘ well to the
latitedes st vhieh tie Al !'W is at Malf spxisus,
wvhich u tazs ocn-p,\u to- the appremisate latitedisal’

limits "of the castvand Jet. Bguaterward of this there
. ns aﬂu mmutm te acsoust for
. mm m “. ) ' , ‘ ’.‘: ‘ |
‘ It i1l be resalled £res |sestioh $.4.1 that the average

mm.m t-t -gut *uumcnj
electeesonts whisk esisbuiy Pistiée of essdustivity produced '

'
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by solar W7 :acihzzo-. rnxs foatare of he ?bi.l has bee»
ox'cllol ‘wpoa’ to 'uodoeo acded lntttnl‘ ’cotiwoa vo:y
-uuu to um ot Pigure n.um . m;, 8.22¢d).
lpocittiilly. the -ihanal bohnvio-t exhidised lby As i
9 uuo tvo prefiles is uuona to. be the :”ug of cerreat
| niich flows ia the sualit sector due to iomization generated

by wmolar UV radiation. ‘!htn mi.'m will be cillod (ho 1 4
m. This oloctrojot is uporpo.oc os a» amroral
jeastuard) W 'hm existencs depends oa the
electric field and the coadsctivity _gessrated by particle
‘ptoéipiution. The OV olccttojk uundl equatorward of the
. asroral oloctrojct bocauo there is a- .igliucalt polevard
electric field (i.e., oOne ’Ihich will dtivg eastwvard Hall
curreat) eguatorvard of the sowthern border of the auroral
oval as defined Dy out'gotic particlo precipitation,

'!hh. sodel of cir:c'n; flow is appealing because of two
feateres. 7The Ax"‘\im.ud vith the Il: 'ollocttojot may
have values ’ot the same order of magaitede as AIX' for the
awroral .hct:ojﬁ. duilq giiet times. Thas, the onnnconn{
‘of AX*' seen i tn oqutot-atd Luitndoa of Pig 4.21(Dd) and \}
4.22(!» may be. utlot-tood in tOtll of p:oxm ‘7 £ the
observatioss to the OV ohctmjﬁt. Sote 1|po;hnntly. the

| uanssal AZ behavioar ostlined adove can ho explajined as an
| 'd’o etfect ' of the polevard Pederses curresmt flow vhich
conccu thpe Birkeland current sheets u&ci with the UV

. L

-L-ct:-th systea. .
| Qo uu ond then, the ao‘u as Altudy developed vwvas

N
[

. )
L3
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are

sodified to include a videx OV olootnj‘t thas wvas ue}tuu,
ia the average qodel. In uuuu. sisce tu sun sets ea the
»munuonouba:uuxmumum l-mu..

mad’ m bno: is ‘the locatioa of sigaificaat Pederses

u.. the " electrejeot u-odnol lmh-ouu sgstea
.stculod onse tise zome !mb: uu the muu sector
thas tu eastvard OV oloct:ojot. rigere 8.23 is l ‘schematic.

- draviag of the -odu as ased for these emaples.

Tables l.ua) and Q kYY) u.-plq a coaplete mury of
au the paramster valees u.d Bote that eguatica ¢.2 has

boea recast ia the tm

A=A B (A (L carg) |

where \; and A are the latitudes of the borders at 1200

-and 0000 BLT respectively.

Pigures 8.21¢a) and 4.22¢a) are the pw»odel 1la -’do
rofiles obtained by calculatiang the magaetic perturbations
i a lu_cridn. on; hour towards luu.qht' froa iho dusk
tecaimator for Day 19, -while for Day 38, the data vere
aodeiled oa a ‘uruh‘n/ ¢ away froa the dusk teraisator:
toutjb aocoa, the positioas beiag those Oof the statioa line

.. at the tises that the aszomalous profiles were recorded. The

_ agreemeat  betvees the obdserved asd model profile is

excellent iz sost :oipocti. The positive Az recorded at

Besolute Bay oa Dey 19 is the main ouoptio.; This value was

I



»

\

Pigure ¢,23

Schematic of the curreat aystess ssed to
sodel the .profiles eof ‘Piguce 9.20¢d) aand
Pigere §.21¢b). " Table W.3(a) and’' fTable

8.3(Dd) descride the aodel parasetesrs ina

detail.

e — . a——————
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saiatained * steadily  over ‘annx uu- aad  therefoce
suggests the presesnce of a tolnttvoly otcnly state polar cap

- ourreat systea which is aet accownted for ia the .nedel. 211
other Jdiffereaces ars relatively miaer nt-l could hfo been
aistaized by further ssmipulation of tad border lecatioas
;nc loagityd pal and  latitsdisal varjatioas ia ”ig’lt-
integryted curthat deasity. Ia viev of ¢the fact that o
sodel)- uau os a finite asmder ot dau u uuu. it wvas
felt that ssch “fipe-tuaiag® vas ted, It is
conteaded that the nodel 'does accoma the O.bl.tﬁ
features, and it is coacluded that a -1g.uucut portioa of A

the 1o.o.pior1c curreat -flow 41a the aftotwoa sector is
diverted uwp the field limes at a coaductivity dt.coni‘:sity | v
. betweea the dark aad sualit 1olo.pho;u.

