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ABSTRACT

Auroral current systéms in the ionosphere which link with
currents in the magnetosphere were studied using models constructed
" from observations and from expectations of the current flow. The
conductivity of the ionosphere used in the current models was
calculated from accurate expressions for the collision frequency.
Models of ﬁhe neutral atmosphere and the earth's magnetic field which
enter into the collision and gyro frequencies were calculated for the
time, location and conditions of an observed polar magnetic substorm
;nd associated electric fields. The electron density was determined
throughout the ionosphere from a functional.dependence on the auroral
brightness. Theoretical models of eight current systems driven by
different electric field configurations were studied. The auroral
electrojet was found to be similar to aysh?et current a few hundred
kilometres in width and to span the arcs. The magnitude of the
electrojet depended mainly on the direction of the electric field,
as well as showing a linear dependence on the_gonductivity of the
ionosphere and the strength of the electric field. The electrojet
for a polar magnetic substorm was found to Be "turned on" by the
+ electric field changing to the southwest direction and "turned off"
by a slow decrease in the conductivity. The electréjet during the /
- expansive phase of the substorm consisted of equal contributions from
Pedersen and Hall currents. From current continuity requirements,
field-aligned currents similar to Birkeland currents were determined
for the electrojet. Meridional currents flowing across the electro-

Jet required antiparallel currents flowing in field-aligned sheets on

either side of the electrojet.
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CHAPTER 1

INTRODUCTION

The aurora and the currents that often flow in the upper atmos—
phere during the occurrence of auroral displays have been stqdied for
several centuries but still hold many secrets. The cause of an aurora
{s known to be energetic electrons of a few kev; but the source of these
electrons is not known, nor is the mechanism of_their precipitation
into the upper atmosphere. Magnetic variations have been associated
with aurora since 1741 when Celsius and Hiortu independently observed
a correlation between visual aurora and magnetic activity. Although
the inferred current system has been exténsively analyzed from magnetic
observations, the driving mechanism of the auroral current system is
not known, nor is the locatiomn of the complete circuit of the current
system. Recently, previously unknown electric fields have been measured
‘4n the auroral ionosphere, thus permitting the_ca}culation of auroral
current systems ﬁrom Omms' law as well as from magnetic field variations.
Having both magnetic field observations and electric fields with electron
densities permits ; cross check on the current calculation by two inde-
pendent methods.

Historically, the aurora has been observed and recorded as early
as the 6th century B.C. by Anaximenes, in 456 B.C. by Anaxagoras, and
in 322 B.b. by Aristotle. More recently, Halley in 1715 observed the
convergence of corona type of aurora and conceived of it as a flow of
magnetic particles along the earth's magnetic field. In a treatise at
this time, Jean Jacques d'Ortous de Mairan postulated the sun's atmos—

phere to extend to the earth causing the aurora and zodiacal light at .



both the noxrth and south wmagnetic poles which has proven to be a
remarkably accurate conjecture. Graham in 1729 was the first to

observe the geomagnetic variations and distinguish between disturbed

and quiet periods. Birkeland (1908, 1913) determined the height of

the auroral current system associated with an aurorad from the analysis

of its magnetic field from two stations iocated on either side of an

arc. The height was 200 km which he thought was too high because he

had not corrected for induction in the earth. Birkeland determined

the magnitude and direction of the current system, speculated that its
origin was tied to currents flowing in the magnetosphere, and

modelled the earth and its magnetosphere in the 1aboratory. The extensive
geomagnetic synopsis by Chapman and Bartels (1940) and recently by Akasofu
(1968) » treated the auroral zoné current gystenms, their yariations in
space and time, and association with sunspots and aurora. An analytic
expressiou for the ganlt-west auroral current systew having an elliptical
cross section was developed by Weaver (1960). In the model of Bostrom
(1964) currents were permitted to flow along magnetic field lines jnto the
magnetosphere. Walkex (1964) constructed eduivalent current systems

to determine the magnitude and £low of auroral currents from magnetic
variations observed along a geomagnetic meridian, as well as over 2

large geographic reglon. Hovever, it is impossible to determine 2

unique 3 dimensional current system from observations on one plane SO
further information {s necessary. Bonnevier et al. (1970) constructed
3’dimensional models of polar magnetic substorm current systems which

£it the gross features of the observed magnetic perturbation pattern.

Auroral arcs resulting from the interaction of a dynamic magnetosphere

[



with the ionosphere are theoretically studied by Atkinson (1970). His
analytic model predicts multiple thin arcs with weak electric fields
but intense currents within the arcs. Walker (1964) has inferred ionosphéric
currents covering broad regions, ﬁowever, analysis at present has not
been able to determine if these large current systems consist of many
confined currents.

The sequence of events leading to an aurora and finally to
‘auroral currents of approximately 10° amperes is 2 complicaﬁed, paftially
understood chain of plasma phenomena with origins on the sun. Tndividual
auroral storms are associated with sunspots and 80 called M active fegions
on the sun; and lag behind these by approximately 1.5 days. At the time
of the flare sudden ionospheric disturbances and magnetic crochets occur
on the day side of the earth owing to X rays inéreasing the D region
jonization (Figure 1.1). The enhanced flow of solar plasma further
compresses the earth's magnetic field configuration causing first an
abrupt change (recognized as a sudden commencement on magnetograms)
followed by an increase in the magnetic field within the earth's magneto—
sphere, Some of the solar plasma enters the magnetosphere and eventually
flows toward the earth along the neutrél sheet which forms in the
antisolar direction from the compression and distortion of the earth's
polar magnetic field (Axford and Hines, 1961). .Particle densities,
energies and magnetic and electric fields have all ﬁeen observed to
change by a factor of 10 or more with the omset of a storm. The storm
plasma penetrates the dayside magnetosphere to about & Re (earth radii)
and then circles anticlockwise around thé earth causing an electric

field, possibly 2 ring current, and an astmetric jnflation and collapse
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of the magnetic field at the antisoler meridian. (Lezniak and Winckler,
1970). gome of the plasma 1s trapped in the earth's magnetic field;
while some is precipitated into the auroral zone atmosphere where the
energetic particles excite and jonize the neotral particles, causing
the aurora. The general morphology of the aurorad follows from quiet
gteady arcs at approximately 67° invariant 1atitude before 1ocal mid-
night, which are approximately 10 km wide and 500 km iong, to rapid
expansion and finally break up into auroral patches after midnight.
Associated with the aurord are polar magnetic substorms which have a
duration of approximately 1 hour and recurrence frequency of 0.5 to 2
hours (Akasofu and Chapman, 1967; Akasofu, 1968) . The auroral particles
have energies of a few kev and have probably been accelerated. Proton
aurora may occur on the equatorial side of the arcs while high stable
auroral red 2res of thc oxygen tand at 16300 occur at 55° invariant
jatitude (Figure 1.1).

The electron density in the jonosphere 1is jncreased by factors of
102 to 10" in the region due to the auroral jonization. The increased
electron density enhances the conductivity by a gimilar amount and facili-
tates current flow. The auroral electrojet flows in this reglon, their
megnetic perturbation pattern appearing a8 polar magnetic substorms. The
return flow of the electrojet has two possible paths; one in the jonosphere
along the polar cap and mid—latitude zones andvthe other along field lines
to the magnetosphere. The two return current systems have similar megnetic
pertutbation patterns and are difficult to distinguish between using magnetic
observations. Magnetic analysis of the current system 18 further

complicated by the integrating feature of a magnetic field from other



nearby sources such as ring current, magnetopause and magnetospheric
undulations, field aligned currents, and induction effects. These
complications combined with the rapid temporal and spatial variations
of a typical auroral event have hindered complete analysis of the elec~
trojet current system, Further, magnetic f%eld analysis of the electro-
jet cannot distinguish between adjacent parallel currents separated by‘less
than 100 km, which precludes the possibility of ascertaining whether or not
line currents are associated with multiple arcs, which are generally 40
km apart. Rocket borne magnetometers flown through multiple arcs might
be capable of resolving the currents but the measurements are also ambiguous
because of the compounding effect of the spatial variations of the earth's
field, the spatial and temporal undulations of the electrojet, and possible
field aligned currents. Satellites have the same limitations as ground
based observations as well as the restraints of rockét measurements, but
have the advantage of being able to measure (detect) field aligned
currents, ‘ -

The calculation of auroral currents from Ohm's law requires a
model of the ionosphere electron density and the electric field. The
auroral zone electron density can be measured by ionospheric sounders
for quiet diffuse faint auroral glows but must be measured by rockets
or calculated from measurements of the auroral brightness for bright
arcs. The location of the arcs can be determined to within about 1 km and
thus the electron density has a similar spatial resolution. The
electric field needs to be known only in the horizontal plane because
the vertical magnetic field lines in the auroral zone are essentially

equipotentials.. The electric field appears to have continuous random



where it hag been observeq to be lower at times. The electric field
can be measured by satellites, rockets, balloon-borne pProbes or by
Observing the motion of barium clouds released by rockets above 200 km.

The magnitude ang direction of the current distribution can then be

density ang electric fielq and compared with the equivalent line current
calculated from magnetic field Variations. The verticél electric

field cannot be measured becauge it is beloyw the threshold of Present
detectors, however the vertical current can be solved by assuming

divergence free conditions, The location of the fielq aligned



CHAPTER 2
CURRENT CALCULATION

" Balfour Stewart in 1882 first suggested the upper atmosphere had
a significant conductivity because of the correlation of sunspot activity
with the daily geomagnetic variation. The ionization density in the
upper atmosphere was first deduced by Appleton. In 1927 Pedersen
showed that the magnetic field of the earth made the electrical con-

. ductivity of the upper atmosphere anisotropic. Cowling in 1933 showed
that in the presence of a magnetic field 3 and a transverse electric
fiel& i, a Hall current also flows in the direction % X i. The con-
ductiyity is thus a second order tensor and the current density, ?, is
given by the following expressibn (when the magnetic field is in the

-z direction).

01 02 O .
.E =|~0z2 01 0 .-ﬁ (2.1)
0 o Oo

<>
g

=

where 0} = Pedersen conductivity; ¢, = Hall conductivity. The coordinate
system is x east, y north, and z vertically up. The inclination of

the magnetic field is a function of latitude and longitude,and in the
auroral zone the field is inclined approximately 12° to the vertical.

For currents flowing along horizontal layers, the conduc;ivity needs

to be rotated to this plane as calculated by Matsushita (1967); however
the currents flowing between the ionosphere and magnetospheré follow

the magnetic field lines so the specific condpctivity, Op, does not



need to be altered. The error from not rotating the temnsor is then

-only in the horizontal components and amounts to

1
sin 78

or 2% which

is insignificant compared to the uncertainty in the electron density

and electric field.

2.1 Conductivity

The expressions for the 3 conductivities in an anisotropic

weakly ionized plasma are given by Chapman " (1956) for the frequency-

independent case. The more generalized frequency-dependent expressions

must be considered for events or pulsations with a frequency above

0.1 Hz. These expressions are derived by Watanabe (1962) and are,

n.Vp i n, w
gp = ezzr — — (2.2)
n (w +\)r) m, (w +\)r)
2.4,.2.0..2 2. 42 2.2
. ) V. Vot inrw(mr—vr—w ) 1
r (V2+2—w?) 2+4v2 w? o (vZHZ-w?) 2+lo\)2w2J
r r T Yy T T
2,,.2_ 2 .
, nppk. VrHop-w 2in k V0 1 B
02==le m 2,,.2_ 242 2.2 2,2 7242 22J(2'4)
b (vr+wr-w ) +4vrw o (vrwr-w ) -er W

41 for e, — lons
k =
-1 for + ilomns

where e is the electron charge, n is the number density of the r

r = e, =, + ions

th

species given in section 2.4, \)r is the collision frequency discussed

in section 2.3y m - is the mass, W, the gyrofrequency outlined in the

next section, and w is the signal frequency. The International System




10
of Units (SI) and prefixes are generally used. The expressions for
the conductivity are only approximate; ideally the calculation should
be performed for each constituent in the ionosphere such as d+, Nd+,
e, and negative ions. However, the height distribution and composition
of the ions in the ionosphere is not sufficiently known to warrant
such an onerous computation. The composition of the neutral atmosphere
is known as a function of height and must be included in the calculation
of the collision frequency. Negative ilons should also be included in
the conductivity calculation since they contribute to the night time D
region of the ionosphere. The interrelation of the conductivity and

the current to the aurora, the magnetic field and the magnetosphere

plasma is depicted in Figure 2.1 and discussed in the following sections.

2.2 Gyrofrequency
The gyrofrequency, W, » used in the expressions for the conductivity,
is the angular speed with which the charges spiral around the lines of

magnetic force and is given by,
w, = (2.5)

where B is the magnetic field strength. The negative and positive ion
mass is assumed to be equal to the neutral mass and is calculated from
the mean molecular weight which is a function of height. A more
accurate calculation would involve the individual ions which have
unknown height distributions for even quiet ionosphere conditions.

The magnetic field is calculated from the International Geomagnetic

Reference Field (1GRF) spherical harmonic coefficients as a function
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of latitude, longitude, height, and epoch. The components of the

magnetic field can be calculated to better than 1% for any location

within about 5 Re. The éomponents in the present coordinate system

are,
- 1 A 4
B = = R sing OA (2.6)
- 1 9v .
By B R 06 (2.7)
= - 9V
Bz = R . (2.8)
- 2 2 2
B = (Bx + BY + Bz) (2.9
: o [pDHL _ 3
where V = R} (i;- z Pn(cose)(gn cosmA + hn sinm})
n=1 m=0

R is the distance, & is the latitude, A is the longitude,
Pz (cosf) is the Schmidt fﬁnction of degrée n and order m, and
g: and hz are the IGRF coefficients. The mass of electrons is
much less than any of the ions so the angular speed of the electrons
in the lonosphere is much greater than that for ions by a factor

of approximately 4x10“.

12
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2.3 Collision Frequency

The collision frequencies are important parameters in the
calculation of the conductivity, but are difficult to calculate
accurately because of the uncertainty in the momentum transfer cross
section, The collisions for different types of encounters involve
varying kinds of interacting forces as well as temperature and energy
depgndence. Electrons and ions collide with each other and with neutral

particles, as in the following expressions,

V. = Ven + V. F Ve + Ve (2.10)
\)4_-—-v+n+\>_'___+v+++\)_'re (2.11)
v_=v_tV +v_ Vg : (2.12)

where e, t, — and n are electrons, positive and negative ions, and
ﬁeutrals. The ion collision fréquency with electrons are insignificant
because of the much greater ion mass. The negative ion collision frequency
term V__ can also be neglected because of the low number density of
negative ions in the D and E region of the jonosphere. The neutral
composition of the upper atmosphere is knownj thus the interacting

force and momentum transfer cross section for the electron-neutral

and ion-neutral collision frequency can then be calculated for each

constituent of the upper atmosphere,

.



14

m

Ven = L =1 Vei { = atmosphere constituent
Vi =Zi_ Vg

2.3.1 Electron Collision Frequency

The collision frequency between an electron and one of the
atmosphere's constituents involves the relative velocity of the
particles and the cross sections of the particles. The average

collision frequency is of the form (Banks, 1966),

il

Vi T 3% 8 Qe,n

w

where n, is the number density of the peutrals, g is the ngwellian
average relative velocity between the two particles, and Q is the

average momentum transfer cross gection for thermal nonequilibrium
conditions. Expanding to include the thermal nonequilibrium cases,

the electron neutral collision frequency is given by,

4 (%) (T2
Vi9 3n2(“) (1+ > Q (2.13)

where k is the Boltzmann constant. For the case of electrons (m ) and ions
T Ta
(mi) in the ionosphere E% > & and the equation is then-% larger than
e
Chapman's (1956) expression for the electron neiitral collision frequency
which is,

v, = 5eb % 1071 n T, K (2.18)
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While Dalgarno (1961) used the expression,

11
()

Wagner (1968) used a more refined expression from Mohlmann for the

electron neutral collision frequency which is,

v 1 " 8k.'.Ee ] . lﬂ-q |2 8k’1‘e
en 2 ™ 2 Tm
e e
8kT |%|*
m 2 e
+nQ =B — -1
e | /7 } Me
—~16
where Q= 5.09 x 10 sz
_8
B =1.6x 10" mhy (2.16)

The collision frequenciescalculated for these expressions have
been plotted in Eiguré 2.2a. The cross sections fof the momentum
transfer differ for each constituent and are a function of temperature.
The number density of the constituents and the ratios vary with height
in the ionosphere so thisshould be accounted for in the calculation
of the collision frequency. Figure 2.2 b shows the average momentum
transfer cross section for electrons with the neutral constituents of
the upper atmosphere (Banks, 1966). The collision frequency for each

of the constituents is given by (Banks, 19665. The cross sections

VvV =1.5%x10 =nT . (2.15)
n e
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have an experimental uncertainty of less than 20%.

il
Nyt v_o=2,33 x 107 ( )[1—1 21 x 10~ T ]T

2 e
: 210 -2 LY 3

02: ve = 1,82 x 10 n(02)[1+3.6 x 10 Te ]Te
<10 4 Y

0‘: ve = 2.8 x 10 n(O)Te
.9 b . ;5

H: ve = 4.5 x 10 n(H) [1~1.35 x 10 Te]Te
1o %

He: ve =4.6 x 10 n(He)Te (2.17)

The electron neutral collision frequency is the sum of the
individual collision frequen01es and is plotted in Figure 2.2a for
comparison with the collision frequency express1ons .0f Chapman,
Dalgarno and MGhlmann. The expressions are quite similar but the
Bank's valyeg are about 20% less than Chapman's or Dalgarno's
expressions,

The electron-ion collision frequency can also be simplified
by using the condition a;->> E% which occurs in the ionosphere,
giving the collision frequency (Banks, 1966),

73
e n
Vei = (34 + 4,10 log 10 {T} ) T (2.;[8)
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Figure 2.2b The average momentum transfer cross section for
electrons with the neutral constituents of the upper atmosphere
(after Banks, 1966).
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Experimental observations have confirmed the éccuracy of this
expression to within 6%.
The collision frequency for electrons with electrons is a

similar expression or it can be expressed in terms of the electron

ion collision frequency as,

m ‘ T 3/2 ’ .
- (A [ Al
Vee = (E:T (T Vei . (2.19)
e e

2.3.2 Ion Collision Frequency

Banks (1966) discusses tﬁe collision frequency for elastic
jon-neutral and ion-ion collisions for cénditions of gaseous thermal
nonequilibrium. For ions, there also exists a second method of
energy loss by means of resonance charge exchange. The resonant

collision cross sections have been summarized by Banks (1966). The

{on neutral collision frequency (Rees and Walker, 1968) is given by,

%

T U5 T T . .
v, = 4 in (_% iy, _n ‘Qn (2.20)
n
"
m m
where Wi = -2 B 45 the reduced mass and Qin is the
n mi + mn

velocity average momentum transfer cross section.