8.6.2 The su-ton of Day 23, 1972,

Although the cuxreat model that m boea developed in
the previoss uctiols is iateaded to be a gemeralization of_
the curreats flouug' dering sugt to lodu'-itoly disturbed
times, oocasioceally qortdn features in data ftrom distarbed
periods appear “to ‘be siailar to featpres in the hourly
nnngod data. Aa c:uplu of swch an ovnt is providoa by
uu% 0107 "! on Pay 23X1972. uthough his day falls
isto the day Taage fros wvhich dau has 1.
coastract the beu'l.y uongu hutuﬁ ptouiu, it vas not

'Y ta.kon to

. -d bocuu 1t es u umnly active d.y. uquo .28 is
a uapuy of sagastograns from each station, vith the



rigure &.28

]

~

lagao{og:us for the statioas ia the
Oaiversity of Alberta - msighetemeter chain,
for Day 23, 1972, 0000 to 0200 ®T. »
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/ . I e
oy , -
a«uuw-nuum.umﬂn ﬁl M
4z we O beur 0900 v0 4300, mmquww‘n
the -?u-m m btn-u mﬂ' mv- ”
lev létiteden, DHat M: l‘llﬁm ot Algher -
latitedes Mﬁm m-th u- shat Sbde ie .
man. 200 cast-vest ocenpeasat is m positive-
g. ucuua-mam«mmun. Pigeme
.b,c,8) shous foun latitate mm. beghsaiag at 0",
Mesurs,\? aia, nmnul-n.lﬁtmnm fhoee sdev
c;lt of <the """.""“ indicating e fLasrevasiag
eastuard curreat flow, aad {a Figwe’ ¢.zsh, and ), .‘g
1.@“,1) uuu- A2’ pelesard of Algst ¢4°8. As bell,
the 3-cospeaent h Ceagisteat 0ith as w-g eastvarxd

. curreat . and, as the n”gn AI° Seveleps, the S-coupesecat

is coasisteat with aa u«mc vestvazd fleving cucment ia

| the polevard part of the prefiles. The 1Y'-compeseat is

resarkable 'for its doudle pesk ia the girst tve jrediles
~ (Pigure 4.25(a) -d ®)) vhich merge u‘o a .atnglie. well
‘«th“ ’ul umg the later twe mtnoo c,ru%. c,.u«»
,Oll )). .
, Figare 0.26 «.b.c.lr shou liassar sappisgs of -u-ay
caneca uicn qu’n fer 0900 to 0112 97, takes fiem
Pory Saith. These iadients an surecsl stredters (s vestvard
.tnhuug suxge) vhish afvinces wmestsazd tewansds !é:/ saitd
aad thea resaias evechesd (Pigure 4.26¢0) and (). Wile
overhend, iu strestare neves alightlf polesard. rigeds &.27
is s m-mm- m eouom Alasha. Cauo’o

* : ‘\ .‘\
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COLLEGE  Day 23,1972
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Pigure 8,27 Bagdetograa frca College, Alaska, for Day
. 23, 1972.° The vertical dashed lines
delineate the time period of interest.
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0. 3 ri

is situated adost ticee

sones vest of the nag.otclococ.
. 14me, The aignetegraa in

es ‘an iacreasiangly pesitive
tive of a grouidig eastward
the eastWird electrojet is
A by Kissbeth' (1972) it is

aorth-socuth coapeneat,
curreat. This actual grovth
eaphasised, boc“lq. ap

possible to generate a a0
field which apfears to iadi
curreat flow by _ imtrod
flowing c-r/yth,. Sech is a

outh compement of the magaetic
¢ bdoth eastward aad westvard
ng & shear ia a purely westward

the case duriag the .period of

iaterest «
op yZ‘:hia poiat, t}.a. froa the AX' and A2 prqtilos.
Eonbin,‘ vith the ASCA data and the (bservatioans froa
Coll:ﬂ‘. it appenrs that the profiles of Pigure 4.25 are
progﬁcod by an odstvarg curreat that is q:ouiag in streagth,
eodiinod with a wvestward flowiag current that is advaacing
froa east of the lggnotouot.: iine t; a position overhead.
The Y'-coaponeat is aot ualike those seen in the post-
1800 HLT averaged latitude profiles. That is, the Ay
profiles are coasistent ui¥h the existence of locally
uabxlanced upwvard-flowing <field-aligned currents in that
"AY' shous a negative-going level-shift. However one
additional feature is present ia that the earlier AY'
profiles (Figure 4.25(a) ind (b)) are double-peaked, and the
last two (Pigure §,.25¢c) anﬁ td)) show a proaounced peak
superiaposed upos the level-shift, The .proposed explanation
for étil strecture is givea ia the following description of

the nodel.



209
Ia order to sedel tlok’ profiles, differeatial latitpde
peofiles were coastructed. That is, it wvas-asssaed that the

_phencsenca of iatecest was prisagily the structuze showa 1ia
Pigure €.26 (a) through (&), and that this structure was

superianposed spoa an existing systea of curreats. Thas, the
profile for Day -23. 1 howr, 7 mia, 38 sec was tnkin as a
Tefexence level, aad -as‘lnbtioctod froa the other profiles.
3;1: has the advaatage of resoviag uacertaiaties ian the
sodel of the relatively geiet -profile of Pigure 4.25(a). The
repulting three profiles, thea, vere smodelled. |

‘A schematic diagran of the model is shows in Pigare
4.28 ta,b,c,d4). The small circles representithe location of
the station line, 1.0.:\\}10 seridian ilonq vhich model
calculations vere made. Pigure 6,.28(a) :oprolonts‘ the
baseline current systea, and coasists of a basic eastvard
cerrent (%6,125 A) vith boumdaries at 62°F and 66°N, and
loagitudinal boundaries identical wvith the average model.
East of the observatioa nmeridian is a westward curreant,
vhich termipates 15° east of the observation points. This
curreat, as in the average model, is linearly decreasing in
strength as a fuactioa ;t longitude, (as shown by the ,hadod
ares), with a eaxisua integrated current of 2.05x10% A
flowiag at 31Sf longitude (i.e. 60° east of the' observation
meridian) and betveen 66°F and 72°F latitude. Superimposed
oa both of these systeas is a nort;-anth current systea
coasisteat with tyo electric field aad comnductivity models