Two.methods of energy loss for ions in collision with neutrals
exist, firstly, by elastic collisions, and secondly, by resonance
charge exchange between ions and their parent neutral particles. At
low temperatures the ion-neutral inferaction is from an induced dipole

attraction causing the neutral atom to become polarized, while at high
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temperatures the polarization contribution is negligible so that the
collision frequency varies as T%. For the nonresonant interactions
Qin was taken as 8 x lQ_lscm2 (Daléafno, 1961).

Charge exchange between two colliding ions and parent molecules
enhances the momentum transfer cross section and becomes the dominant
effect at temperatures above ~500°K (Figure 2.2¢). The momentum
transfer cross section for N2+ - NZ collisions ;s shown to illustrate
the dominance of the polarization effect below 300°K and the transition
to the charge exchange region above 700°K. Banks (1966) gives ﬁhe

expressions pertaining to the ion and parent neutral particles in the

upper atmosphere for resonance momentum tiansfer collision frequency,

where T =7T, 4+ 7T

N i n 12 " ‘ ”
HLH T 2470 v - 3.5 %107 u (@ T {L4.4 ~ 1,15 logie I)
+ : .13 2
00 T>470% v =4.7x107 n (0) (105 - 0.67 1ogsy I
: 10 )
T'< 470°k v =8.6 x 10" n (0)
4 . . 13 1 2
NN T>550°K v=52x10" n (N) T?(10.3 - 0.64 logo I)
. 9
P'< '550°k v =1.0x10" n ()
+ ~13 1 2
H,bH, T'>100°R v =28,7%10" n (He)rf(ll.s - 1.04 log;o T)
13 1 '
0,+,0, T > 1600°K v = 3.4 x 10" n (02)I"5(10.6 - 0.76 log;o I')?
10
I'< 1600°K v = 8.2 x 10~ n (©,)
+ ’ 13 1
Ny'sN, T'>340°RK v =23.6x10" n (NZ)I"E(llo.Z - 0.96 log;, T')?2

The expression developed by Chapman (1956) for the ion-neutral

collision frequency is, . . ,
= = -11— |
v in 2.6 x 10 v’ (2.22)
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where M is the mean ion and neutrai mﬁss expressed in AM.U. The

fiﬁal.values for an ion neutral collision frequency calculated from
the expressions of Banks and Chapman are shown in Figure 2.3. They
are nearly the séme to 120 km b&t the collision frequency is .approxi~
mately 50% greater at 160 km for the calculations from Banks'
expression.

For the ion-ion collision frequency all the ioms were assumed to
have the same temperature but the mass was assumed equal to that of the
neutral particles. The lon temperature, Ti’ discussed in Section 2.6,
was calculated independently from thermal equilibrium between the
electrons and neutrals. The ion-ion collision frequency is given by

Hochstim (1969),

4 ;ﬁ |e2 19/1(’.‘-'3.\!2
vy = 3 emny \I‘_T:) \-m:—) 1n A (2.23)
where A = XL A

The positive ion with negative ion collision frequency, V, _»
is small because of the number density of negative lomns; however, the
ﬁegative jon with positive iom, V_ 4 and the positive ion with
positive ion,y+.+, is significant because of the higher positive ion
deﬁsity.' The collision frequency of negative ions and neutral particles
was calculated from equation 2,22, to complete the calculation of the

ion collision frequencies.
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2.4 The Atmosphere
The expressions for the collision frequency are dependent on the

number density of the neutral particles and their temperature. The

neutral atmosphere is a complex function of the diurnal, seasonal,
latitudinal, and solar variations. The seasonal variation at 60°
latitude and auroral heights of 110 km is 70% greater in the winter,
and 30% less during summer, than the United States standard atmosphere.
The temperature of the exosphere varies from 700°K to 1800°K from quiet
to active solar conditions (Figure 2.4a), which causes the specific
conductivity to vary by a factor of 5. The diurnal variation of the
thermopause temperature is approximately 500°K with the maximum being
in the local afternmoon. Variations in the density occur with
température changes because the atmosphere is in mechanical equilibrium.
Density variations have also been-correldted with magnetic activity.

An atmospgere appropriate to the location and time of the aurorai
event must thus be cqlculated to obtain feasonable values for the con-
ductivities. A neutral atmosphere density and temperature height
profile is seldom, if ever, obtained simultaneously with the ionospheric
electron density and electric field observations, so a model must be
constructed. The computer program of Pitts (1968) was used for the
calcuiati&n of the earth's atmosphere with modifications to calculate
the exospheric or thermopause temperature from solar flux, magnetic
activity and diurnal expressions, or from satellite observations.

The model atmosphere is calculated from a temperature and mean molecular
weight profile with boundary conditions such as at the earth's surface.
The model is self-consistent, based on the equation of state and the

assumption of mechanical equilibrium.
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The atmosphere of a Planet can be defined by the density p,
pPressure P, temperature T, and molecular weight M, as well as the
acceleration due to gravity g and height z. The equations which

relate these are the equation of state,

p= =2 (2.24)

and mechanical equilibrium,

.

g, ' (2.25)

where R 1s the universal gas constant,
The temperature is generally known as a function of height
8o the equation of state is substituted in.the last equation, following

Pitta (1 Q6R), a'nrlno

QL

P PM

£ o i og

(2.26)

N
3

The variables M, T and g are functions of height which can be
reduced to two variables by reducing the height z, to a geopotential
height H and the temperature to a molecular scale temperature. The

geopotential altitude is,

di = g— dz (2.27)
(o]

where 8, = acceleration of gravity at earth's surface and is given by

8, = 978.0496 (1+0.0052934 sin®$ - 0.0000059 gin2 20)y ¢ = latitude.




The acceleration due to gravity at a height z ig then,

8, Be

g = (Re + 2)

where Re = earth's radius

and thus the geopotential height, H, becomes,

) 2 dz z Re
H = Re fo (Re + z) = Re + -z

26

(2.28)

(2.29)

The temperature and molecular weight can also be reduced to one

variable by the molecular scale temperature, gm,

T =M—QT
m M

where Mb is the molecular weight at the earth's surface,

into equation 2.26 gives,

M g dH
1 P o o
P 5z dz = RT

(2.30)

Substitution

(2.31)

If %% 1s constant then solutions of the following forms are

possible, going from height a to b,
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& Mo
T R ET_m;
po= P 1 mb g O g, M, g9 (2.32)
a T .
ma oH
~g M (- H) T
_ o o a mo_
Pb = Pa exp [ RTma ] for o 0 (2.33)

If the surface conditions and the molecular séale'temperature as a

« function of height are known, then the pressure and density can be
calculated as a function of height. Provision is made in the program
for these calculations from the height distributions of the kinetic
temperature and molecular weight. Linear interpolation between the
data points of the temperature, molecular scale temperature, and
molecular weight\obseryations is performe& at 1 km intervals for the
calculation of the atmosphere parameters. .

The atmosphere no longer behaves hydrostatically in the
exosphere so Pitts (1968) calculates the density in terms of the
density at the base of the exosphere by an elaborate analytic e#pressiqn.

The thermopause temperature is a fﬁnction of solar activity,
seasonal and diurnal time, and geomagnetic activity. Jacchia(1964)
has developed an expression to calculate the thermopause temperature
as functions of these variables. Temperature variation due to the
solar cycle and solar rotation in terms of the 10.7 cm solar flux is

given by,

= ° -
'1‘2 = 357°K + 3.6<F10.7 >+ 1.8 (}:"10.7 < F10.7 >) (2.34)
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where <F10 7> is the solar flux averaged over the last 2 or 3
solar rotations.

and FlO 7 is the solar flux one day delayed.

The temperature due to semiannual variation is given by, '

D-151

= D=1loi, _ - D-59
T3 = T2 + (0.37 + 0,14 sin 2 T 365)<F10..7> sin 4 T

365

(2.35)

where D is the day of the year from lst January. The variation in the
exospheric temperature with the 3 hour geomagnetic Ap index is given

by,
T4 = T3 + 1.0 Ap + 100 (1-exp(-0.08 Ap)) (2.36)
The diurnal temperature has 3 hours maximum delay with respect

to the sun's.culmination and a geographic variation. The daytime and

nightime temperature maximum and minimum are given by,

T = T,(L + 0.25 sin®*N) L (2.3
_ 2.5
TN = T4(1 + 0.25 cos”°70) (2.38)
where N = % (geographic latitude - solar declination)

and 6 = % (geographic latitude + solar declination)

N




The solar declination is given by,

2

S = 23.5 cos (D";f )

The temperature for any time, t, can then be calculated from,

~ 2.5 1.
T, = TN(l + A cos 2) _ (2.39)
T - T
where A= D T N
N
and T =15t = 225 + 12 sin (15 t - 135)

Having calculated P, T, p and M as functions of height,
additional quantities are calculated such as the speed of sound, the
collisional diameter, the collision frequency fq; the neutral
particles, the mean free path and the mean particle velocity. Up to
10 gas species are used for the calculation of the moleqular weight,
the coefficient of viscosity, the specific welght, the pressure and
.density scale height, the number density, the kinematic viscosity and
the columnar mass. The equations are programmed in standard fortran
on the computer so that a model atmosphere can be constructed for a
lérge raﬁge of conditions and variables but requiring a minimum
amount of data and thus easy to use.

The chemical composition of the neutral atmosphere varies with
height above 100 km because mixing gives way to diffusion and chemical

conversion. The ratios of the major constituents do not change
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significantly with time SO expressions were developed to calculate
the number densities of the constituents as a function of height.
From fhe diagram of Nier et al. (19-6'4) Figure 2.4b, the approximate

ratios of oxygen to nitrogen and’ molecular oxygen to nitrogen ares

0.003 (z-110) + 0.6

R(O/NZ) = e . (2.40)

R(OZ/NZ) - e().0].2.2(2—1()0) - 2.78 (2.41)
The conservation of mass then requires,

n, = n(NZ) + n(Oz) + n{0) (2.42)

where n,_ 18 the total number density and n(x) is the number density
of the x th constituent. The equations 2.40 and 2.41 can be sub-

stituted into equation 2.42 to give the following'sqlutions,

n
a(N,) = — ey (2.43)
2/ 7 1+ R(O/NZ) + R(ozluz)
) = ROM) » () (2.44)
. n(02) = R(OZINZ) n (Nz) (2.45)

the number density of helium is considerably less than any of
the other constituents up . to 700 km, and consequently it can be
calculated quite accurately from the expression of Reber and Nicolet

(1965) for diffusive equilibrium as,

P



2
n(0) + %ﬁ
n(H) =
€ b 40,
Cr n(NZ) -+ *3—‘

where o = ~0.36 and Cr = 0.16. Hydrogen becomes important only above
1800 km which is beyond the region of the aurora. The constituent
number density can now be used for the electron and ion neutral
collision frequency calculations in sections 2.31 and 2.32.

An event is analyzed in section 5 for which a model atmosphere
was calculated. The polar magnetic substorm occurred on the night
of August 3, 1969 at approximately 67° (60° morth geographic ;atitude).
Model atmosphere and ionospheres were calculated from 50° geographic
to 60° geographic (the auroral zone in central Canada). The U.S.
Supplemental Atmosphere (1966) for summer, 60° north, which was used
for the first 80 km of the atmosphere also lists the surface boundary
conditions and the percent composition of the model atmosphere.
For the 80 to 120 km region, the seasonal and l;titudinal variation of
temperature and density in the lower thermosphere and obtained from
Champion (1967). The temperature profile from 120 to 160 km was taken
from the auroral N; rotational temperature profile observed by Hunten
et al. (1963). The temperature profile was extrapolated from 160 km
to the thermopause at 300 km, and was calculated for a 10.7 cm solar
flux of 188 and an Ap of 14. The mean molecular weight is constant:
tb 100 km then decreases gradually with height. Champion's summer
model also was used for the molecular weight profile to 120 km while
the model of Hinteregger et al. (1965) was used for the exosphere.,

The model atmosphere (Table i) is in hydrostatic equilibrium and takes

31



MODEL = NASA18NA

Pressure
4, Oxygen
4, Hydrogen
4, Helium

Height
km

11.0
23.0
32,0
49.0
53,0
80.0
85.0
90.0
95.0
100.0
105.0
110.0
135.0
120.0
125.0
130.0
135.0
140.0
150.0
160.0
180.0
200.0
250.0
300.0
325.0
350.0
375.0
1,00.0
500.0
600.0
800.0
1000.0

MODEL AT

IATITUDE = 59°

TABLE 1

IONGTTTUDE = -113°

PARAMETERS AT SURFACE

MOSPHERE AND TONOSPHERE FOR EARTH

Density
Gravity
% €02
% Neon

nnwun

TEMPERATURE DISTRIBUTION

Electrons/ cm-3

0.0
0.0
0.0
0.0
0.0
0.0
6.000E 02
2.5008 03
7.000E 03

1,200E Ok
145008 Oy
2,000E Ok
2.300E Ok
2,900E Ok
3,500E Ok
1,4 20C0E Ol
1«500E Ok
5,100E Ok
5.,900E Ok
7.900E Ol
8.500E Ok

= 1010.00 mbar Temperature = 287.15 K
= 20,947 Weight = 29.004
= 0.005 4 Nitrogen = 78,08l
= 0.052 4, Argon = 0.93h
TEMPERATURE AND MOLECULAR WEIGHT DISTRIBUTION
TONOSPHERE ELECTRONS AND EIECTRON
Temperature Mole Scale Temp Mole Wt  Pressure
X K mbar
225 225 28,96 2,311E 02
225 225 28.96  3.770B OL
238 238 28.96  1.01CE OL
217 271 28,96 1.08LE 00
277 21 28,96 6,671E-0L
171 171 28.95 1,091E-02
161 162 28.95 1, 007E-03
161 162 28.93 1.433E-03
178 181 28.57 5.1,29E-0L
195 200 28.23 2, 27250l
23h 256 27.81 1.095E-0k
285 302 27439 6,04 0E-05
548 373 27,01 3. 56505-05
[hk3 L5 26,75  2.46TE-05
478 525 26437 1.7558-05
525 590 25.79 . 1,306E-05
585 673 25,20 1,007E-05
64,5 760 2,.59 8 OOLE-06
. 760 91l 24.09 5,4,08E-06
860 1066 23.39 3,887E-06
950 121 22.20 2.210E-06
1040 1422 21.20  1.360E-06
1060 1537 20.00  L.617E-07
1070 1659 18.70  1.724E-07
1071 1706 18,20  1.085E-07
1072 1756 17.70 6.94,9E-08
1073 1809 17.20 L 520E-08
1074 1865 16.70 2,987E-08
1077 1928 16.20 6.177E-09
1080 24,09 13.00 1.611E-09
1080 3132 10.00 2.138E~10
1080 WTh 7.00 5.283E-11

32

DATE 215.000, 1969

0.12E-02 gmz/cm3

981.919 gn/s

0,031
0.182

Electron Temp
X

OO()OOOOOOOOOOOO
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CALCULATED QUANTITIES

Height . Temp Density Molecular Number . Coll. Electron
¥m

K gn/ cc Weight Densi:s Freq. Densit;
per ¢ Per Sec er cmg
5 287 L.23503 29,004 2.556 19 6.89E 09 -

25 228 L 27E~05 28,964 - 8.87E 17 2.14E 08 -

50 277 1.21E-06 28,961, 2.51E 16 6.6TE 06 -

5 190 5402E-08 28,961 1.0LE 15 2,30E 05 1.00E 02
100 195 3.95E-10 28,230 8.43E 12 "1.91E 03 9.00E 03
120 111 1.93E~11 26,760 4358 11 1.L6E 02 2.00E O
130 525 7.72E-12 25,800 1.80E 11 6.99E O1 2.90E Ok
140 6L5 3.67E-12 21,600 8.99E 10 3.96E Ol 4.20E OL
150 760 2,06E-12 24,100 5.15E 10 2.9E 01 4.50E OL
160 860 1.278-12 . 23.400 3.27E 10 1.71E O1 5.10E OL
170 905 8.76E~13 22,754 2,32E 10 1.26E OL 5.50E OL
180 950 6.21E~13 22,200 1.69E 10 9.L8E 00 5.90E O
150 995 L+50E~13 21.665 1.25E 02 7.29E 00 6.85E OL
200 1040 3.33E~13 21,200 9.47E 09 5,70E 00 7.90E OL
210 1044 2.62E-13 20.943 7.54E 09 4588 00 8.03E Ok
220 10,8 2.07E-13 20,695 6.03E 09 3,69E 00 8.15E Ok
230 1052 1.64E-13 20.456 1,+8LE 09 2.98E 00 8.27E OL
2140 1056 1.31E-13 20,224 3.90E 09 2.428 00 8.39E Ok
250 1060 1.05E-13 20,000 2.15E 22 1,078 00 2.5CE O
260 1062 8.41E-1, 19.722 2.57E 09 1.62E 00 8.71E OL

. 270 1061, 6.77E-1L 19.454 2.10E 09 1.33E 00 8.91E O4
ST el 280 1066 5.4,8E-11, 19,194 1.72E 09 1.,10E 00 9.11E 04
el The 290 1068 Lol 5E~1L, 18,943 1.41E 09 9,13E-01 9.31E Ok
300 1070 3.628-1L 18,700 . 1.17E 09 7.59E-01 9.50E Ok

310 1070 2,97E-1; 18,496 9.68E 08 6.33E~01 1.01E 05

320 1070 2, 44E-1, 18.297 8.0LE 08 5.29~01 1.07E 05

330 1071 2,01E-1); 18.097 - 6.70E 08 Lo JE-OL 1.15E 05

340 1071 1.67E-1L 17.896 5.60E 08 3.73E-01 1.25E 05

350 1072 1.,38E-14 17.700 4.7O0E 08 3.14E-01 1.35E O5

360 1072 1.15E-14 17.496 3.94LE 08 2.65E-01 1.33E 05

370 1072 9.5LE~15 L 17.297 3.32E 08 2,25E-01 1.31E 05

380 1073 7.96E~15 17.097 2,80E 08 1.91E-01 1.28E 05

400 1074 5¢59E-15 16.700 2.01E 08 1.39E-01 1.20E 05

450 1075 247815 16144 9.0LE 07 6.288~02 1.09E 05

500 1077 1.12E-15 16,200 Le15E 07 2.91E-02 1.00E 05

550 1078 1,.86E~16 .11 2.03E 07 1.51E-02 9.35E O

600 1080 2.33E-16 13,000 1.08E 07 8.47E-03 8.80E O

650 1080 1.23E~16 12.075 6.12E 06 4.98E-03 6.38E O4

700 1080 6.81E~17 11.281 3.63E 06 3.06E-03 L.75E OL

© 750 1080 3495E=~17 10.599 2.2LE 06 1.95E-03 3.61E OL

800 1080 2.38E-17 10.000 1.43E 06 1.282-03 2.80E O

850 1080 1.43E-17 9.0, 9.55E 05 8.,98E-0 2.2TE Ok

900 1080 9.05E-18 80215 6.6LE 05 6.5,E-0l 1.86E O

950 1080 5099E~18 7555 4.78E 05 Le91E-OL 1.55E OL

1000 1080 4412E~18 7.000 3.54E 05 3.785-04 . 1.30E O
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account of the known influences on the neutral atmosphere; thus it

is adequate for the present analysis. A more detailed atmosphere
might include dynamical aspects such as neutral winds, turbulence,
solar and lunar tides, and gravity waves. These neutral atmospheric
motions also transport the charge across magnetic field lines causing
an electric field from the charge separation due to the ? x i'force,
and consequently currents such as the Sq current system (Stening,

1970).

2.5 Auroral Zone Lonosphere

The ionosphere which extends from 60 km, the D region, to above
600 km, the F2 region, has been probed extensively by ionospheric
sounders. This probe is a type of radar which obtains echoes from the
ionosphere over a large frequency range giving a height versus electron
density profile, The bottom side lonograms give the clectron density
only to successive peaks in the height profile and requires probes on the
topside of the layers such as the topside of the‘FZ layer. The Alouette
and Isis satellites have successfully studied the topside ionosphere for
. nearly a decade, Tonospheric sounder signals are absorbed inan aurora, thus
necessitating other pxobe technicques, However, reflections are
obtained near quiet auroral arcs which indlcate electron densities up to
10%/cm® for the E reglon at 100 km where the auroral enhancement occurs.
Rocket probes have.measured electron densities in disturbed aurora
but are spatially and temporally limited in the data obtained; further-
more, measurements to date can only be obtained along the trajectory
of the rocket during its flight of a few minutes. The rocket and

jonospheric sounder data havz been of 1imited use for the construction



of model ionospheres for the auroral zone because little informatioﬁ
had been obtained simultaneously on the aurora's brightness and
position. Other electromagnetic wa;; probes are the Gordon (Thomson) -
scattering and partial reflection which are effective above and below
100 km respectively but require expensive installations. The electron
density can also be determined from the auroral Brightness volume
emissior rate by ion chemical equilibrium or‘by electron continuity
equilibrium considerations. The electron density could be determined
throughout a cross section by fitting an auroral arc model to tﬁe
observation of the auroral brightness obtained by two station triangu-
lation of arcs. Although the aurora and the auroral zone ionosphere
have been extensively studied no observational or theoretical models
of electron density in an arc and its environsare known.

1 ~ «l. 3
The physical proccsses whic

onoSplueie ate
production (q), destruction or loss (&) and yelobity of ionization

(V) which can be combined in the electron (Ne) continuity equation

as follows,

ﬁg% = q - 2(Ne) - div (Ne 6) (2.47)

The production of electrons in day time is by absorption by
the neutrai particles of extreme ultraviolet and X-ray radiation,
while at night electron production is by collisions With energetic
charged particles (Belon QF al., 19663 Rees, 1969). Intense

fonization in arcs causes sufficient excitation which is seen as

35

auroral emissions. The loss processes in the jonosphere are atomic, -
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molecular ion and electron recombination, and attachment of electroﬁs
to neutrals (Rishbeth and Garriott, 1969). Transport terms such as those
from diffusion, electromagnetic drifts, or neutral winds are of less '
importance in the lower ionosphere over short reriods of tim% and
quiet conditions. The time for the electron density to reach
equilibrium is much more rapid for an increase in the ionization rate
than for a decrease such as a fading or moving arc. The ionization
rate is proportional to the volume emission rate or brightness of an
arc which for some aurora varies rapidly, spatially and temporally.
Because the electron density is not.directly proportional to the
ionization rate the history of the volume emission rate is required
for a complete determination of the electron density for nonsteady
state conditions. The equilibrium time for the electron continuity
equaiion is of the order of a mimuie when ihe ionizaiion raie is
increasing and twenty minutes when decreasing. Superimposed on this
generally turbulent ionosphere in the immediate vicinity of ares is

a latitudinal va*iation in the electron density (Eather and Meﬁde,
1971). The E region electron density is approximately a hundred

times less in the midlatitude and polar cap regions. The topside

F2 region has a major trough in the electron density at the equatorial
edge of the auroral zone, an enhancement above the auroral zone, and

a depletion in the polar cap as well as other redistributions caused

by winds (Brace et al, 1970).
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2.5.1 observed Auroral Zone fonospheres

The midlatitude side of the auroral zoneé night time jonosphere
has a height profile shown in Tigure 2.5 (43°) (Large and Wait, 1968) »
which was extended beyond their 250 xm limit to fit the ¥2 layer
observed by Alouette and Isis gatellites for the same latitudinal
regions (Chan and Colin, 1969) . The stable midlatitude jonosphere
abruptly changes at about 58° invariant jatitude with the depletion
of the electron density to form a trough above the F2 peak.’ The
high stable auroral red arcs also occur here during auroral displays
and magnetic substorms. (Noxrton and Findlay, 1969). The électron
density in the E region and the night sky brightness (GattingeTs
1971) both apparently increase a8 an arc is approached as surmised
from & brief study of AFCRL airborne :Lonosp‘nerié sounder data crossing
the aproral zone. The topside ionosphere electron density also
increases from the tfough to about the value of the midlatitude.
electron density as auroral arcs are approaphed; however the electron
density canr vary by @ gactor of 5 at 400 km during 2 major auroral
disturbance (Warren, 19693 Arendt, 1969) . The spatial and temporal
relationshtp petween the auroral prightness and the electron density
in the E layer and topside F2 layer is not knowns neverthelesss it
ghould vary with the enhanced night sky prightness. The auroral zoné
E layer probably begins in the vicinity of the red arcs at 58°
{nvariant 1atitude with the height profile ghown in Figure 2.5 (60°) «
An electron density profile obtained by 2 rocket-borne detector NASA 18:02
glown at Ft. Churchill in the middle of the auroral zone under magnetically
quiet conditions with no visible aurora is also shown in Figure 2.5

(68°) -
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The electron density in the auroral zone ilonosphere during
disturbed conditions has been extensively studied by rocket borne probes.
The ascent and déscent height profiles can vary by a factor of ten in
one rocket flight over distances of 100 km and a duration of 3 minutes
(Jacobs et al., 1969), Variations by a factor of 8-10 have been
observed by Reddy et al., (1969) from quiet arcs to very disturbed
conditions with a general combined increase in bfightness and magnetic
activity. The rocket flights show electron density fluctuations of
ANe/Ne<l and little variation with height above the E region (roppl
et al., 1968). An exception is the descent flight of McNamara (1969),
Figure 2.5, (70kR) , which passed through an enhanced region at 108 km
that correlated with ground based and on-board photometer measurements
of auroral brighéness. The ascent profile is also shown in Figure 2.5
(2kR) with extrapolation for the F2 layer. The rocket-borne probes
have produced considerable data on the electron density in the
disturbed ionosphere but.the information is limited to the trgjectory
and duration of the flight, This data has been further limited for
making models by the scant information obtained simultaneously on
the location and brightness of the arc,

The amount of input data required for the computer to construct
a profile from observation or calculation was reduced by inter-
polation between the data points. An exponential interpolation
formula was developed to fit the interpolated profile smoothly to a
few data points over large height interQals in the topside of the

F2 layer and is given by,

[WN
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dNe

Ne(z) = Ne(z,) exp (1= (In(z) - In(z)))) . (2.48)
where
In (Ne(z,)) - In(Ne(z )) .
dNe _ b a
dz 1n (zb) - 1n (za) (2.49)

and z, and z, are the heights.at which the electron density is known.

2.5.2 Theoretical Auroral Ionospheres

The ionosphere electron density throughout the volﬁme of the
ionosphere occupied by a substorm current éystem and over the sub-
storm's duration is required to permit adequate modelling of an event.
' Obviously rockets are inadequate for the task. "A promising technique
would be to use the ion or the electron continuity equation and
calculate the ionization rate from the volume emission rate., The
volume emission rate can be obtained from ground based photometers
measuring the auroral brightness while scanning the sky and fitting
this to models of arcs (Belon et al., 1966). Walker and Rees (1968)
calculated the ionization rate from the volume emission rate profiles’
deduced by Belon et al., (1966) and then calculated the electron
density from ion chemical equilibrium considerations. Their calcu-
blation is dependent on the reaction rates and number densities of
the ions, both of which are not well known. One of their profiles
ié shown in Figure 2.5 for a 7 kR aurora. Their profiles correspond
to the center of the arcs and often featured péak electron densities

at 150 km, 30 km above that typically observed by rockets.
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The electron density can also be calculated from the electron
.continuity equation as a function of time and height for given
ionization (production), recombination (loss), and diffusion (transport)
rates. The calculation can be repeated until the électron dgpsity
reaches its new equilibrium state, taking care that the time increment
is suitably short so that oscillation or over estimation does not occur.
An increment of 2 seconds was found to be optimum;' The brightness of
an arc is proportional to the product of the volume emission rate and
the optical ﬁath length through the arc., From analysis of cross
sections for the process,

-}

et N, > e+ Ny +e+ A3914 (2.50)

2
Walker and Rees (1968) determined,

n @) +n ot = 17 n(A3914) (2.51)

where n(X) is the rate of production of species X and n(A3914) is

the volume emission rate of N; at A3914.

The ionization rate for atébmic oxygen n(0+) and molecular
oxygen n(O;) can be calculated from the nitrogen ionization rate and

the oxygen and nitrogen number density in which case,
+ + +
n(Oz) = 0.8 [n(NZ) + n(N')] n(02) / n(N2) (2.52)

n@" = 0.5 n(@}) + 0.5 (e} + a1 n(0) / n(Y,) (2.53)

to give the total production.
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To determine the amount of ilonization ip terms of A3914
emission only, the ratio of the OXygen to nitrogen ionization rates

can be determined, which at 110 kn is,

n(0+) + n(OZ)
T = 0.3 : (2.54)
n(N') + n(NZ)

From q= n(NZ) + n(N+) + n(OZ} + n(0+)

then q=1.3 '[n(N;’) + (] = 22,4 n(A3914) = 11.7 n(A5577).

(2.55)

The volume emission ratesof A5577 o A3014 have a ratio of 2:1.

distribution ang pitch angle of the Precipitating particles as well
as the density and composition of the neutral atmosphere (Rees, 1969).
Auroral displays differ considerably in detail due to varying
ionization rates. Bryant et al., (1970) calculated the ionization
rate from energy'distribupion measurements, and made auroral brightness
and electron density observations. Their profile ig shown in Figure
2.6 along with profiles 0.1 times smaller and 10 times 8reater. The
volﬁme emission rate for A5577 is shown in the same Figure 2,6 on the
top scale, and agrees with that calculated by Belon et al., (1966)
for an aurora of the same brightness.

The loss process of electrons ig c;mplicated, involving the
equilibrium of atomic and molecular ions as well as the electrons,

The loss of electrons by the dissociative Yecombination Yeaction with
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Figure 2.6 Ccurve I is the ionization rate measured by Bryant et a1, (1970) for
a 9.8kR arc, which is extrapolated above 120km. Curve 2 corresponds to a 1kR
arc while curve 3 ig equivalent to a very bright 100kR arc, The volume
‘emission rate for the arcs is on the top scale.
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s is of the form o Né and has a linear relationship

molecular iom
th and Garriott,

f Ne for the ion — atom interchange reaction (Rishbe

e dependent only, while B

1969). The d coefficient is temperatur

varies as the molecular co

ncentration. The electron continuity

equation, 2.5, can be written as (Ratcliffe, 1956) »

Ne 2. 2
dNe —— d“Ne d“Ne
daNe _ 4 -1 1 -Da 7 Dp T o7 (2.56)
dt 8 + ONe d z dy

ross the

e Da, Dp are the diffusion coefficients along and ac

wher
(1970) calculated an

Bryant et al.,
cm3/s while B has be

magnetic field respectively.
en calculated

ge 0 in an aurora of 3 X 10_7

avera
n of Quinn and Nisbett (1965

) for summer and a

from the expressio

thermopause temperature of 1025°K.

6(z) = 1.1 % 107 exp [(300 - /2118 (2.57)
Solving for the electron density for a time increment from the
continuity equation, and neglecting transport terms, gives

- q(z) At + Ne (z,t) (2.58)

Ne (z, t + At) =
8(z) o (z) Ne(z,t)At

1+ 5(z) + a(z) Ne(z,t)
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The plasma in an arc will diffuse because of its greater denéity.
The electrons will diffuse faster than the ions because of their
greatér mobility in the E regionm, but become retarded as a
differential electric field is created resulting in an intermediate
or ambipolar diffusion rate. The ambipolar diffusion coeffiéient

in a lightly ionized plasma is given by (Holt and Haskell, 1965),

Da = Sk ’ (2.59)
i'in
where Ti’ m, and vin are the ion temperature, mass, and collision
frequency. Diffusion will occur across the field lines as well as
ambipolar diffusion along the magnetic field. The diffusion coefficient
across the magnetic field is given by (Holt and Haskell, 1965),

Da

Dp= 1+ w W, . (2.60)

\)e\) i

where W e d and Vo, aTre the electron and ion, gyro and collision

3 ?
frequencies'defihed in section 2.2 and 2.3 respectively. The effect
of diffusion on the redistribution and depletion of electrons in an

arc can be calculated for a time increment from,

Ne (2t +ht) =22@BE [ne (z,6) 4 Ve (z + Agt) - We(z - bzp)]

+-2%£%lé£ [2 Ne’” (z,t) = 2 Ne (z,t)] + 2 Ne (z;t) (2.61)
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where z and t are the height and time, Ay is the width of the arc and
Ne® is the electron density outside the arc.