ssed ia the average curreat sodel. As wll, aa iateasified

%



Figure 4.28

schematic diagraa showing the currents used
to model the event of Day 23, 1972. (a)
represents the baseline system, and (b), (¢)
and (4) the development of the currents, in
tise, in order to sodel the latitude
profiles of rigure 8.25. The open-circles.
represent the locations of the magnetometer
sites. The shaded area at the leading edge
of the of the westvard electrpjet indicates
the region of intensified equatorwvarad
current flow.
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mhl of ogastezvand m llalu mmum
m—m 3¢ of the mzi mut. The tetal qpuu
aum ;qucm Tn thie mqa- is z.ouhc Ay 90 tblto gy
o!tilt' iil'ill!!lt at the  leeslisg cl.- o the l‘l‘l'
v d dntujct u ;uluuy cpum 2ais intense’
m—mu systes is ucun:y in this n‘ol to umdm
the mpukod utm o8 the AT ptotup, That u. ‘the
l'-oonmt nonlu outut a’ mu.»mx whea the
ocbaesverions aro aade - at l.o.g distasces . npu the |
mguuau oxtnu.. Ot lo:th-sotu cn::nt systea
Kisgdeek, 1972). = |
uno 8.20(d) shous the tho ddnlopncnt of the model
i»mmin iu_.cnngu seen ia thd profile of rdu;u
$.250) (! hour, 9 aia, \3'7 sec) . ui eastvard electrojet has
iacreased ia streagth by a factor of 3.5 to 1.614x10% A. The
sestward oloctiojot has not changed u aaxiaun ittongth. .bn£ .

-siaply advances 11° uctua':d. Pigure 4.28 (c) is the current
‘systes correspondiag to the time of ' hr, 11 ain 4«0 sec

_(figure 8.25(¢)) ,no' eastvard curreat has increased in

streagth agut_a. by a factor of 1,6 froa the previous figare,
te 8.218x10% A. The westward current has costinsed to-

sdvance wuwatil its leading edge i3 now 3° west of tie

obsecvation seridian, so that the observation points aov lie
slightly to the east of the ceater of the Dnorth-south

utﬁdtuation. As well, tle wvestward curreat ;anrouu in

streagth to a saxisus vales of 8.2x108 A, vwhile the total

Mt ia the imteasified nmorth-sowth systea reaains

- . a
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“l”..to

riacl)q. Pigere l.?O(Q’ ropgoluntl ihd curreats giviag
., rise ¢to tlo atitude p:otilo at 1 howr, 13 ‘ain, 83 gsec. The
eastvard carreat again grovs in st:-lgth-to\k total curreat’

of ‘3.23x10%Aaps; No further westward . expansion of the

vestvard electrojet occucrs, but this systea oxplndl polovnrd

2%, so thnt the poloutrd boundary is at 7400 latitude..

Sisultanecusly, the maxisea cuttont_-ircngth 1ncroaqos‘by a
iacQOt.ot 2 to ~1.64:10fllpc. _The intensified n;tth--onth
systea oxpgnd- polevard aiso, but undergoes no 1§c:pasd in
toial-cn:ront~’sttonqth.. Table *i.i sussarizes the @model
'pntalcters. |

In this lodcl, ‘the UV elnctto]pt plays no role inasmuch
as it undergoes no changes in time and therefore does not
appear in the differential profilis. The ptbonoou vestvard
current, and the current floi>across the sidnjight-sector
have been constructed to be d®mmensurate vith the main
systeas degcribod,in the preceding paraéraphs. .

The model latitude profiles generated from these
current lodcla (and re ‘#;jtonced to the baseline :systel of
riguro 8.26(a)) ”a;o shown in riqute 4.29(a,b,c). (In this
tignto. the .ylbols 8,D refer to X',Y' respectively). It is
ovidont that tho tit is oxt:ololy good. In particular the
unusual behaviour pf'tho Y¢-coaponent is reproduced very
well. This is achieved due to two toatufos of the model.
Pirst, the double peak in AT’ is the distant effect of the

’orth-honth iateasification associated  with the vestward
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Pigure 4.29

Coaparison of the differential profiles with
the nmodel) calculatioas. The Jata points are

iadicated by N,D, and & (corresponding to -

£, Y', and %), and the model results by the
continuous curves,

{a) Coaparison of the differential profile
for 01:09:37 UT with the model calculatiom.
(b) Comparison of the Jdifferential profile

.for 01:11:40 UL with the model calculation.

(c)-' Comparison of the differential profile

" for 01:13£43 UT with the model calculation.
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satellite cbservations and ground based observatiomns arise.

Elsevhere, the two data suites are ia good gemeral
agreeaeat although the grouad based data indicates <¢hat a
pair of east-vest aligned field-aligned current sheets nmay
extend as far into the dusk sector as 1800 BLY, vhereas the
satellite data shovs such a structure oaly until about 2200
HLY. This discropangy is pot fully understood. Iijisa and
Poteara (1977) present a figeure siailar to Pigure 4.2 for
more disturbed periods and show that even thean, the field-
aligned current pair that would be associdted with westwvard
current flowvw only extend up to 2200 ELT as wvell, although
Kamide and Akasofu (1976) present Triad data in vhich the
substora westwvard electrojet anad th§ associated field-
aligned currents extend to 1900 HNLT. As well, the
latitudinal extent of this vestvard electrojet is small and
the associated field-aligned currents occupy a Dnarrow
region, so that, on a statistical basis, these currents are
not evident in average pictures of field-aligned current
flov developed from Triad data.
4,7.1 An !ypothésis to Explain the Post-Noon Discrepancy

As discussed earlier, a polar-cap current systea has
not been. included ia the model developed for this thesis
becauss it is not believed that there is, on average,
sufficient conductivity in the polar cap to support a
significaat currept flov during the vinter months. Hovever,

alsost all the Triad data that has been published has been
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froa the summer aonths when one aight expect ionospheric
polar cap current systeas to exist. The average features of
polar cap and auroral zone wsdgnetic perturbations in the
suamer are markedly differemnt fros those in the vinter. Por
exaample, vhen one compares Figure 4.31 showing the average
magnetic perturbation vectors (rotated into equivalent
current directions) for the summer months of 1966 through
1968 (Priis-Christensoﬁ and Wilhjelm, 1975), with Pigure
4.17¢b) . it is evid;nt that the high latitude equivalent
current vectors are tofatod sunvard in the summer, relative
to their direction in the vinter months.