Electric fields will also cause drifts across magnetic field
lines, but mainly above 200 km. A southward electric field %n the
northern hemisphere which is generally observed, will cause the
plasma to drift westward, along an arc, while a westward electric
field would cause a northward drift. Neutral wipds will also
redistribute the plasma (Stubbe and Chandra, 1970; Bracé et al.,
1970). |

The height profiles of tﬁe electron density in Figure 2.7 were
calculated at 2 second intervals from thé electron continuity
equation. The three ionization profiles in Figure 2.6 were used
together with the'above o and B coefficients for recombination and
ile ambipolar diffusion coefficients for components along and per-
pendicular to the magnetic field. The initia} profile at t = 0 in
Figure 2.7 was observed from the NASA 18.02 rocket flight for quiet
auroral conditiogs while the lowest ionization rate was used corres-
ponding to a very weak aurora of approximately 1lkR brightness. The
electron density height profile reached near equilibrium after 20
seconds, at which time the ionization was increased by a factor of
10 corresponding to a 10 kR aurora. The equilibrium electron demsity
at 50 seconds agrees with that observed by Bryant et al. (1970)
for the same conditions. A further increase in the ionization rate
by a factor of ten causes the electron density to eventually reach

6 ° 3
a peak of nearly 3 x 10 /em f£for a very bright aurora of 100 kR.
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Figure 2.7 Dynamic electron density profiles calculated from the electron
continuity equation at 2 gecond intervals. - The initial profile at t=0s is for

no aurora while at 20s,40s and 60s the electron density corresponds to arcs of
_1kR, 10kR and 100kR. '



The rate of loss of electrons after an arc has passed through the
obsérving region or disappeared is slower than the rate of increase
in the electron density when an arec brighténs. The electron density
profile shown in figure 2.7 at 865 is the same profile 20 seconds
after the ionization rate has been reduced by 100 times for the 60s
profile. The time required for the ionosphere to reach the ofiginal
equilibrium electron density profile at t = Os from t = 60s is of the
order of 1/2 to 1 hour, which is the duration of a substorm. This
slow decay rate explains why intense auroral electrojets can be found
after the auroral display has passed, as was observed by Walker (1964).
Ionization profiles are dependent on the energy distribution
and pitch angle of the prec ipitating particles which vary considerably,
resulting in different dionization profiles which in turn produce

different electron density profiles.

2.5.3 Analytic Auroral Ibnosphere
The method'of determining the electron density from the
continuity equation as outlined in section 2.52 is necessary for a
dynamic ionosphere but is tedious and expensive for models of a
quiescent aurora. An explicit expression for calculation of an
ionosphere as a function of height and auroral brightness for steady
arcs is desirable. The auroral ionosphere appears to‘have a height
profile consisting of a Chapman layer for both the F2 region and the
aurora in the E region. The volume emission rate is proportional
to the ionization rate which in turn appears to have a 1/2 power
relationship with the peak of the equilibrium electron density

profile as shown in Figure 2.7. This fact was used to ‘determine
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the peak of the electron density in the E région as a function of
aurora brightness. The F2 layer is only slightly enhanced, probably
due to both ionizationvand diffusion from the F1l layer, thus the

0.15 power of the volume emission rate is reasonable. An e§pression
was developed'to calculate the electron density as a function of
height and the volume emission rate of A5577 (I) for the auroral zone,

and is,
% 5 - '
Ne (z,I) = AL 10° exp 1/2 (1 - Za - exp (~Za)) (2.62)
+ 10715 105 exp 1/2 (1 - 1.4 Zf ~ exp (=0.75 Zf))

where

1
- . - R T
Za = (z - Za" + 1 )/Ha

Zf

(z - 2£° + fG/(Hf + 42£2)

A=1.2 (A5577), A = 1.6 (A3914), A = 2.8 (A4278)

I is in units of kilophotons/cmss (Gp/m¥), Za and Zf are the
reduced height for an arc and for the F2 1ayer.' Both the arc and the
F2 layer occur at lower heights with increasing brightness which is
accounted for by the 1/2 and 3/5 powers of I in the reduced height
expressions. The exponential decay of the F2 topside layer decreases
with height which is affected by increasing the scale height of.Hfjby
4Zf2. The scale height of an arc is approximately 10, depending on

the type of aurora,while T2 layers are ~75. The bottom side of the
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F2 layer was modified by the factor 0.75 in the exponent and by 1.4

in the expression to conform with observation of a continuum there. The

initial height of the maximum of the arc and F2 layers are at Za®
(118 km) and 2£f° (450 km). The electron density as a function of
‘height and peak volume emission is shown in Figure 2.8 for 0.3, 1,

3, 10, 30 and 100 kR arcsof 10 km width. The expression can be used

for any of the three commonly measured auroral emissions A5577,A3914
and A4278.

The theoretical expression produces lonospheres which are in
agreément with observations of Bryant et al., (1970) and Walker and
Rees (1968); furthermore it is a reasomable fit to most types of
aurora and is adequate for models of - electrojets. The functions iIn
the parameters in the expression can readily be adjusted to fit new
simuitaneous rocket or ionospheric sounder and auroral brightness
observations. The expression can be used.to mode} the broad enhanced
nightglow region on either side of the auroral arcs and a large range
of arcs with varying size, brightness, and form. Provision was made
in the computer program for calculation of the ionosphere from gither

observations or the above analytic expression.

2.5 Negative Ions

The lower part of the ionosphere, the D reglon, probably
contains negative ions which can contribute to the éonductivity.
Little is known about these ions because of the difficulty of.making
any measurements in this region, however some theoretical calculations
suggest approximately 100/cm?® (Danilov, 1970). A simple Chapman

layer was used to construct a negative lon (Ni) height profile with
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maximum at 85 km and a scale height of 5 km with the following forﬁ,
Ni (z) = 100 exp (1 - 2i - exp (-2i)) (2.63)
Zi = (z - 85)/5

where Zi is the reduced height. Swider (1971) gives an expression
for the ratio of negative ions to electrons for a PCA of k =
10(13‘%) where 80 > z > 40 k.
2.6 Electron and Ion Temperatures

" Below the E region the electrons, ions and'neutrals are kept
in thermal equilibrium by the high collig;on frequency. The collision
frequency is dependent on the number density, and the cross-section,
which is smaller for electrons than for ions; consequenﬁly the
.electrons can maintain a separate temperature from that of ions or
neutrals at a lower altitude. The electrons are heated at night
primarily by suprathermal energetic particles (Maier and Narasinga
Rao, 1970). These electrons can then have temperatures of 3060 -
8000°K in the F2 region compared with 1000°K for the neutrals.
Walker and Rees (1968) calculateq the electron temperature from thermal
equilibrium considerations for five ;rcs and found the maximum tem-
perature to range from 2920 °K to 3511 °K. An.embirical electron
temperature profile was developed to fit these observations so that
the electron temperature could be calculated as a function of height

and volume emission rate or auroral brightness and is given by,
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_ 0.15
Te (2, I) = 3000 I exp 1/2 (1 - 2.5 tanh( ) - exp(—Zt))

where

= (z - 350)/150 (2.64)

.

Te is the electron temperatures, I is the volume emission rate of
oxygen A5577, and z is the height. Provision was made in the computer
program to calculate the electron temperature height profile directly
from observations or from the above expression. The amount of data
for the calculation of the electron temperéture profiles from observa-
tions was reduced by linear interpolation between the measurenents.
The electron temperature profiles are shown in Figure 2.9 for the
aurora as used for the electron density profile in Figure 2.8,

The ion temperature can be computeé from the balance between
the rate at which ions are heated by Coulomb collisions with the
electrons and cooled by elasticcollisions with the neutrals. The

rate of heating, Q, and cooling, L, is taken from Rishbeth and

Garriott (1969).

Q= 7.6 % 107° JRIR (e - T0) = R(e) (Te - T1) (2.65)
L =Ni Uin Ni (Ti - Tn) = R(n) (Ti - Tn)  (2.66)

where Uin is the sum of the neutral particle collision coefficents
given by Dalgarno and Walker (1967); Ne, Ni, and Mi are the number
densities of electrons, ions, and the mass of ions in atomic mass

units, (AM.U.,) respectively. The ion temperature is then given by,
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R(n) Tn + R(e).Te '
R(n) + R(e) ; (2.67)

Ti =

The ion temperature is shown in Figure 2.12 for the correspondiné
different electron temperature profiles in the same figure. Good ion
thermal coupling m;intains the ion temperature near the neutral
temperature up to 250 km. At this height ion-electron coupling becomes
significant and eventually dominant, resulting in the ion temperature

approaching the electron temperature.

2.7, Calculation of the Atmosphere and Ionésphere

The parameters for the calculation of a neutral atmospﬁere and
ionosphere from approximate temperature and electron density height
profiles were programmed in standard fortran on a computer. Part of
the neutral atmosphere calculation was téken from Pitts (1968) with
the thermopause temperature and the neutral constituent density aéded
to this part of the program. The parameters of the ionosphere were
calculated from electron density and temperature profiles which could
be obtained from either the developed empirical expressions or as
input to the program at several heights. The expressioﬁifor the
electron density and the electron temperature are.functions of the
peak volume emission rate of the aurora. The magnetic field which is
used in the calculation of the electron and ion gyrofrequency is
calculated from the International Geomagnetic Reference ‘Field spherical
harmonic coefficients as a function of latitude, longtitude and

height. The negative ion density is calculated from an empirical

expression developed from an appropriate Chapman layer. The ion
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temperature was calculated érom thermal equilibrium conditions betweén
the electrons and neutrals. The electron neutral and ion neutral
collision frequencies are calculated for each of the constituents of
the atmosphere and then combined with the electron ion and ion-ion
collision frequencies to obtain the overall electfon and ion ;ollision
frequency. The specific, Pedersen, and Hall conductivities and the
ambipolar diffusion coefficients are then calculated for each of the
height levels. The atmosphere and ionosphere parameters are listed
and stored on a suitable computer medium such as magnetic tape or disk
for use by other programs. The flow chart highlights of the computation
are shown in Figure 2.10, Profiles of the ionosphere conductivity

tensor'and temperature are shown in Figures 2.11 and 2.12 respectively.

2.8 The Electric.Field

The electric field in the ionosphere that drives the auroral'
current system probably has its origin in plasma moving in the magneo-
sphere; however, neutral winds in the E region of the ionosphere and
the streaming of solar wind across the magnetosphere and magnetotail
can also cause an electric field. The electric field is caused' by

the V x.§ force when a plasma is moving across a magnetic field and
is given by Block (1965) and Mozer (1970),

>
E=-VxB . (2.68)
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An electric field can also be induced by the motion of field

1ines such as during the compression and inflation of the magnetosphere

of an electric field is charge digplacement occurring when the neutral
plasma flowing up the plasma sheet in the tail of the magnetosphere
encounters the earth's dipole field (Hrugka, 1971). The conductivity
along the magnetic field is several siemens per meter making the
ionosphere and magnetosphere good conductors in the direction parallel
to the field lines or equipotentials. The conductivity across the
field lines is highest in the auroral E layer but this is still a
factor 10" less than the specific conductivity. The electric field
will Be projected along a flux tube because of the high specific

conductivity, Mozer and Serlin, (1969), and- the electric field will

shus be the vector suil of all the electial £1e1d sources alo
magnetic £lux tube. The flux throughout a magnetic tube of force

in the earth's geomagnetic field is constant SO the electric field
must change with the flux density. The mapping of the electric field
grom one region of the magnetosphere along a flux tube to anothgr
region 1s different for the two orthogonal electric. field components.
Ideall&, this mapping would require following two adjacent field
1ines to calculate the electric field components at the new locationj
hence necessitating a model of the magnetic field throughout the
magnetosphere. The expressions for the electric field éomponents

for a centered dipole representation of the geomagnetic field have

been derived by Matsushita and Tarpley (1970) as,
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during substorms (Lezniak and Winckler, 1970). Another possible source



61

3 .

_E_:.LQ'I-)- = ﬁ (2.69)
Ex (1) sineM *

By (0 1+ 4 cotzeM & cosec29M

ifl’?ii = | ———— — (2.70)
y 1+ 4 cotzeI coseczeI

where M and I are the magnetosphere and ionosphere; eM and 61 are

the colatitudes to the magnetosphere and ionosphere locations which

are along the same field line. At 65° geomagnetic latitude the

ratio of EX component in the ionosphere and magnetosphere equatorial

plane is 13 while the Ey component ratio is 25. The components of

an electric field in the magnetospheric equatorial plane would be

multiplied by these values and because the predects are unequal the elec—

tric field would rotate to the meridional plane in the flonosphere. The

electric field can thus be measured in one region of the magnetosphere or

ionosphere and mapped to another region along the same magnetic field line

by the above expressions, assuming the absence of parallel electric fields.
The electric field in the ionosphere has been the major unknown

to date. Johnson and Kavadas (1963) made the first measurements; since

then the ionospheric electric f;eld has been measured numerous times but

no systematic distribution of the electric field across the auroral zone

has yet been observed. Mozer and Fahleson (1970) and Potter (1970) observed

an increase in the electric field near an arc while Wescott et al.,

(1969) and Aggson (1969) have.observed a decrease in the electric

field inside arcs. The measured horizontal electric fields are from

a few millivolts per meter to perhaps 150 mV/m while the vertical

field is probably 1ess than .0l mV/m. The electric fields have been

measured by rockets and balloon-borne probes and by the method of



jonized barium clouds and by alrglovw excltation Walker (1970) . Rockets
and satellites give good spatial distribution but only for 2 few minutes,
while the barium clouds generally move parallel to the arcs for a few
tens of minutes. Balloon-borne probes (Mozex and Serlin, 1969)
provide good temporal measurements for approximately one day. No
relationship between the electric field and other auroral zone parameters
has been established for model construction 8O the electric field
distribution must be measured at the same time as the electron density
and magnetic field yariations are measured.

Estimates of the direction and magnitude of the elecgric field
can be obtained from known winds and plasma convection patterns.
Poleward winds of about 100 m/s have becn observed in the auroral
zone which produce an eastward electric field of a maximum of 5 v /m.
The geometry of plasma convection in the tail of the magneto-
sphere is very complex. The dynamics include motions of the magnetic
field as vell as spatial and temporal variations of the plasma in the
magnetotail during substorms. petailed analysis of the plasma motion
and magnetic field configuration are necessary for the calculation
of the electric field and mapping it into the jonosphere. Axford
(1969) discusses an electric field in the magnetotail of ~imv/m from
general flow considerations for the plasma which agrees with the
mapped observations of Mozer and Serlin (1969) and Mozer (1971) . The
geﬁeral pattern Mozer (1971) sces is a large southward electric Eield
developing around local midnight in the ionosphere; this southward elec—
tric field disappears by morning and is preceded by a northward field
before midnight. A small eastward field is occasionally present before
local midnight; this is displaced at approximatcly local midnight by

a large westward field which generally disappears by morning.
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CHAPTER 3

CURRENT FLOW AND INTERACTION
3.1 Current Flow
The horizontal currents in the ionosphere can be calculated

from approximate models or observations of the electron density and
the electrical fields, but the vertical current is generally
indeterminate because the vertical electric field is unknown. A
model of the auroral zone can be constructed and the known horizontal
electric fields applied to calculate the Horizontal current f£low
throughout the region. The vertical current can be solved from the
divergence~free condition for the current. The calculation of the
vertical current from V.J = 0 requires a 3 dimensional model of the
auroral zone ioﬁosphere and horizontal components of the electric
fields at one instant in time; such obserjations are difficult to
obtain. Some information along a meridian thréugh the auroral zone
during a magnetic storm is available from the August 1969 joint
obsefvationé of Drs. F. Mozer and G. Rostoker. The time dependent
cross sections can provide information on the spatial variation
since the approximate size of the auroral electrojet is known from
simultanéous observations of the magnetic field such as those carried
out by Walker (1964). The cross section is sufficiently thin that
the divergence of the current can be solved indepéndently of the
east-west current in the 3 dimensional model. Having determined
.the current flow in several cross sections for an auroral substorm
the Birkeland field-aligned current flow can then be solved by

applying divergence~free conditions to the 3 dimensional model.




e constructed by combining

e ionospheres ar
evious chapter to

culated in the pr
s of the electron

The auroral zom
ght profiles cal
patial variation

appropriate hei
the temporal and s density-
various electric

g can be modelled and combined with

model
Effects of the currents

rent systems.
with magnetic field observations
ible current inter~

The dynamic arc
produce many cur
ated and compared

o calculate poss

fields to

can then be calcul

and als
cts which can

e model,
gome effe

to check th
jons with the atmos
1culated for comp
and Joule heating.
r an auroral zone
then the horizont

phere and jonosphere-
ic fields, current

act
arison are magnet

readily be c2
d neutral winds,
ross section fo

jonosphere model

induce
al current

Agsuming a ©
g in Figure 3.1,

1e of block &n at n is»

ted from 2 grid a

construc
g and in the midd

flowing at height

j\;m - lum E‘::n + G‘;‘m E;m @3.1)
j‘;m =0y B * o E;m (3.2)
From the divergence equation for current block fn(uv)

Ef-’-‘- ’iJ—‘L + EI—Z— = 0 (3.3
9x oy 9z )
f the

and J z are the total currents entering the sides ©
is thin compared to the size

where J_» J
x Y
be a few thousand

The auroral zone Cross section

block.
t systenm which may

or length of a substorm curren
X o Q withi 3, js then

Assuming —a—x-‘

n the sect jon,

kilometers long.

given by,



65

7
V -
Udm .um
Ix y .
- U — o>
x
S ' ' ' '
e \
Th
a -— S
a b c 1 m n o P Ynorth
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ionosphere grid for calculating the current density.

Figure 3.2 One block of the grid of Figure 3.1 showing
the 3 dimensional currents.
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3J .
um A
J, = [:=a Sy dz (?.4)

The vertical curfent flowing into the lowest layer, Jim is
assumed to be zero as the layer is at 80 km where the specific
conductivity is very low. The gradient of the current across the
block was obtained by 1inear extrapolation from the calculation for
current at the center of the block where the oﬁservations were

assumed to be made sO that,
k| = 2 3] -3 ’ (3.5)

The specific current flowing through the top of the block at

. _ jvﬂ,)A_ég_ i
v Uy y y ' 2by

(3.6)
The components of all the currents can thus be obtained for a column
independent of adjacent columns, enabling a larger number of
jonospheric profiles to be in the cross section without requiring
correspondingly larger storage in the computer. The integration

waé checﬁed for each column by comparing the total flow of current

into the column with that £lowing out and was found to be within .01%.
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Boundary requirements between blocks can be used to calculate
currents for several different assumptions about current flow or
conditions in the block. One assumption might be that no current
flows in the meridian direction out of a column on the equatorial
or poleward sides of the auroral zone due to a low ionization density
or weak electric fields. This assumption appears to hold when the
cross section coincides with the demarcation 1ine of a substorm
(Rostoker, 19663 Kisabeth and Rostoker, 1971) and can also be seen
in the current flow diagrams of Walker (1964). At the boundary
between blocks the tangential electric fields, Ex and Ez’ and the
perpendicular current jy, are continuous. The current at the

boundary n, Figure 3.1, is given by expression 3.5, while the

electric field at n is given by, -
2t o= 2E" - Bt ' (3.7
x x X i *
for j‘}‘}’ =0 ' (3.8)
'3
th o gyp g% = g™ - 1/2 47 . 3.
en iy / jy jy / jy 3.9)
uo _ un _ gum uf
E. < 1/2E = E 1/2 B (3.10)
- juo 02uo E:O
EY = ouo + 0uo (3.11)
1 1
uo
and hence j:? = 0p E;u + 020 E;u (3.12)
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A second possibility is for the current flowing across the arc
to remain constant and cause polarization, as suggested by the models
of Armstrong and Zmuda (1970) and Bostrom (1964). TFor the jy current
in block npuv to be constant and equal to that in the previous block

at the boundary n we require,

O - g =2 E - gt - (3.13)
X b X X ‘

. . Iy TOE

P o= = —= + (3.14)
y y by o‘; % o‘i

~ The components of the current can then be calculated from
expressions 3.1, 3.2 and 3.6.

The 3 dimqnsional flow of curreﬁt i{n the ionosphere can be
deternmined by the superposition of cross sections to model the
complete electrojet flow at any instant in time. The cross sections,
constructed as a function of time for an event along a meridian, are
assumed typical of the spatial variation across the electrojet. The
horizontal flow of current from the polar cap and the midlatitude
regions towards the auroral electrojet is known from the cross
sectional models so the application of the divergence-free requirement
will give any vertical or Birkeland type field-aligned flow of current.
Consider Figure 3.2 which now represents a layer for an arc a few
hundred kilometers long.

Vectors X,X! and Y and v! have been determined by expressions
3.1 and 3.2 at each end of the block. The Y vector or meridional

current is the current determined along the ends of the cross sections
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in Figure 3.1 and does not include the field-aligned currents
- calculated by 3.4 or 3.6 The current entering side'Ye Y; and
'Y&?ncan be calculated knowing the dimensions of the model in the x
direction so that the vertical component Zo can bé determingd if
Zi is known. Zi can be assumed zero for the bbttom layer, thus,
Y ag 3J ‘
3, = -f G t+ a—yl) dz ' (3.17)

z=a

3.2 Magnetic Fields

The magnetic fields of the auroral électrojets have been
extensively used as the main method of studyiné the physics and
dynamics of the current system. Magnetic field variations can be
misle;ding because they are a superposition of all ambient current
flow and main fielq motions, which may be caused by magnetospheric
fluctuations, making analysis of the current system difficult. This
type of analysis is further complicated by the rapid spatial and
temporal variations of the auroral current system and the limited
resolution of magnetometers. For example, ground based magnetic
observations cannot resolve simple line currents less than 100 km
‘apart while multipié auroral arcs where currents are thought to flow
are typically 40 km apart. The auroral electrojet may be driveﬁ by
two antiparallel current sheets on either side of the electrojet
which ideally cannot be detected by ground measurements but have
been seen by satellites (Armstrong and Zmuda, 1970). The return
current systeﬁ also cannot be uniquely analyzed because the iono-

sphere return path and the Birkeland field-aligned return current
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gystem have gimilar magnetic yariation patterns at the earth

_ (Fukushimds 1969). Ring currents at 2 few earth radii, {nduction,
and induction anomalies also distort and confuse the auroral
electrojet magnetic_variation picture- The magnetic field is thus
of 14mited use in explaining ionospheric and field—aligned currents
‘and can be quite deceptives put it is @ valuable tool for studying
the dynamics of electrojets and as @ restraint for current models.
However, when the driving mechanism of the auroral electrojet and
the entire current flow path pecome known then magnetic field
yariations can be used to delineate the yonosphere current system
-and its interaction with the magnetosphere.

The magnetic field of @ distributed current gystem can be

calculated from the Biot—Savart law for comparison with the observed

magnctic gic1d. The expression for the magnetic £ield throughout
the region both inside and outside of the current 18 given by
gtratton (1941) 5
x 1J—r 3 & ’
= — .—dv .8
B = % i % (2) ‘ (3.18)
v

where % is the radial distance from the point of observation to the

'current element j. The expression requires 2 prohibitive amount of

~ computation if the magnetic field is to be determined over the
volume occupied bY the distributed current system and observational
sites. The calculation along & meridian for a cross gection is less
onerous and can be performed for comparison with the observations of

a rocket—borne magnetometer passing through the current system of 2



substorm. The magnetic fields that a rocket-borne magnetometer

- might see could be very complex, consisting of a neafly equal

71

contribution from distributed Hall or Pedersen electrojets, field-

aligned sheets, and Birkeland currents; and would.thus require

information of the magnitude and spatial and témporal extent of

"these currents for any models.

.

The model for the calculations of the magnetic field of the

electrojet current system for comparison with ground based measure-

ments of the magnetic field can be much simpler and the field need.

only be calculated along one dimension. The electrojet can be
modelled by a distribution of currents along one dimension which

for example is the sum of the east-west currents in each column

and is,

Ji o= I dj; . 1=xy

The components

the magnetic field are then given by,

in h .
Zi-—-—z—- sin o
2 £

i
. Jx, h
Zi S zi sin o
27 zi
Jx, d
Zi 1 21 sin o
2T zi
2 2
(hi + di) sin o

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

—_—
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where in, in are.the currents integrated over the column of equation
3.19, h is the height of the maximum current in the column while d is
the distance to the column, and 1 for a typical cross section for the
auroral zone might consist of 30 sections or columns of current. The
angle o to the end of the line current corrects for end effects and need
only be considered at the ends when a significant amount of current
changes from horizontal to vertical flow.

The magnetic field of field-aligned currents is more complex
but has been calculated by a method of elementary loops by Bonnevier
et. al., (1970). The field can also be calculated from’ adipolenmdel

with line currents flowing along the field lines. The magnetic field ig ghen

3 J & x§ : (3.24)
I dsxl o
Cc

In a spherical coordinate system the components of % and ds in the

"observer's'" coordinates are given by (Kisabeth, 1972),

,RY =Y, cosL - Y | . (3.25)

Qe = Yo cosf sineo cos(k-ko) - YP sinb co’sBo . - (3.26)

By = v, sind, s1n(AR) - ' (3.27)

dsY = ds,Yo fosL + dseo (sinb cose0 cos(k-ko) - cosb sin?o) | -' (3.25a)

asy = dsyo(cbse sind cos(aexoi - sind cos ) + (3.26a)
dseo'<C9se éosed éos(k—ko) + gind siﬁeo)

dsx = dSYo (—sineo sin(k—ko))+ éseo (--coseo sin(k—xo)) “ ‘(3'273)

where cosL = cosb cose0 + sind sineo cos(kvks)
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R'(YO 390 ’)\0)

and the components of the line current 2(y,6,)\) segment are given by,
= df ’ . .
ds = ds(zg- 00, Y0d6¢,0) (3.28)

where the distance to the field line is a function of 0y and for a

dipole field is given by,

Yo = £ (8 = 7Y, sin260 _ -~ (3.29)

Ao is constant

gl

where Y, is the equatorial distance to the ring current. The magnetic

field components of the field-aligned currents are,

. SR S I A - - :
s o= o= o [L @en - ds g (3.31)
vy ] 4w CR, “EATY O YA :
B=B=-J—-.—l—'(dsk—dsl)l (3.32)
z Y 4w 23 87 A0 *
c

The magnetic field components of the field-aligned current in

terms of the observer and the field-aligned current coordinates are,
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/2

' - - 0
Bx - Z% %?_((cose sinf, cos(A A,) — sin sinf; ) v, dsY
0¢=0
0=8, |
- (¥, cosL =) dsy) ' (3.33)
/2 ' ‘
B = I l? ((yy cosL - v) dsl = Yo sinf; sin(A-A,) dSY) (3.34)
y 4w 0 =6 L ’
o p

J [ w2y (sin8, sin(A-A,) dsy - (cosd sind,
E . '
0

cos(A-Ag) - sinb sinb,) dsxj ‘ . (3.35)
where &% = (Y°2 + v? - 2y,Y (cosf cose0 + sinf sine0 cos()\—)\o)))al2
. (3.36)

and cosL, dsY ’ dse and dsA are given by the above expressions.

When the plane of observation coincides with that of the field-
‘aiigned current, 6niy the horizontal component Bx is present with a
consequent reduction in calculation. The field—aligned current has
a concentric circular magnetic field pattern in the horizontal plane
thch is enhanced on the equatorial side due to the inclinétion and
curvature of the dipole field line. The contribution of the B,
component is small.

The ring current or the partial fing current of the magnetosphere
return current path of the electrojet is at approximately 5 Re
an& contributes a smooth latitude variation pattern at the earth's

surface. This north~south or By component . decreases with increasing
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latitude and is zero at the poles for a symmetric ring current. The
line current segment of a ring current and the magnetic field

components are given by,

.ds = ds (0,0,v0dAq) (3.37)
80 = 7 (3.38)
QY = Yo sin 0 cos (A-Xp) - ¥ (3.39)
%4 = Yo cos 6 cos (A=-1q) (3.40)
2A = Yo sin ()\")\o) . (3.41)
23 = (yo? +v2 - 2YoY sin 0 cos(}\-}\u))a/2 (3.42)
B, =0 ' (3.43)

Ao
By = Jmt" }' -—1 (Yo 8in® cos(A-dp) - ¥) dho~ (3.44)
Ao=A
A
F 1
B, =2 o < Yo cos 8 cos(A-1g) dho (3.45)
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The east-west or Bx component of a symmetric ring current is
also zero as is the Bx component along the demarcation line of a
partial ring current. The demarcation line is where there is no
east—west (Bx or D) variation for a polar substorm (RostokeF, 1966).

For accurate comparison of the electrojet calculated solely from

" lonospheric measurements with that determined from ground based

magnetic observations, corrections for induction must be made. These
induced currents which arise from the varying source fields contribute
to the magnetic variation and it is desirable to separate the induced

and electrojet effects. The separation can be performed by potential

- theory or by reiteration which is probably more appropriate for

limited data. However, for completeness, the éxpression for a

potential separation of two dimensional fields is given by (Price,

10£7\ - .
E VY

. 0
' 1| 3, dy
(By, - By,)p =~ T v 5 = (3.46)

-00

B (y) d
- A (3.47)

y -y

-0 p

2

(Bze - Bzi)p = -

where e, 1 refer to the external and internal cbmponents at the

" location p. A simple method was developed using reiteration, a fixed

depth for the induced currents and line and sheet current models
for both the source current and the induced current. The method was
to fit a sheet current ‘to the external and internal models then fit

line currents to the difference and repeat the process, normally
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5-10 times, until the magnetic fields from the two current systems

were within a few nanoteslas (gémmas) of the observéd field.

The sheet current calculated in the first part of the iteration

loop for each observation is,
= 14 o(py - -
I =3I+ 5 By, - By) (3.48)

where J(y)! is the.current calculated from the previous diteration
and o and c.are the observed and calculated field from the old
iteration. The magnetic field is then éalculated for each of the
observations frém the expression 3.21 for'multiple line currents.

In the next step the current is calculated at éach station, assuming

line sources above and below the station, from,
Iy) = I+ 2w (By, -~ By ) b (3.49)

where h is the distance to the current source,which was taken as the
height at which the maximum current occurred, generally 110 km,
while the depth for induction was 200 + h. The magnetic field was

again calculated for the new system'of currents then the iteration

'continued with the sheet current model. The sheet current model was

found necessary to prevent the method from oscillating. The method
fits a line current at each observation. For a smooth distribution
across an auroral zone section, observations approximately every

100 km are necessary so an interpolation was performed on the sparse

magnetic observations. The interpolation consists of approximation .
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by ratios of polynomials to obtain the magnetic field components at
intervals of 100 km from the observations which were often separated
by 200 km or more. The IBM scientific subroutine ACFI (1970) would
fit a polynomial to within a few percent of the observations across
the magnetic profile section. The above induction correction was
then performed on the interpolated data to obtain the smoothed

latitudinal distribution of the electrojet current system.

3.3 Current Interactions with the Ionosphere

The electric field that penetrates the ionosphere causing
currents in the E region will also cause winds in the F region by
means of ion drag forces,which in turn will affect the distribution
of ionization in the F layer. In the lower E region neutral winds
are caused by the currents which also heat the ionosphere. Significant
heating also occurs during auroral displays by the absorption of
energy from the precipitating charged particles. The winds and
heating effects of currents and electric fieldscan be significant
and are important parameters in the physics and dynamics of the
upper atmosphere; as well, they can have a feedback effect on the
currents by aitering the conductivity. The general influence can
be calculated from approximate expressions but the hydrodynamic
equations of motion, which are coupled by the drag terms, must be
solved for a more complete understanding. |

From an alternative expressién, an ionospheric current is

given as,
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1 Uz
J=0 % +§-'ﬁx'ﬁ (3. 50)
N
where E =E+4+VxB (3.51)
and EB=o0 (3.52)

and for a fluid,
d" =F+Tx | (3.53)

where p = density, F = mechanical force. Cole(1971) gets a neutral

wind velocity of,

-5
-+ > R av
V=EXB+—L(¥"—‘I‘) +_§x(p-j) - (3.54)
B2 pz 1 dt B2 a
9,
Where Rl = 2 > (3¢55)
L0+,
62
R, = (3.56)
0.2+02
1 2

BxF (3.57)
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The mechanical forces involve Coriolis and gravitational acceleration,
" lon drag, tides and viscosity. ' The ion drag, (Fi)’ and viscosity,
(Fu), are the only significant forces in the vicinity of a major

.

auroral substorm and are given by,

Fg=mv, (V; - V) _ (3.58)
9%y '

F o=t n (3.59)

u P azz

where U is the coefficient of viscosity which is calculated in the
atmosphere program of section 2.7. The time constant to approach the

steady state is also given by Cole (1971) as,

o = 22— . (3.60)
The amplitude, extent, and duration of ionospheric winds can then be
calculated throughout the ionosphere for the model auroral zone
ionospheres and electric fields.