As vell as much 6f the published Triad data being from
suagser months, <these published data are also found to be
confined to periods during which qr of the IMF is less than
zero. This 1is not to say that all the Triad data that has
been analyzed bas been from times when By <0. 1Indeed, the
data have not been selected on this basis
(Potemra, 1977 (b)). This observation is pointed out because
vhen §y<0, in the susmer, the Svalgaard effect is indicative
of a counter-clockwise polar cap current on the dayside.
That is, there is a pre-noon to post-noon current flow
across the polar cap.

A possible explanation for the difference between the
Triad summer data and the ground-based wvinter data can be
developed based on the existence of a cross polar cap
current systeam, particalarly vhen BY <0. Pigure 4.32 is

reproduced froa the paper of Iversen and Madsen (1977). This

el



Figure 4.31 Pola:z plot of average high-latitude
horizontal amagnetic perturbation vectors, -
for suamer data. (From Friis-Christensen and

% Wilhjelm, 1975)






Pigure 4.32 Average 1abs£hcric clo‘ctriq,.‘,(iold vectors

for times when 5 < 0. (After Iversen and
Madsen, 1977). ; . S
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is a plot of the average olocttic field for B’ <0. The moon-
sector, high latitude average electric field is coasistent
with a cross-polar cap curreat. Recent vork by EcbDiaraid gt
’gl‘ (1978), wusing data froa the 1SIS-2 polaf-orbitinq
satellite, shovs that, for 37 <0, there is a region of
dovnvard current iamediately after local magaetic noon and
vell poleward of the field-aligned current sheets observed
by Zfriad (e.g. see Pigure 4.2). (This cirtont has also been
ohsorvods by Iijima and Pptcp.r.a (1976), but the rcla'tiouhip
to B, (uas not elucidated). This is also consistent with a
cross-polar cap current, of somevhat limited extenmt, but tLe
right sense, if this field-aligned curremt connects to the
upvard currént sheet &t the polevard edge of the auroral
oval in the post-hoon sector. Thus, ¢there is sufficient
evidence to justify exaaminiag the effect of a morning-to-
afternoon cross polar cap current systes.

The cross-polar cap current system that vill be
developed is very similar to the '%r current model of
Kavasaki and Akasofu (1973). These authors used a flat-earth
approximsation, but allowed field-aligned current ¢to flow
along dipole field lines. In the present model, a spherical
earth has been used, and also field-aligned current has been
aflovod to flov aloag dipole field lines. Cross polar cap
flow 1is modelled by curreat flowing along great circles.}
(see Appendix I). This current is connected to field-al
current sheets which are placed syiﬁottically aboat

and along limes of constant latitude. A unifora
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distributed curreat flows into the ionosphere oa the morniag
side of the polar cap, and out oOf the 1ionosphere oa the
afteraoon -Ldo_‘{ioo Pigure AI.2); As vwell, i strictly
iomnospleric currelit vhich circulates arouad .tho 'ttold-
aligned current shests ' has Deen included. rhol current
deasities have been adjusted to give a Hall to .Podotain
coadactivity ratio of 2,.'conlistont vith the value used
throeghout this thesis. It is eaphasized at this point that
this polar cap sodel has not Heen dnvoloPQinn an atteapt to
.od;l real data, bet simply to provide a po-siblo
explanation of the rtiad/gronnd-basod ‘data discrepancy.
Ild;‘d. "it is believed that this discrepancy is probably a
alnlcrtilo toaéuro. and ground-based summer data vere not
available » in sufficient quantity at the ti-;'of this study
%0 perait a detailed analysis.. .

Por the purpose of this discussion, the polar-cap has
been defined as the region polevard of 759N latitude. The
field-aligned current sheets were positionped on the 75°N
latitude circle, over longitude ranges froa 0700-1100 HLT
for downward current, and 1300-1700 ALT for upvard curreat.
A total of 5 x 10¢ A flowed across the polar cap connecting
the field-aligned current :hcots'(riqutc A1.2).

The coaputed perturbation nagnetic field for this
curreat systes is shovn in Pigure 4.33. This system has not
beea added t; the guiet~tise anodel since <the specification
of the borders in the two systeas is not identical. However,

it is evident that a cu:tint systea like that shown in

-



Pigure 4,33

Polar plot of the magnetic field
perturbation vectors due to the polar cap
current systea _described in the text,
rotated int6 the equivalent current

direction.
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. | .
Pigie 4,33, if added to o systes lide that of the gaist

tise =model (Pigere «.18(2)), would rotate the equivaleat
cerreat vectors of rigure o.10(a) 4ipto @ pattess. very
sisilar to that obl‘rvod. for suamer, Py Priis-Christeasen
and ¥ilhjels (1975) (Pigure 4.31). As well, &ad this is of
greatest iaportance, the pollt-clp‘clttilt systea piodioo-
latitude profiles in the post-nocon sector viich could be
interpreted as signature oOf net dowsnvard fi.ldLlliqlod
curreat. The Y‘-coaponeat shovs a.poqlttvo-gotlg level-shift
<\_\(rignro 4.3% (a,b,c,q)) and this occurs vhere 1t' is khovl,
from the amodel, that thc'tiold-lligaqd current is actually
directed upvard. fhis result occurs prisarily because the
sagaetic perturbations d;o to the 1onosph;ric current flow
are larger than the perturbationgs d4due to field-aligned
current. | :