The heat produced by the system in the form of Joule dissipatioh

-of electric currents is given by,
Q=3E= cr - (3.61)
vwhich also can be calculated throughout the current system models

and compared with other sources. The temperature rise resulting

from Joule heating and absorption of energetic charged particles could




be calculated from the heat balance equatioﬁ, but uncertainties
in loss and transport mechanisms‘at present are too large.

The computer program flow diagram for the calculation of the
mexidian profilé is shown in Figure 3.3. The appropriate iqnosphere
models calculated by the program in section 2.7, are read from the
magnetic tape and stored; the current, winds and heating arée then
calculated as a function of height for each profile and stored.
The integrated currents are checked agailnst the current calculated
from the i{ntegrated conductivity and average -electric fields for

" the profile. The magnetic field of the ionosphere—electric field
model is calculated and compared with the observed magnetic field
variation which has been corrected for currents induced in the

earth.
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CHAPTER 4

CURRENT FLOW FOR AURORAL MODELS

The current flow in an auroral electrojet can now be
calculated from detailed models of the electron density and
electric fields in a disturbed auroral ionosphere. An auroral
ionosphere model is constructed by combining the appropriate |
height profiles of the electron density corresponding to the arc
brightness and width across the auroral zone. The electron‘density
profiles have been constructed in section 2.5l from observations
and in 2.53 from theoretical considerations of electron equilibrium
conditions. The cross 'section of the auroral oval in the meridian plane
can be modelled incorporating such features as multiple arcs with
varying widths and brightnesses to quiet conditions with no visible
aurora. The cohductivity, electron and ion temperatures, and other
parameters have been calculated for each profile so auroral models
of thege variables are also avéilable directly from the model of
the auroral ionosphere. The electric field must be modelled from
the limited observations or theoretical expectations of the current
flow or electrié field behavior across Arcs. Because in the ionosphere
conductivity is a second order tensor and the electric field is a
vector, many combinations of these variables are possible, each
resuiting in different current patterns. Simple models showing the
current flow patterns for a Pedersen (direct) type of electrojet
and.for a Hall current are developed. The current flow resulting

from a combined Pedersen and Hall current system is also modelled.

83



4.1 The Ionosphere Model

The ionosphere model was constructed from the énalytic
expressioﬁ 2.62 for the electron density as a function of height
and auroral brightness rather than from observations which have

generally not been related to the auroral brightness. The model -

"is intended to show the general characteristics of a quiescent

auroral ionosphere consisting of two arcs. The two simple identical

arcs which are shown in Figure 4.1 have a width of 10 km, and an

84

apparent brightness of 50 kR with symmetrical side lobes of luminoéity

‘due to scattering of the precipitating electrons. The peak volume

emission rate of the arc is 50 Gp/mas (gigaphotons'per cubic metre
second) while the side lobes consist of 3 coluﬁns of 5 km width
with emission rates of 20, 10 and 5 Gp/m3s. Enhanced regions are
bs*rQad to the north and south of ares for 500 km or more and are
modelled by 1 and 2 Gp/m®s auroral glows on either side of the arcs.
The emission rates are for the bright green auro;al atomic oxygen
liné at A5577. The electron density of the doub;e arc ionosphere
model is contoured in Figure 4.1. The arcs have peak electron
densities of 0.9 T/m® at a height of 113 km.

The brightness of an arc is proportional to the width of the

"arc for a fixed volume emission rate so that two arcs which have

- apparent brightnesses of 100 kR could result in different electro-

jets from similar electric fields. The first 100 kR arc, for
éxample, could be 20 km wide with a peak volume emission rate of
50 Gp/m®s while a second arc could be 10 km wide with a volume

emission rate ‘of 100 Gp/m®s. If the electric field in an arc is



inversely proportional to the peak volume emissiqn rate of the arc
(Aggson, 1967), then the first arc would carry twice the current
of the second, thinner but more intense arc. Variation in the
direction and magnitude of the electric field offers sufficient
complexity so that only the simpler model of two identical arcs
will be considered for the study of current flows.

The conductivity for the ionospheric model shown in Figure
4.1 has been calculated using the procedure developed in Chapter 2
and the neutral atmosphere discussed in section 2.4. Thé specific
(parallel) conductivity is contoured in Figurg 4.2, .The arcs and
magnetic field lines are assumed vertical instead of being
inclined 7° toward the equator. The specific conductivity
increases rapidly with height throughout the auroral E region of
the ionosphere. The sperific conductivity in an are is cnhance
by approximately a factor of 5 in the E region and a factor of 3
in the Fl region to a value of 30 S/m (siemens pér metre) at 230.km.
The contours of the Pedersen conductivity are shown in Figure 4.3
for the ionosphére of Figure 4.1. The maximum value of the Pedersen
conductivity in the arc occurs at 125 km and is 0.84 mS/m. The
conductivity in the arc is abqut a factor of 5 greater than in the
E region adjacent to the arc, while in the F region the ratio is
3:1. The magnitude of the Pédersen conductivity at 230 km in the
arc is 17 uS/m. The Hall affect conductivity contours are shown
in Figure 4.4 for the ionosphere of Figure 4.1. The Hall conduc~
tivity reaches a maximum of 2.5 mS/m at 110 km and is approximately

3 times greater than the peak value of the Pedersen conductivity,
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but at 100 km the Hall conductivity 1s 7 times greater than the
Pedersen conductivity. However, the Pedersen conductivity dominates
the Hall conductivity above 130 km. The different types of auroral
forms result from differing electron precipitation patterns vhich
will produce dissimilar auroral ionospheres and resultant con-
ductivity profiles and ratios.

The variation of the components of the ‘conductivity normal
~ to the magnetic field can be seen in Figure 4.5 for the same auroral
section. In this figure the logarithm of the Hall and Pedersen
cbmbonents of the conductivity has been used for plotting the arrows.
The lengths of the arrows are proportional to the currents if the

elecfric field is constant across the section. The electric field

The arrows are in the meridian plane at 100 km representing the
dominance of ‘the Hall component, but quickly rotate to the west above
130 km where the Pedersen conductivity is largest. The enhanced
conductivity in the arcs is apparent from the longer arrows.
Similarily a constant northward electric field has. the eastward
Hall component controlling the current below 130 km. The northward
- meridian current dominates above 200 km in Figure 4.6. The integrated
conductivities for the auroral section of Figure 4.1 between 80 and
230 km are shown in Figure 4.7.

The integrated Hall conductivity is 2.5 times that of the
Pedersen conductivity but the integrated.specific conductivity is

approximately 10* that of the Hall conductivity. The ratios of the
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mer idian section of Fiqure 4.1 with the "'steps" corresponding to
the columns of the model. o

ELECTRIC FIELD (DOWNWARD) W/m

0 10 20 30 Lo 50 60
|

r~ | 1 1 '
0.00 0.05 0.10 0.15 ., 0.20 0.25 0.30

"+ " AURORAL CURRENTS X10~A/m
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gection P in Figures 4.9 and 4.10. The vertical electric field is dashed
and requires the top scale.
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4.2 Current Distributions for Coﬂstant Electric Fields

' - The current flow through the -auroral section for the simple
case when the electric field is constant across the arc is shown
in Figures 4.9 énd 4.10. The two cases for the auroral electrojet
consisting only of a Hall current and a Pedersen current are shown
for each arc in the figures. The current distribution, assﬁming
constant electric fields, could result from steady winds blowing
across‘the arcs or a magnetospheric source which overwhelms any
ionospheric effects or is isolated from any return current effects.
An induced field of the equivalent of 5 pN/m could result from a
100 m/s wind in the E region of the ionosphere if no polarization
occurs. Other possible sources of the electric field are the solar
wind streaming past the magnetosphere causing a dawn to dusk electric
field across the tail or convection within the magnetosphere. The
contours of the two types of electrojets in Figure 4.9 show the
currents confined mostly to the arcs. Thé Hall cuérent
is approximately 3 times greater in strength than the Pedersen
current and occﬁrs lower in the E region of the ionosphere. The
Hall current density inside the arcs is 6 times that of the ambient
region. The flow of current across the electrojet and along the
magnetic field lines for the two cases is shown in Figure 4.10 for
the electrojets of Figure 4.9. The flow across the direct current
electrojet (indicated by a P at 80 km ) is a Hall current and for
the westward electrojet the northward Hall current must have a
downward field aligned sheet current on the equatorial edge and

vertical field aligned current on the polar side of the arc.
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Hall cross current, The integrated horizonta] Currents for the

section are shown in Figure 4.11., The electric field apg current
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The arrows shown in Figure 4.10 can be replaced by streamlines

. as they represent the magnitude‘and £low direction of planar vectors.

Figure 4.12a shows the same informatioﬁ as Figure 4.10 but now the
flow direction is indicated by the continuous curved arrow and the

magnitude by the spacing width of the flow lines. The computer

.progrém was developed at NCAR (Lackman, 1970) and is 2 considerable

advancemeni over representatiop by.straight arrows or using two
contour plots of the magnitude of each component.

In reality the electric field variation across the auroral
zone is possibly due to current requireménts (Bostrom, 1964) or proportional
to the auroral brightness (Aggson, 1967)« Observations of the
electric field by satellites also show large séatial variation
across tﬁe auroral zone (Cauffman.and.Gurﬁett,-1971). The observa—
tions.ot Aggson (1967) and Westcott et al. (1969) éenerally indicate
an anticorrelation'of the electric field witﬁ augoral brightness;
thus the current system in the arc is perhaps some function of the
arc brightness. Oothexr reasonable conditions would be for the current
to be nearly constant f£lowing across an arc withva gmall component
flowing up the arc to compensate for the influx of electrons causing
the arc. The constant current flowing across an arc is developed

for the Pedersen and Hall driven electrojets. Polarization is

- thought to occur within the arc and is modelled for the case when

- the westward electric field is reduced within the arc. Models of

these conditions were constructed using the same ionmosphere in

Figure 4.1 for the study of their current £lows.
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4.3 Pedersen Current Models

~ The same model ionosphere as in section 4.1 was used for
coﬁstructing two types.of Pedersen electrojets. The model for a
meridional section of the Pedersen current driven by only a west~
ward electric field and then by a combined westward aﬁd polarized
electric field is contoured in Figure 4.13. The streamlines for
the horizontal and vertical flowing currents are shown in Figure
4.14 while the average electric fields and integrated currents,and
Hall conductivity for the section are shown in Figure 4.15. The
westward electric field acrosé the arc was continuously reduced
towards the center of the arc such that Lhe current density across
the arc remained constant and equal to that outside the arc. The
electric field in the immediate center of the arc was further reduced
to simulate field aligned currents compensating the precipitating
auroral electron flux. The maximum current'dens%ty is 4 uA/m2 while
the integrated current is 0.16A/m and can be represented by a thin
sheet approximately 150 km across at a height of 128 kn with a fotal
current of 23 kA. The.magnetic field resulting from the sheet
current (<45nT) is very similar to that of a line current (Walker,
1964) and is shown in Figure 4.14 superimposed with the magnetic
field from the larger electrojet (-60 nT) which has the additional
poiarize& electric field. The Hall meridional current flowing
across the arc is nearly constant (Figure 4.15 bottom) when the
westward electrojet is constant across the arc. The field-aligned
current (Figure 4.14) flows downward on thé equatorial side of the

arc and upward on the polar side of the arc.
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. The westward electric field for the polarized electrojet in

* Tigures 4. ]3 -4, 15 is the same as. for the sheet current model; the

polarizing electric field is in the meridian and is determined from
expression 3.14. The induced polarized electric f1e1d is modelled

for the central portion of the arc only and not for the wings oY

side lobes of the arc, which would cause an even more intense electro-

jet. The large polarlzed electrlc field resu]ts from the Hall to
Pedersen 1at10 of the conductivity of 2.5 and adds a significant

Hall current to the electrojet. The current inside the arc increaées
by a factor of 7 over that of the Pedersen sheet current’model. The
peak current density in the second arc (see Tigure 4 13) is 30 uA/m
and the current integrated up the arc is 1. OA/m. The total current
in the arc is 10.3 kA while the total current in the arc's adjacent
regions is 22.7 kA. Large field-aligned currents ‘occur at the edges
of the arc to fulfill the current continuity conditions. The current
is up the field lines on the equatorial side qf the arc and down the
.field lines on the polar side. The current density of these field-
aligned currents is approximately 50 uA/mz, an order of magnitude
more than for the field-aligned currents agsociated with the sheet

current model. Field-aligned currents this large have been proposed

by Armstrong and Zmuda (1970) to explain an 800 nT geomagnetic

disturbance observed by a polar orbiting sateliite at an altitude

of 1100 km (see Figure 4,21). However the antiparallel currenté

were separated by 300 km and not the 10 km width of the arc. The

total electric field in the polarized arc is 12.5 mV/m which is slightly

higher than the ~5-10 mV/m that is generally observed. If polariz-
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ation occurs it would have to be reduced in‘magnitude to probably |
not more than '30% of the value given by expression 3.14 to fit the \

' present 1imits of observed electric f£ields and magnetic fields. .

4.4 Hall Current Models ’
The electric fields of a gransient nature cbserved in the

vicinity of aurotal arcs during substorms are generally directed
southward with magn'l.tudes ranging from 10 mV/m to 50 mV/m and
ﬁoccasionally more than 100 wv/m. These southward electric fields
would causé a Westward Hall current to flow in the vicinity of the !
arcs, and also within the arcs t‘nemselve_s, depending on the strength
and direction of the electric field in the arce

The model jonosphere consists of the sameé two parallel auroral
arcs separated by about 130 km 38 in section 4.1. The yariation in
the electric field across the first arc ig the same as that £oT the
2edersen sheet current model discussed in section 4.3, althoughs now
it is purely southward in the meridional :plane. T.he movdel in the
gecond arc has the meridional current flowing across the arc which is
constant in maenitude. The contours of current density for the two
arcs are shown in Figure 4,17, and the streamlines for the meridional
current flow are ghown in Figure 4.18. 'fhe current gystems gor each
arc are gimilar tO the sheet current model shown in Figure 4,13
althoegh the magnitudes of the Hall currents are greater by a factor
of three. The first arc has a maximum current density of 11 jJAlmz
(see Figure 4.,19) at 110 lom, and the current density distributien as 8
funetion of height jeads to 2 heigh_t-—integrated density of 0.36 Alm

and 8 rotal current within the 10 km wide arc of 3.6 kA, The height'—
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integrated current density in the region surrounding the.arc is

0.3 A/m, however the total current flowing in this region is 40 kA
which is a factpr of 11 greater than the total current within the
arc. This large ratio results from the larger size of the adjacent

region and the more intense electric field in that region. The

" total current which may flow, assuming the Hall current model, is

twice that which may flow aséuming»the Pedersen current model for a
giVen magnitude of the electrié field and.the ionosphere model of
section a.i. For the Hail current model, vertical sheet currents.
flow up the field lines on tﬁe equatorial side of the inmer edge
of the arc and down the field lines on the poleward side. However
the field-aligned current directions are reveréed’on the outer

edges of the arc. The magnetic field perturbation pattern for this

of -82 nT at the earth's surface. The current system associated
with the second ar; gshown in Figure 4.17 producés a maximum magnetic
field perturbation of -86 nT.

The antiparallel currents flowing vertically in the arc
probably do not exist; none have been observed, and they can be

eliminated from the first Hall current model by having the meridional

" current constant across the arc. The meridional electric field

inside the arc was altered slightly to meet this requirement, and
with no westward electric field the electrojet is entirely a Hall.
current. fhe Hall electrojet for the constant meridional current
model is enhanced about 25% over the current for the surrounding

regions. The maximum current density is 13.7 ilA/m2 (Figure 4.7)
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and has a height integrated value of 0.43 A/m. Otherwise the
electrojet is the same as in the first Hall current model. The
Pedersen current in the meridian across the arc (bottom diagram,
Figure 4.19) has a height-integrated current of about 0.16 A/m
southward; this is consistent with the observations of Armstrong
and Zmuda (1970) (see Figure 4.21). The intense field-aligned
current on the equatorial side of their model current system can
Mamwﬂdfwbyﬁﬂadmmwhgﬂed&ﬁkfhﬁorme
conductivity by a factor of about 2 in a distance of 20 km. Thus
the model of a Hall electrojet driven by a southward electric field
with a constant southward meridional current seems to best f£it the
observations compared to the other models proposed in this chapter,
althoﬁgh only detailed observations can resolve the possible models.
A Hall electrojet driven by an electric field 5 times that of
the above model was constructed to model current flow during moderate
geomagnetic‘storms. The same arc model was used but the electric
field outside the arc was 100 mV/m and decreased to 24 mV/m inside
the arc. The total électrojet current is ~0.5 MA for the two arcs
and adjacent regions. The maximum rate of Joule heating was ~0.5
uJ/mas (section 4.6) while the maximum magnetic field perturbation

at the earth's surface was —420 nT.



107

.00
5 100
e~ DISTURBANCE FIELD WITH SATELLITE 2 800
OSCILLATION AND CALIBRATE FIELD REMOVED « 80
o= IDEALIZED WAVEFORM FOR Dl:'»TURBANCE 3 €00
OF INTEREST E
]
€ 200
E o
n-mllllltllll'lllll
. 04 03 12 16 20 24 28 32 36 40 44 48 52 85 |

SATELLITE TRAJECTORY

/

100 |- i
%73 km 7.3 km
1000 = ELECTRONS OUT N
OF IONOSPHERE
900 | _
800 - ELECTRONS
CURRENT INTO IONOSPHERE INTO
Jo2 8.72 x 106 amp/m? IONOSPHERE
700 |- ) : .
< 600 | .
-~ .
(=]
-5 CURRENT.
E so0 |- SATELLITE: 1963 38C ouT OF
= y {ONOSPHERE
v DAY: 306 1563 3L % 8.72 x10~5 amp/m?

LOCAL TIME 0851

-l

A0f
300 .
00 | ' 7

2 .. JPEDERSEN JHALL® 8.03 amp/m
0.64 amp/m (ELECTROJET, WESTWARD)
100 - ‘ ' .

A=663 A=639
0_ T T T L | T T T T
0 200 400 600 800

DISTANCE FROM FORT CHURCHILL (kilometers)

Figure 4.21 The observed transverse magnetic dlsfurbance
detected by satellite (top) and model of the currents
system (bottom); after Armstrong and Zmuda (1970).
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4,5 Maximum and Minimum Electrojets

- The rotation of the electric field relative to the érés and
the auroral zone will change the magnitude of the electrojet non~
linearly. For example, maximum current will flow in the auroral
éhannel when the vector sum of the Pedersen and Hall currents are
in the direction of the channel. The same electric field used for
the Pedersen sheet current model was used for the maximum and
minimum electrojet models; thus the magnitude of the different
currents can be compared. The angle of rotation of the horizontal’
electric field vector to produce the maximum westward current is
determined from the tangent of the integratea Pedersen and Hall
conductivity. The current ratio varies slightly for the different
ionosphere profiles but an average value of 12° is.adequate for the
angle of rotation. The southward electric field must then be
reoriented 12° to the west of south to produce the maximum auroral
electrojet (shown in thé first 150 km, Figure 4.22). Thé components
ofvthe electric field and integrated cgrrenﬁ as a function of the
distance across the arc are shown in the first haIf‘ of Figufe 4,23,
This westward electrojet is 8% more interse than the Hall current
electrojet in section 4.4; the two models have electric fields of the
same magnitude.

The minimum westward electrojet occurs when the westward
component of either the Pedersenor Hall current cancels the eastward
current of the opposite component. Exact cancellation of these
currents requires slight changes in the direction of the electric

field across the are. The east-west current is minimized when the
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electric field is in either of two directions. The relative magnitude
of the Pedersen and Hall currents in the ionosphere depends on » |
the height conductivity profile and occurs £or this model when the .

electric field is 68° west of north and 68° east of south. _The

currents in the meridional plane are assumed tO flow along the field

1ines upon reaching the edge.of the auroral {onosphere. The contours

of the electrojet current which result from the yariations in

conductivity for the different jonosphere models are shown in the

150 to 300 km section of Figure 4,22 The- electric field variation'

and.integrated currents for this model are also shown in the 150 to

300 km gection of Figure 4.23. An interesting feature of Figure 4,22

is tee approximately equal components of the Hall (110 km eastward)

and Pedersen currents (130.km westward),‘flowing in opposite directions,

and respectively increasing and decreasing jnside the arce arge’

field—aligned currents flow downward on ehe nor;p gide of the arc in

the second model, upward on the southern side, and upward between the

arcs. Antiparallel currents f£lo¥w in the arc of the first model.

_4.6 Heating and Winds from Currents

_Joule heating of the jonosphere can be calcelatedAfrom equation
3,61 which describes the scalar peoduct of tﬁe current with the
‘electric field.. The contours showniin Figure 4,24 are of the Joule
heeting for the Hall electrojet, meridional and field—aligned currents
in Figufe 4.17 and 4.18. The maximum heating occurs outside the arcs

as predicted by Cole 1971). The maximum heating rate for the

substorm is 80 aJ/m% at 125 km or a column heating rate of 50 mJ/m?s3
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“Figure 4.25 Horizontal winds resulting from electric fields
for the Hall electrojets in Figures 4.17 - 4.19.
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Figure 4.24 Contours of joule heating (nJ/m3s) caused by the
currents for the Hall electrojet in Figures 4.17 - 4.19.
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this is the same figure obtained By Cole (1571) for heating in the
day time E-region assuming a 100 ijm electric field normal to the
ambient magnetic field. For auroral conditions he estimates heating
rates a factor of 10 to 100 mofe than the above during majox
geomagnetic storms which is comparable with the 0.5 uJ/mgs obtained
for the storm in section 4.4. The heating rate for storms is
capable of causing significant changes in the meteorology and
aeronomy of the upper atmosphere (Cole, 1971).

The electric fields in phe auroral ionosphere will cause
neutral winds in the F region by means of ion drag forces. These
winds will redistribute the ionization in the F region (possibly
causing the "troughs" observed by the Tsis and Alouette satellite
topside iomospheric sounders) and also will alter thermospheric
motions through the process of momentum transfer. .The neutral
winds were calculated by expression 3.57 for the two Hall current
models (shown in Figures 4.17 and 4.18) and are represented in
Figure 4.25 by arrows with ‘the east-west Eomponent rotated to the
vertical for plotting. The logarithm is taken before plotting to

encompass the dynamic range and direction of the winds. The winds
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in the lower E-region (100 km) are northward at about 10 m/s increasing

to ~100 m/s at 125 km. At altitudes of 140 lm the winds are north-
eastward at ~200 m/s but rotate to the east at 200 km reaching
velocities of 200-500 m/s. The winds are ~50 m/s and to the east

at 150 km, immediately above the arcs.




CHAPTER 5
AURORAL CURRENTS
5.1 Observations and Ionosphere Model
The dynamics of the electrojet -and the limiﬁations of magnetic
analysis account for the ambiguity of the current system fo? polar

magnetic substorms deduced from magnetograms. There are two possible

‘paths for the return current of the electrojet: one is through the

ionospheres in the polar cap and midlatitude regions, and a second
is along magnetic field lines to the magnetosphere. These paths
are difficult to resolve using solely magnetid'field observations
becﬁuse of the similar magnetic variation patterns caused by the
current flowing in the two circuits. The magnitude and location of

the field-aligned currents are not known, nor is the cause of these

currents. Another unknown is the contribution of auroral arcs to

the enhancement of the electrojet and field-aligned currents. 'the
driving mechanism of the auroral electroﬁet and*the resultant field-
aligned currents is central to the understanding of the dynamics of
the auroral ionoéphere and polar magnetic substorms as well as their
relationship to the magnetosphere. Combining the information on
electric fields, electron densities, and magnetic fields obtained
simulfaneously along a meridional profile can provide some of the
answers as well as independent checks. The spétial distribution of
{onization could not be determined for the August 3, 19@9 substorm,
however the electric and magnetic fields were measured at a few
locations along the meridian. The direction of the currents, the

relative contributions to the current by different electric fields,
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and ionosphere models can be compared using the two independent
methods. The development of a substorm and the undulations during
its lifetime could be functions of variations in the ionosphere or
in the direction and magnitude of the electric fiéld.

Shoén in Figure 5.1 are the locations of ?he electric and
magnetic field observation points for the joint project of Drs. F.S.
Mozer and G. Rostoker. Electric field measurements were obtained
from 4 balloon;borne probes at each of the 6 sites for a maximum of

24 hours for each flight. During the 2-week experiment the magnetic

field was monitored continuously by flukgate magnetometers (Serson,

- 1957) and recorded in digital form on magnetic tape at each site.

The three electric field components were sampled at 1/2 second
intervals. Later the data was despun frof the rotating balloon and

oriented into geomagnetic coordinates. The theory and validity of -

magnetospheric electric field measurements by balloon-borne probes

is discussed by Mozer and Serlin (1969), Mozer and Manka (1971), and
Mozer (1971). The electric fields were mapped through the ionosphere
fromD regionheights of 75-80 km using expressions 2.69 and 2.70.
Figures 5.2a and b show the electric field variations to be con-
tinuoﬁsly turbulent and seemingly independent of the magnetic field
fluctuations.

The three orthogonal components of the magnetic fie;d were
digitized at 1 second intervals and recorded in a nonstandard form
on computer magnetic tape. Nonstandard digital recording was used to

provide a second parity and magnetic component identification check.
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Before digitization, the analogue signalg Were filtered to prevent
aliasing during the Tecording (Samson, 1971). The megnetometers have
2 noise levej of lesg than 1 p7 and the fluxgate detectorg were burijed

to reduce their thermai driftg, The time from g WWVB Teceiver yag

he Sorracted geomag
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an array facili:ates cross-sectional studies‘and also development of

polar magnetic substormg and the aurora. The meodel current System
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the H Gmagnetic north) component, During the Substormg the variationg
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a meridian across the auroral zone. )



100 nT

CAMBRINGE BAY

FT. CHIPEWYAN

9 00 9 30 10 00 10 30

TIME UT

Figure 5.2b The time variation of the geomagnetic field components
at stations along 8 meridian across the auroral zone. H is magnetic
north, D is magnetic east and 2 i8 vertical.

11 00




119

observatory data at Baker Lake were also used to aid in understanding
the spatial and temporal development of the substorm. The electric
field variations in Figure 5.2a appear to have no relation to the
substorm in Figure 5.2b. For example, the large enhancement in the
electric field at Yellowknife at 1000UT would drive an electrojet
current 4 times that which would occur at 0945 UT; however, magnetic
field variations at Ft. Chipewyan indicate the current is less at
1000 UT. At 0900UT the commencement of the substorm is also mnot
correlated with any sudden change in the electric field occurring at
any of the observation sites. However, the electric field does
change direction from northwest, the direction for producing a minimum
electrojet, to southwest, the condition for a large Hall and Pedersen
driven westward current. The varying magnitude and direction of the
electric fieid when combined with a dynamic ilonosphere can produce a
complex system of east and west electrojets, and field-aligned currents.
The conductivity for the ionosphere-electric field models of the
electrojet were constructed from atmospheres and ionospheres which probabiy
occurred during the substorm. For the calculation of collision
frequencies used in the conductivity expressions, the model atmosphere
was a summer model fot 60° 1atitude using a solar flux value of 188
and the planetary magnetic ;ndex Ap, of l4. The method of. calculating
the atmosphere from temperature and mean molecular weight height
profiles is discussed in sections 2.3 and 2.4. Table 1 lists the
input parameters for the model atmosphere and some of the calculated

quantities. The atmosphere model is probably a close approximation
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to the actual conditions. Visual observations were used to model

the iomnosphere but the same twin arc structure was also retained

for comparison with the previous theoretical models and for comparison
of the electrojets. The ionosphere profiles were éalculateg from
expression 2.62 and then combined to form appropriate model cross
gections of the auroral zone ionosphere. To make the resultant
east-west current similar to the current obtained from magnetic field
analysis the models of the arcs and thé regions adjacent to the arcs
were varied in size and brightness. The integrated meridional and
eleﬁtrojet currents flowing in the arcs were assumed to have the same
current density #s the currents in the region adjacent to the arc.

The ﬁodel combines the features of the Pedersen sheet current model

in section 4.3 and the Hall current model in section 4.4 and is 2
reasonable estimate of the conditions inside the arc. Thesé currents are then
1ndependentof the arc's brightness but afe now dependent on the
currenés in the region adjacent to the arc. The nondiscréte auroral
regions surrounding arcs possibly extend for several hundred kilo-
meters and probably coincide with the jess turbulent electric ?ield
observations which the palloon-borne detectors effectively measure.
The eiectric field components inside the arc were calculated from the

following expressions,

E = Cpx BY (5.1)



.to the arc.

section 4.1, the ionosphere model consists of the same 50 kR arcs
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ZHJX +ZXJ
E = —2X—PJ . (5.2)
A S
P H
where Zp and‘ZH are the integrated Pedersen and Hall conductivities

inside the arc, and Jx and Jy are the integrated currents adjacent

5.2 Auroral Currents During a.Substorm
The polar magnetic substorm on August 3, 1969 is modelled by !
constructing appropriate ionosphere cross-sections having a .
conductivity distribution such that the ébsegved electric field
will produce a ccurrent equai to that inferred from magnetic field
analysis. Profiles were constructed at 7.5 mitute intervals during
the 1 hour substorm period. The first latitude profile at 0900 UT
immediately precedes the sudden commencement of the polar magnetic
substorm and shows the observed electric fiéld cpnfiguration

producing a minimum east-west current. The current model is

similar to the minimum electrojet model in section 4.5, having a i,

large meridional current flow through the two bright arcs. As in

but the adjacent regions are 1 kR instead of the previous 2 kR;

otherwise all the dimensions and parameters are the same. The

" arcs are assumed to be at 70° initially, then moving southward to

about 67° before the substorm. Shown in Figure 5.3 are the
integrated Pedersen and Hall conductivities and the electric field
components used to model the current system. “The maximum electric

fields corresﬁond to the observations by the Yellowknife probe and
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and the minimum fields inside the arcs have been calculated from
expressions 5.1 and 5.2. The other observed electric fields along
the meridian are shown in Figure 5.5. The westward electric field
outside the arcs was assumed constant across the section at_20 mV/m
but the northward component decreases from 9 mV/m on tﬁe equatorial
side of the arcs to 6 mV/m on the polar side of the arcs.

Thg resultant electrojet has an integrated westward current
of 25 mA/m in the southern arc and 55 mA/m in the northern arc
(Figure 5.3). 1In Figure 5.4 the current density contours in the
cro;s-section show a small eastward electrojet (1pA/m?) flowing
below 110 km while the westward electrojet (2uA/m?) is at 130 km.

The eastward electrojet is approximately 20% of the 10.6 kA west-—

. ward electrojet: In Figure 5.3 the meridional current decreases

only slightly from 0.27 A/m to 0.25 A/m with increasing distance °
across the arc. The meridional current is 10 t%mes that of the

electrojet and flows down the magnetic field lines on the equatorial

side of the arcs, northward through the ionosphére and up the

magnetic field lines on the polar side of the arcs (Figure 5.5).

The current density determined from magnetic field analysis

(section 3.2) is also shown in Figure 5.3. The current distribution
has been calculated from observations of the magnetic field
variations along the meridian and has been corrected fo; induction

using an identical current mirrcredat a depth of approximately 315km.
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Figure 5.3 Variations of the conduetivity and electric
resultant currents as a function
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In Figure 5.3 the current profile obtained from the magnetic field
analysis 1s smoothed and distributed over a larger fegion because
of_the inherent resolution limitations in the analysis. Magnetic
field analysis of ground based observations also'cannot uniguely
identify the short meridional currents connecfed to the antiparallel
" field-aligned sheet currents.

The composite diagram in Figure 5.5 Fhows the ionosphere
electric field model of the current system as well as the magnetic
field lati£ude profile and the eastward (E) and northward (N) profiles
for the electric field components. The Ebserved northward horizontal
(H) and vertical (Z) components of the magnetic field variation are

"shown together with the horizontal (By) and veitical (Bz) components
of the magnetic field of the ionosphere electric field current model
and finally the latitude profiie of the horizontal coﬁponenc (B§e) of
the ionosphere elgctrojet determined from mégnetic field analysis.
Direct compérison of the two magnetic field profiles (By’ B&e) can
be made as they are calculated from the two independently obtained
auroral ‘electrojets. The poor comparison of By and Bye in Figure 5.5
can readily be accounted for by the errors in baseline determinations
in magnetic field analysis and the unknown spatial distribution of

.the electron density in thevauroral ioﬁosphere and of the electric
field. Small changes in the direction of the electric field or in
the electron density of the ionosphere model could produce an electro-

jet with a magnetic field, By’ exactly the same as»Bye. The main
feature of the ionosphere electric field model is the small electro-

jet even though two bright auroral arcs are present as well as a
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typical auroral zone electric field. The low magnitude of the
electrojet is due to the angle of the electric field with respect
to the channel of auroral ionization, causipg the Pedersen and
Hall components of the current system to nearly cancel.

The meridional profile at 0907 UT corresponds to the polar

‘magnetic substorm shortly after the onset of its expansive phase,

during which the Ft. Chipewyan magnetometer recorded -200 nT. The
ionosphere model for the sectian was simiiar to previous models

which have the region surrounding the arcs corresponding to glows '
of 2 kR (Figure 5.6). At Yellowknife and Uranium City the westward

electric field is 30 mV/m and the meridional component of the

‘electric field is now southward and varies from 11 mV/m to 7 mV/m

across the section (Figures 5.2a, 5.6); Constant meridional and
a1ect%njet currentg ingide the arce a2rce a2scumed and the unknown
electric fields calculated from expréssions 5.1 and 5.2. The
current.in the res&ltant electrojet was 107 kA p;oducing a magnetic
field of -128 nT, while the ionosphere current from magnetic field
analysis,had a magnetic field of -134 nT. For the two electrojets

the corresponding current densities are 0.4 A/m and 0.35 A/m (Figure .