It is suggested, then, that during the summer, ykun
B,(O, current flows across the polar cap froa the Bwsorning
sector to the afternoon sector, .and that this curreat is
aost intense vhen By<0. This current is connected ¢to the
sagpetosphere via field lines vhi¢h lie along the polewvard

" border of the augoral oval. Duriag times of aoderate
activity, the field-aligned current acsoéiatod vith the
cross polar cap curreat could be sufficieantly sfrong to
ennio the satellite tqQ aeasure a magnetic gmatare
coasistent vith a pet upvard curreat ia the post-aoon
guadrast. The existeace of this curreant however does not

preclude the existence of a dovasard field-aligned curreat
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CHAPTER S ~ POSSIBLE SOURCE MECHANISAS

-

S.1 Sonices of Field-Aligned Currents
'Up to this point in this thesis, nothing specific has
been " said regarding the mapping the field-aligned
currents tg\f}e outer magnetosphere. IndeWd, this is still a
topic of active discussion. This soct‘on vill briefly
outline some of the thoughts from the literature concerning
‘sources of field-aligned currents.
Sato (1974) bhas given a theoretical \ﬁvorviov of
possible field-aligned current sources., Assuaing frozea
field conditions, i.e., E ¢Y X B = 0, where 2,J, and B are

the electric field, velocity fjield, and magnetic induction

"field vectors respectively, he obtains,

V-E =Yy-(7=8) — 8+(Vxy) 5.1

The firsat term of this is often zero, but’ has non-zero

values if a shear exists in the magnetic field component

normal to the plasma flow. Such can arise ,on a boundary

'soparatin§ regions of relative motion of open and closed

¢ field lines. Thus, L’-(Vﬂg) #0 if a current flovs in the
lsan. direction as the plasaa flov.

The sccond'terl of equ;tion 5.1.1s thought, in general,

to be the most iamportant since there is a ;hoar in the

velocity céppoucnt norsal ¢to the magnetic field at the

boundary betveen open and closed field lines.

A N
8 _ | 318 ¢
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thus, V-E »O on th#§ boundary, implying a charge

accuaslation on this‘ boundary. Sato states a theoren

concerning field-aligmed current, based on equation 5.1:
’

-

“If the plasma convects around a point in the same
sense as the proton gyration, positive charges
accuaulate there, so that a field-aligned current
flovs out from that point. Om the other band, if
the plasma convection is in the same sense as the
electron - gyration motion, negative
charges (electrons) accusulate, a field-aligned.
current thereby floving into the center of the
vortex. In other words, if the vorticity vector is
parallel to the magnetic vector, a field-aligned
current flows in, but if it 4is anti-parallel, a
field-aligned current flows out.” (Sato, 1974). ‘
Por the actual case of the magnetosphere, in the region
of open fiedd lines above the polar cap vhere the field
lines are directed downward, the above theorem predicts a
downward field—aliqned current on the dayn side of the polar
cap, and an upvard field-aligned current on the dusk side,
This dynamo or magnetohydrodynamic (MHD) generator has been
discussed by Akasofu (1974,1975,1977) as a possible
mechanisa for driving substoras. iigure 5.1 is a schematic
of this, and in particular, panel (b) shows the operation of
the dynamo. Solar vind plasma is driven' in the ¢y direction,
across the magnetic field ‘tB), oriented in the ¢z direction.
This results in the genoration of the =¥ x E,electric field
in the -x direction. Current flovs down the field lines on
the left of the figure, and the entire sys constitutes a
generator. Akasofu (1945) has ilso pointed/ out how such a

systea can explain, af least in part, why aurorsi activity



‘Pigure 5.1

A schematic diagram indicating the processes
associated vith the solar
vind - magnetospheric dynamo. Panel (a)
shovs the location of the dynamo, {b)
indicates the basic processes, amd (c) shovs
the connecting circuits. tAfter
Akasofu, 1977)



318

Y]
(8)
Y
@ «—— Positive porticle
© «—— Negative porticle
- &= Plosma mo!
G Elgciric cw'
(C) ‘a, Solor wind - Mognetosphrere
Oynamo
Moagnetotail

Current




319

occurs in a -particular regioa (the auroral oval) ‘around the
earth. PFor exaaple, vhen the Ifr is ditocg?d southwvard, then
a "neutral 1line" surrouads the -.glot§ophc:9 ‘ll‘ the
equatorial plane (Pigure 5.2). tpo norng;g'half of this line
acts as a positive to:iinal of the dynano,the afternoon half
as the negative tersinal, Thus curreat tlo;i iato the
ionosphere in the morning half, and out of the ionosphere in’

the evening half, as poiated out above.
In the magnetosphere, the plasma sheet is filled wvith
hot plasmas vhiqh say 9160 rise to intemse drift currents.

The drift current can be described by
' ‘ ' - - * * ~

vhere

/o being th.-chgrgc donsity.z('%) the unit vector 1in the
direction of the magaetic tield, .and /3 and £, the
coaposents of the pressure tensor perpeadicular and parallel
tog respectively. Taking the unx.:gom of equation 5.2

-



. Pigure 5.2 A schenatic diagran shoving how the
, *terainals® of the solar vind dynamo comnect
throagh the ioaosphere. ¢ (After

Akasofu, 1975). \
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leads to .

v-J - Vdow Vdog  + Vit 5..3
v-L = (P - %54 v8)-(5 -b0)b + %’; (V8 ~vR) + v-/ lef ()

-
The polarization term in general opposes charge accuamulation
due  to the other teras. Thus, a current diverqonco in the
magnetosphere may arise if the plasma pressure has a
gradient in the direction of either the curvature current
and/or the B current. It is interesting to note in passing
that the vortex-like generator has the nature of a voltage
generator, vhereas the source due to curvature and gradients

in B is a'current generator.

Pinally, if the ionosphere bhas gradients in plasaa
density, it no longer acts as a passive closure path for
field-aligned currents, but behaves as a tiéld-aligned
current source due to the development of polarization
electric fields. Height-integrated ionospheric current

density is given by
I -5E-55% .4

vhere Z.' and z“ are the bheight-integrated Pedersen and
Hall conductivities respectively. If it is assumed that E is

irrotational, then

V.I - .I - ;v.ﬁ ’-E.gz’ - gg-gozz' 5.5
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In the case of an hosogeneous ionosphere, field-aligned
currents arise only because of qradiénts in R, and } has its
origin in th; sagnetosphere. In this’casd EP.:, the source
of Jg is the magnetosphere, a;d the tiold;;ltglod currents
are connected to the ifonospheric Pedersen girronts.l In the |
case of an inhomogeneous ionosphere hovov;t, gradients in
z’ and 3. vill lead to J, also.

As described earlier, the solar wind dynamo produces
field-aligned current sheets around the polar cap. These
-hiots correspond to the polewvard side of the north-south
current system in the model of Chapter 4., Sato argues that
the current sheets on the equatorvard side of the auroral
oval arise froa ionospheric conductivity gradicnts,.and that
therefore, the ionosphere regulates magnetospheric
convection. The gradients in ionospheric conductivity govern
the fiold-alignod‘ current closure with the result that
polarization electric fields are set up. These electric
fields map to the-outer magnetosphere and drive é;nvection.

Cole (1961,1974,1976) has discussed a amodel in which
field-aligned currents are connected to a dynaamo vhich is
located in a boundary layer of plasma _Jinsido the
magnetopause. He has shovn that solar viﬁd protons may
penetrate the magnetopause on the morning sidq, and solar
wind olicttpns say do so0 on the evening side, thus
geperating charged boundary layers wvhich may act as a source
of field-aligned currents. He also points out that the

dynanmo action of 16;039h0r1c vinds Bmay generate
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electrostatic fields or gradienmts of ionization, and that

these fields may map to the sagnetopause (Cole, 1916).<

Eastaan gt 31(1976) have also discussed a boundary layer HRD ‘

generator as the source of the tiold;aliqnod currents vhich
bound the polar cap.

poteara (1977) has reaarked that, due to the
statistical stability of the polevard field-aligned current
sheets, as inferred from the Triad satellite magnetometar
data, these field-aligned currents constitute the pPLiRary or
'QIL!QB current system, and are associated with boundaries of
the plassa sheet far distant from the earth where bulk
plasaa convection may act as a generator. Further, he
suqqosied that the eguatorwvard field~aligned current sheets
are secondary curreats, wvhich map to the inner edge of the
plasama sheet. These currents exist in responge to localized
variations in, for example, ionospheric conductivity.

An alternative drivinmg mechanisas has been discussed by
Rostoker and Bostrom (1976). They confined their attention
to field-aligped current flovw in the dark hemisphere only.
Based on tgo vork- of Prank (1971, Lassen (1974) , and
Rostoker ¢t al., (1975)., they assumed that the plassa sheet
saps ipto the auroral oval, and that the polevard edge of
the oval maps to the boundary of the tail lobe ;nd plasma
_ sheet (see rigore 1.1). Thus, field-aligned curreats Bmap

into the plasma sheet, and flov on closed field lipes.

A ,
Rostoker and Bostrds assuse that static forces in the tail

are unbalaaced, and that these forces lead to an outflov of
. y
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plasaa froa the ceatet of the plasaa gheet to its (flanks.
This outflovw leads to a potential difference betveen high
and lov latitude field lines, which in turn drives field-
aligned currents in pairs. Pigure 5.3 shows the resulting
field-aligned current flovw,

It is clear fros the above discussion that one would
expect dovnvard field-aligned current on the moraing side of
the polar cap and upvard field-aligned current on tho.
afternoon side. It is not, howvever, patently clear bhow the
field-alignsd curreant pattern deterained in this thesis fits
into the above source mechanisas., Certainly, in the model,
the north-south current system with its associated balanced
field-aligned current flow satisfies, in general, the
pattern .of dovnvard current flov on the morning side of the
polar cap, and the reverse on the afternoon side. Howvever,
the existence of a relatively intense invard current flow in
the noon sector, and a similarly intense outward flov in the
pre-midnight sector.is not explained in terms of the above
models. Piburo S.4 is a schematic in wvhich only certain
features of the model current systea are shown. The eastward
and . vestward electrojets are indicated as Hall
currents (I, ) connected to dovnvard field-aligned current
near noon, and upvard field-aligned current near aidnight.
‘Across the midaight sector, the vestward current is
sspresented a; a separate curreat "lt.l, with the

ionospheric part being a Pedersen current (I and

','
conpected to separate field-aligned curremnts. Combined, the



Pigure 5.3

A schematic of the field-aligned curreat
flowv generated by the Rostoker-Bostroa
dynano. The viev is from dowa~-tail towards
the earth. The £field-aligned curreants are
indicated Py and and are coafined
to the plassa sheet. (After Rostoker and
Bostr8a, 1976).
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’

.

three curreat systeas represent the major curreants of the
. ‘ . 9
sodel, less the north-south current systea.

»

This bro.idovn into a Nall and Pedersen coaponent is
¥ sonouhat‘appc311nq, at least in part, becauss it persits Qno
to aqcottt for the known poto:zal drop” across the polar cap
of 30 to 40 kV (Axford g; 31,1965). In the model, there is
RO polar cap curreat systea for the wiater lontls 80 thtt-
the current flowiag into the jionosphere in the pre-noqn
houg,. aad arouwad th; oval into the pre-midnight sector
cannot be psrely ;¢11 current. ~Bowever, in the liditqht.
sector, the electric fiold has a vestward comsponeat, as does
the current. Thus, in the naidnight sector, the wastward
electrojet has the nature of a Pedersen curreant, aad is
therefore- capable of dissipating povess Indeed,if tha valune
of 10 sV a—! is taken as .a representative value of the
ﬁoitvard component of the ol.ctric field, and it is assused
that this Pedersen curreat flows a?ross'four time zones at
an average latitude of 70°N, then the potential drop is
approxisately 38 kV. This requires that the fieldsaligned
Cerrent be conmected to a luqnotoaphoric generator, and the
-ochanisl such as that deserihed by Axnsofn (1977) and as
outlined earlier in ¢his chapter, may be invoked. )
To oxplatn the pnttern of tiola-aliqncd current flow
col-octol with the lall current oloct:ojcts, ths folloving'
model is pnopoaod Pigure 5.5 is a schematic d:auiﬁg of a
v'.uuo plasaa coavection patters in the eguatorial plau,

og.;valontly., ax electric oquipoto:ti attera. This
il
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“!l'lto 5.5 {
ii?f"

K4

A Mtic of the magaetospheric convection
flow pattera regaired to provide the

tield-aligaed cutgents that are connected to

the loaospheric Ball curreats. The weow
isdicates ' the regioa - froa where

fielé-aligaed ocurreat will flow into’tRe’

ienesphece; the "= iadiciates the region to
which field-sligsed -currest will flow from
the iencsphere. ' ,
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pattera is not unliko‘on: given by Harel amd Vvolf (197¢),
and is reasonably coasistent vigh'tho average high-latitudo
electric field pattern (see ?19.:0 3.13(¢bfJ. Plasma is
convected earthvard froa the tail and diverges to flow
around th; earth. In the ovon;aq sector, sost of the plassa
is tntn;d tovard the nearest flank long before it reaches
the dayside toqions'of the n;gnctopanse. However, sosme of
the plasaa ;loving around t‘o dusk side penetrates into the
;oon-soutor vhere it is q.floctdd to flov towards dawan. As
uoli.’ull the plasma vhich flowvs around the dawn side of the
earth returns to the ‘taiil along the, dawn flank of the
sagnetosphere., In the rogions vhete V is not curl-free,
oqnlfion S.1 predicts a divergence of the olcct:ic‘tield
sucCh that a positive charge would build . up 4in the region
labelled ¢ in riqurels.s, and a negative charge woull build
up in the region labelled -. These charge concontrdiions are
dissipated via field-aligned current into the 1onoséhor‘
froa th; ¢+ region, and out of the ionosphere in the -
region. -

An equivalent vay of d-.cribigg this has hoin given by
Vasylimnas (1972¢a), 1972¢d)). e shows that azimuthal
pressare gtadiontl'ro-nlt 1n tiold-alignod current flow, In
the togiolov vho;’ tho iplas-a is boing diverted back doVn
tatl.jthOto is an eahanced ﬁnrticlo proson:c vhich rc.nlt in

Ay

>
53 ‘.nafig% - above. Vasylismas (1972(b)) also shows that these

‘fieldsalighed oprrends” Which flov ia the directions

’tgral:q grcdioit ifill-nltglol curreats amay arise froa the
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interaction of the ring current’(see belov) with an.electric
field, aad that these field aligned currents can He resated
to an iomospheric lnll‘élttont.

In section 1.3.2 of this thesis, t‘c preseace of a
vestvard flowing oxtti-torrostrial ring current was
mentioned in coanection vith Dst. Frank (1367) first
dotoctod this current ditcctly fros an analysis of particle

data from the Ogo 3 satellite. As well as this symaetric

‘Current, there is an asyinot:ic ring current (Cahill, 1966;

£

Prank, 1970y, . several authors (Pejer, 1961;

Swift, 1967, fu and HNeng, .1969) have suggested

-that both the auroral electrojets are connected to the

pirtial ring current. It has also been proposed that the
vestwvard electrojet coanects to a partial riag curreat which
lies at a greater distance from the oa;th than the one to
which the eastward electrojet connects (Crooker ‘
BcPherron, 1972). ' '

Thus, it is suggested in f&in thesis that the field-
aligned curreats connected to gﬁp Nall currents (Figure 5.5)
arise froa vithia the sagaetosphere in the manner ou;Iintd

above. Purther, it is suggested that these field-aligned

currents are coanaected to the pirtial riag curreat to fora a

closed loop. Hece details of the actsal coavective aotioas
iz the dayside of the magnetosphere than are currently’
avatlchao are r‘!ﬂ&‘iﬂ to test the oonciltoncx of the above
hyrothools %p tho .b...ac of this, the. adove loac:iption
inolt‘ns E Y lliitntcl l&ttotl the oouvoctio. oloct:ojots are

“
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connected to the , magnetosphere through field-aligaed

. A\

currents. Q :

\

|

5.2 goncluding ReAArks

A detailed study of ground-based iagnotonoior data has
been carried out uwsing the superposed epoch . analysis
technigue of Chree and linear inversioan technigues. Based on
this stua’. a comprehensive three-dimemsional aodel of
ionospheric-magnetospheric current flov has begn developed.
The data and the results of the nodel calculations have been
parameterized on the basis of the peak value in the X’-
component of the magnetic field, and the level shift in
arr, aﬁh these paraseters have been cospared gtatisticg}ly.
Within the margim of etrdr 4n the data’ the fit of the model
to the data is excellsnt.

Although l?l’ gtqaturos of the model are not nev,
certain nev results ‘itc come to light. The presence of both
eastvard and vestuar electrojet c%;?ononts dependent on
coaductivity caused by solar UV radiation has been dq’nctod.
The existence of vestward floviag current polevard of the
eastvard convection electrojet’in the pre-asidnight sector
has Dbeen denmosstrated Dy using linear inverse techniques,
’34, by forwvard modelling, it is shown that this vestvard
"«':uat i sseociated -;th upvard-flowving, locally

*  enbalsnced field-aligmed curreat.

risally, it has bsen shovn that both the eaptvard anad
%ostua:d slectrojets age coasected, ia th.'ann sector, to

e
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&onut wmm lecally sabedeaced ¢\uu-
altgmal lmh- - \u segpestet that. tbm t1018-a A1 gned
au&ﬁm lﬁ- ‘sSypetzie coavsotiod or ‘plusas’ o» the
auuo of the Mm 1t is uttuc ssjgested. that
the lmu.lltl Curreass sre- cemaected through these
Sield 1lises o the :n} c&:«t. as Qescribed by, for
ezagple, Vasgliusas 1972¢M) . . "
2t 16 veltevel Shat thd curvest Sesel devaleped ia this
. thesis is isportaat fer several tg_nung. Picst, it has Demn
tésted agaiast a real dsta suite, and shewd to be coasistent
with thlt data’ om average. Purther, the model has
mltntd that, for lo'-.lonl magnetic activity, the UV |
electrojet caa be npomnt to the .coaplete description of
m'o-phuio-uhnoaﬂoric cui-front sy_um. Also, vhen
-.pﬂugbid appropriately, the model caa be used to describe
m- carzent systess. Thus, a gunnu.ua cscrreat asodel
has m dou.lopod vhich may be used as a m- systea for
nm;hg real curreat flov for Bsany lonu of asreral
inty._ Pisally, tiou‘n.u.'nd cuzm ia the noce sectdr
w tond m o-tmd and n-tuﬂ um:oyu has Baever

WO . i Lnthlot ia _a» uumuu-mmqnuc . |

w»«»wmumn«‘\a rou:ﬁniu‘ the
mmm- lesd)-shift Wumtmu-umu

uwmummnmu
m o solels,
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eatire uaderlyiag physics is understood. It is hoped that

the vork &esoribed in thid thesis vill serve the role of
providing cae more step ia this search.
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A, = Sind, sit Dcas(-0) + a0, 00ed

Ag = 3inl, 0es 8 ces (g ~¥) ~ Gind casl,

Ag = sl sin(g ~¥)

A, = Cos8, sinBcas(Q-¥) - 1nl st

Au = con s Boas (ig ~#) * 3inl sin \
Ag © 00§ s (g -) -

Ay = ~sigfain(e-¥)

Ay * = ag-v)

A = onlR-v)

At a poiat (@, &, (R ). the magnetic field fros a line
cu:uu cam be ummd as

§a0.2) = 41/2_'7‘4 . .’Ax“._a

where g 2,I', or I' as j takes on values of 1,2, or 3
nspnttuln and /’ is the cuu ‘defining the cutont
paths The nts_;l.x“ has coaponests:

o - Ay a,ds,
g= -W:M-)d& (A A €
& 3."1‘. “.&'ﬂtn.)ds. - Uty A )
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- w=b |
Iﬂf-r ' A -zrreal ) (cos) =a,)
IR'I‘ *7r oxY- eralL
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R'sr ~r¢gl?

i It““’““l"z“& - & . W iy
- - )
I (w2 >0) = rLeaX £~ h‘*‘ﬁ""f;{]

uC# MJ’») depends At- the cu’nqt path. Por
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vhich desczibes the lecas of the surcgal oval .as uwsed ia
Cbcptqt 4, é is fouad as follows, \n«uuu oqi_luu AI.s

' 8 - ¢odenyp

vhere -

c-4(8q+8)  _
d-f(a-0) :

ot detising f o 9-c-dossg.
fhoi. a uwaig imo:.mmuciit to the cyrent path is

g

givea by

‘The Wait vester peralled togly . £ . is gives by

SN B YN

‘“w“‘“ ‘path 1Mﬂ¢* ¢+ \is givea by

~
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& -ids
- r(-dunpd - wx0§)dy
and
ds - o
dy, = ~ndsingble) = -§ F (a-g)smody
ds, = rsinbdy .
Por cerrest flowimg aloag a field line;
dy = 2reekdde -
dy = rdo
ds, = 0
AL.2 A Scosa-Pelas Gap CAEKESRt syitas

Ia Chapter &, the magaetic field due to cutreat flowing
scross the polar cap is u..acnuod..'ro calculate this field,
the method outliined in the first sectios of this sppeadix is

" used, but first ai expression for the curreat path Bmust be

fernulated., It is asssaed that the 1uuﬁttu'pn:t ot the
elrtm is m(ud ‘to great circles acroes the polar cap,
and :mht. that these uo}nputm abest the moor
meridian sad perpesdicular to it (Figure AIX.2). -
™ne m of a Muc is fouad by ninimizisg tn
sre dength, i.e., siaisige |

AT I«fé s

.._.r'

R

‘j;& is the mﬁmﬂn ‘ape leagth, .\ ¢ the iategral is
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nnn.l values of I,/I‘ nﬂb ssed nnuuro um ‘W
2.0 to 0.5, vdn of 0.5 was toul to mm rqto
tltttsq resuits, asd tiil is a to-oasllhgsizbo lhnpc oa ¢\nf
muu otlnﬁto un ‘1!10)., ; ‘ “" o f‘,gg,,‘.

"o e insverse problea that s to bo lol.ud can b.m
as follows: "given'n numnnl.l’ 13-1.2.....-). ~ the
puuuuu Bagnetic field, what oea be uu sbent J' (0) .
tho houhtcumtitu cc:nt Msi‘bgg' ““ 9080 a0} '
region, han. 7% Linsar iaverse - Mym
1inear eohlutiou of the dats are umih to
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