5.6). For the ionosphere electric field model in Figure 5.7 the

‘maximum current density is 10uA/m2. The electrojet is 280 km in

. width extending from 100 km to 150 km in height with the maximum

current density at a height of 133 km. The field-aligned current -
flow is downward on the equatorial side of the arcs and also between
the arcs; it subsequently flows northward thrdﬁgh the ionosphere

where the integrated current density is 0.35 A/m (Figure 5.6), and
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finally there is an intense upward current flow on the polar side

of the arcs (Figure 5.8). The close similarities between the magnetic.
field profiles (Figure 5.8) of the ionosphere electric field model

(By) and the magﬁetic field anélysis mo&gl (Bye) is fortuitous,
considering the scant data for both models.

The magnitude of the H component of the polar magnetic substorm
gradually decreases to ~ -50 nT by 1007 UT. The electric field
remained fairly constant and is in the southwest direction at Uranium
City but increases to ~100 mV/m southward at Yellowknife. The

southward component of the electric field at McMurray decreased

until at 1007 UT it was negligible (Figure 5.2a). The variation in

the vertical (Z) component of the magnetometer at Ft. Chipewyan is
small indicating the center of the electrojet is over the station.

An example of the current system during the decay phase of the
substorm is the cross-section at 0915 UT. - The ionosphere for the
section is the same as at 0907 UT (Figure 5.9), but the westward
electric field is now 25 mV/m and the soﬁthward éomponent decreases
from 11 mV/m to 4 mV/m (Figure 5.9). The resultant westward electro-
jet current (Figure 5.9) was 91 kA with a maximum current density of
11yA/m? occurring at a height of 112 km.. This current density
dgcreased to 7ﬁA/m2 while increasing to an altitude of 125 km towards
the poléward side of the cross-section. As shown in Figure 5.10,

the meridional current in the ionosphere was 0.3 A/m northward,
resulting from current glowing down the magnetic field lines on the

equatorial side of the electrojet and upward on the poleward side.
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Tne magnetic field from the ionosphere electric field model (B ) is
-111 nT under the arcs. This is comparable to the magnetic field
(B ) of ~105 nT due to the ionosphere current (Figure 5.9) derived
from analysis of the magnetic field variations across the auroral
zone (Figure 5.10). '

An exampie of a situation where current flows up the field lines
between the arcs ocours at 0922 UT. Except that the auroral
ifonosphere is 20 km narrower than in the previous case, -its cross-
sectional structure is the same as that at 0915 UT (Figure 5. 12)

The westward electric field is 20 mV/m while the southward component
increases across the section from 10 mV/m to 22 mV/m. The resultant
westward electrojet current increases to 0.4 A/m at the northern edge
of the current system where the meridional current decreased to 0.08
Ali. Tigure 5.11 shows the m ridion
by a downward field-aligned current on the.equatorial side of the

arc (resulting from a decrease in the ionization and the electric
field), and in’upward flowing current between the arcs (due to the
increasing southward component of the electric field), and on the

polar edge of the arcs (caused by an abrupt decrease in the ionization).
The magnetic field‘produced by the ilonosphere electric field current
model is in agreement with the observed magnetic field analysis

model  (Figure 5. 115 . '

The remaining sections from 0930 to 1007 UT are all similar in
form with the strength of the electrojet gradually decreasing due to
a decreasing conductivioy associated with the weakening aurora. The

large 100 mV/m southward electric field at Yellowknife during this
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time, (which would drive a meridional current system consistent
with that observed by Armstrong and Zmuda (1970)), is not effective
because of the low ionization in that region. The lonosphere model
required to fit the observed electric figlds and magnetic fields
consisted of two diffuse subvisual 2 kR arcs surrounded by a typical
auroral zone night sky without aurora (see Figure 5.13). The
electric field at 1007 UT is nearly the same as for the model at
0922 UT. The westward component is now 12 mV/m'and the southward
component increases from 18 to 29 mV/m towards the north. Inside
the.subvisual auroral glows, the electric field is calculated from
expressions 5.1 and 5+2. A small eastward component of the electric
field is required inside the second region of auroral glow to
maintain constant meridional and electrojet current density across
the section, The maximum westward current density is 0.1 A/m while
the southward meridional current is 0.06.A/m. The field~aligned
current (Figure 5.15) flowed down on the polar side of the arcs then
returned to the magnetosphere in the region betwéen the faint ares.
The total current in the electrojet (shown in Figure 5.14), is 26 KA
which produces a magnetic field of =31 nT at the earth's surface
compafing favourably with the =35 nT magnétic field from the electro-
jet as determined from the observed magnetic variations,

Magnetic field variations of the order of 50 nT are often
Present after a substorm and can be readily explained by the sub-
visual arc model and average auroral zone electric fields. Larger

magnetic variations could be expected after storms and substorms
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which have been accompanied by pright active aurora. Because of the
larger latitudindl extent of magnetic storms, electrojets could flow
in other than the east-west directioﬁs, producing significant
fluctuations in both of the horizontal components of an observing
magnetic station. Enhanced magnetic variations are also observed

at dawn (Mayaud, 1967) and are probably due to the order of magnitude

increase in the E layer ionizatién by solar radiation.

5.3 Field-aligned Currents

The return path of the auroral electrojet was pbstulated by
Birkéland (1908, 1913) to follow the magnetic field lines into the
magnetosphere. These currents have not been observed as yet, possibly
because of their short duration of probably not ﬁore than ten minutes
and possibly because of their small spatial distributions or ambiguity

due to other currents. The magnetic declination variation patterns

) observed on the earth have been interpreted in terms of field-aligned

currents (Bonnevier et al., 1970, Kisabeth and Rostoker, i971), but
can also be interpreted by jonospheric currents (Fukushima, 1969) .

The Birkeland curremts can be determined from the jonosphere-electric
field models by agsuming divergence free conditions for the electrojet.
Cross sections consfructéd at intervalé during the substorm in the
previous section can be assumed as typical samples of a westward
travelling surge. Substormlcurrent systems have a length of ;1000 km.
Changes in the current flowing from oné cross section to another must
be completed by an equivalent current flow into the ~reglon . between

the cross sections. This current must flow along the field lines
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because the conductivity and the electric field are too low for
significant currents to flow in the midlatitude or polar ionospheres.
The.field-aligned current was comf;ted using expression 3.17 over

5 km of the cross section from ‘80 to 230 km in height and 300 km
across for each of the 10 sectioms.

The field-aligned current and the ionosphere electrojet were
then integrated across the section at each height. The integrated
currents for the longtitudinal section are shown in Figure 5.16 as
arrows. The more intense current flows upward immediately aftér the
commencement of the substorm ﬁntil the peak of the expansive phase
of the substorm. This interval of time is approximately 10 minutes
and may correspond to a wes?ward displacement of 100 - 200 km.
Because the field-aligned current is distributed over this longtitudinal
nal width of ~250 km, ilie area occupied
by the 107 kA electrojet at 0907 UT is ~25 Mm® implying a field-
aligned current‘deﬁsity.of ~5uA/m2. The‘magnet;C‘field of the
distributed fieid—aligned current is ~130 nT at satellite heights.
Howevef, at the same time, field-aligned sheet currents occur on
either side of the Birkeland current (Figure 5.17) and for a meridional
current of 0.4 A/m (Figure 5.6) the magnetic field between the sheet
currents is ~500 nT. The Birkeland current would thus contribute

only a small magnetic field variation that would skew the.rectangular

shape of the magnetic field pattern between the sheet currents.
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The Birkeland £ield—aligned current f£1lowing into the 1onosphere
electtojet occurs during the decay phase of the substorm and is
much less intense. The substor® subsides over the period of an hour,
during which it's current gystem may have moved 500 - 1000 km. The
field—aligned current density in the‘decay phase j¢ then NO.&uA/m?
yesulting in a negligible field yariation at the satellite- The
' meridional current across the arcs decreasts to about 0.1A/m during

the decay of the gubstor® and would result in an n125 nT disturbance

around the porthern arcC, giving a distance petween the field—aligned
gheet currents of n150 km and 2 resulting magnetic field perturbation
of 60 nT at satellite heights.

The complete gystem of currents £1lowing in the ionosphere and
along the magnetic field into the magnetosphere_is depicted in
Figure 5.18 for the sdbstokm of August 3, 1969. The currents have

been calculated from appropriate models of the auroral ionosphere,

the theoretical models of the current flow across the arcs: The

jn the eastward magnetic field component consistent with that observed

on the ground by the 1at1tudinal array of gtations. Finallys the
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Figure 5.18 The horizontal magnetic field componeﬁt, H, along the central
meridian on the earth's surface of an ionospheric DP, Birkeland DL, and a
partial ring current DR as well as their sum D. The line current model has
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_magnetic field of the antiparallel sheet currents has the same
rectangular variation pattern as observed by Amstrong and Zmuda (1970).

.Thevmagnetic field for the Birkela;d current and the partial ring .
current were calculate& using expressions 3.33 - 3.45 and are shown in
Figure 5.18. The central meridian of the line current model (Bonnevier
et al., 1970) corresponds to ~0907 UT. The contribution of  the Birkeland
current and the partial ring current to the magnetic perturbation pattern
is ~15 nT or ~117 of the maximum perturbation.. Correction for this
contribution to the observed magnetic field perturbation would reduce

the magnitude of the electrojet‘by a similar amount. The system of
currents propoéed in this section satisfies present observations but could
be supplemented with additional weaker current systems that are not
réadil& detectable. Such currents could result from localized regions

and

of ephanced conductivity or electric fislde during aurcral and

magnetospharic conflagrations.
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- CHAPTER 6

CONCLUSIONS

A method has been presented to facilitate the study of
ionospheric current systems from either theoretical considerations
or fromvobservations. Model current systems can be constru;ted
from measurements of the electric field and iénospheric parameters
and verified with models from magnetic field -analysis. The
computer programs developed for calculating and displaying the
currents, their parameters and their interactions can be used to
determined’theoretical current flow during polér magnetic substorms.
Determination of the ionospheric conductivity requires a detailed

study of the gyro- and collision-frequencies of the ions and

electrons. Observations of ionospheric parameters, electric, and

magnetic fields are required over a large volume of the aurcral

region for modelling the current systems. The cause of the auroral
electrojet is explained in terms of its driving ﬁechanism; and the
resultant magnetic fields predicted from the current systems fit the
present observations.

Exact expressioms for the gyrofrequency and collision frequency
were studied to determine their contributions to the con&uctivity.
The gyrofrequency was calculated from accurate modeis of the geo-
magnetic field and from a height dependent mean molecular weight -
profile. The electron collision frequency was determineé from
expressions involving each of the constituents of the neutral

atmosphere and a nonthermal equilibrium plasma. The negative and

positive ion collision frequencies were also calculated from expressions
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involving each of the constituents of the neutral atmosphere and a
nonthermal equilibrium plasma. The negative and positive jon
collision frequencies were also calculated from expressions for each
of the beight dependent gas constituents of the upper atmos?here and
their temperature dependent cross sections for momentum transfer.
The neutral atmosphere density and temperature for the collision
frequency calculation, were determined as a function of height fof
the approprilate season, latitude, time and thermosphere. An
expression for the electron density in the auroral ionosphere as a
funﬁtion of the height and auroral brightness was developed from
theoretical considerations using the electron continuity equation.
The éxpression éncompasses the large dynamic range of the electron
density during auroral displays, while mdintaining a simple and
smooth relationship with the auroral brightness and height. This'
expedient method of obtaining the volume'distribution of the
electron density from photographs or auroral scanners, significantly
simplifies the construction of auroral ionospheres and the
obgervational requirements. ExpréssionS’were also determined for
the height dependent negative ion density and for ‘the electron
tempefatures as a Function of the height andeuroral.brightnesé. The
ion temperature was determined from the thermal imbalance between
the electrons and neutral particles.

The electric field was determined from observations and from
theoretical considerations of the current flow. The electric field
was mapped along maé;etic fieid 1ines to the ionosphere from- the

point of observation: Electric fields were also determined in the



auroral arcs from assumptions of the continuity of current flow
across the arc boundaries.

The auroral cross section in the meridional plane was assumed
sufficiently thin so that changes in the current density of the
electrojet were negligible. Solution of the field-aligned sheet
currents was then obtained by assuming a divergence-free current
system. The electric field along the magnetic field lines was
calculated from the field-aligned current. The magnetic field of
the ionospheric electrojet was calculated along the meridian and this
compared favoufably with the observed magnetic variations which had
been corrected for effects frqm currents induced in the earth.

The electrojet cross sections constructed during the substorm were
assumed typical of the spatial extent of the substorm thus permitting
the Birkeland field-aligned current to be solved by assuming
divergence—free conditions for the electrojet.

A twin arc model of the auroral ionosphere was constructed in
order to compare different current systems for simple electric
field models. Auroral electrojets driven by only 2 meridional
electric field produced‘a Hall current three times that of the
Pedersen electrojet driven.by a direct electric field of the same
magnitude. For an electric field constant in strength across the
arc, the current density'inside the arc is six times that in the
surrounding diffuse aurora. Observations indicate the electric
field in an arc is considerably less than in the adjacent regions.

A Pedersen electrojet was modelled such that the current density
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across the arc was constant and equal to that outside the arc, which
resulted in a horizontal sheet current flowing westward through the
ionosphere. The westward electric field insiée the arc was
approximately 1/5 that in the diffuse aurora. A polarizati?n-electric
field in the afc was added to the Pedersen sheet current model and
resulted in the current in the arc being enhanced by a factor of 7.
The large antiparaliel field-aligned currents at' the edge of the
polarized arc have not been observed and are probably not physically
tenable, so the amount of polarization is likely small. Theoretical
models of Hall electrojets were also made having reduced electric
fields inside the arc. The first model had the same ionosphere and
elecéric field configuration as the Pedersen sheet current model and
resulted in twice the current density. The second Hall electrojet
modei had the meridional current density constant across the arc and
resulted in a 25% increase in the currenf density in the arc. Both
Hall current models and the Pedersen sheet current model fit the
observations, so the real current system, which could also be a
combination of Hall and Pedersen current, could only be resolved
by detailed measurements within the arc;4

.The auroral zone lonosphere is essentially a phannel 300 -
700 km wide and extending 1000 km or more from dusi to dawn. The
maximum current will flow in the channel when the vector sum of the
Pedersen and Hall currents is in the direction of the channel. This
occurs‘when the electric field is 12° west of south for a westward
electrojet and 12° east of north for an eastward electrojet and

results in m 8% increase in magnitude over a purely Hall current.
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Minimum current will flow in the direction of the channel when the
Pedersen and Hall currents cancel, which occurs when the electric
fieid is approximately 68° west of north or 68° east of south. The
meridional current is maximum for a null electrojet and also results
in maximum antiparallel field—aligned currents on either sioe of the
arc region. The. field—aligned current yresults from & decreese in
either the conductivity oF the driving electric field or from
coincident small reductions in both parameters;

The rate of Joule heating from the curre ents for a small substorm
was the same as the heating during the day. A moderate storm has a
Joule heating rate six times that of the small substorm and is
potentially capable of affecting the meteorology of the upper
atmosphere. Current induced winds for the small substorm model were

- 4 ! o = 4 densd £ 10 1 dmmm=nadniE ann
ﬁGr»hW&rd at 10 m/s av an aleitude Ox 00 k= .A.uu.\.cas.n.us to «uv

n/s
above a’height of 140 km. The maximum wind and heating rate was not
within the arc, but in,che large region of auroral glow adjacent to
the arc; conseouently the whole of the auroral zomne ionosphere and
upper atmosphere 18 affected.

Current systems for a substorm were modelled from electric
field observations and a theoretical auroral ionosphere to fit
magnetic field variations along the same meridian. .The main features
of the substorm were caused by changes in the electric field direction.
The electric field direction pefore the commencement of the substori

was in the configuration for a minimum electrojet current. During

the expansive phase of the substorm the electric field direction
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changed to produce a large westward electrojet. The electrojet

then consisted of equal contributions from Hall and Pedersen currents.
The typical auroral ionosphere model required a small electric

field in the arcs to obtain an electrojet consistent with that
predicted by ground based magnetic variationms. The electrojet model
had constant current density across the arcs and was similar to a
sheet current approximately 280 km wide and flowing between 100 and
150 km in height. The current flowing in the meridional direction
required sheets of field-aligned current.on either side of the
Lelectrojet for current continuity. The rectangulaf magnetic field
variation observed with orbiting satellites would also result from
the antiparallel sheet currents and has similar magnitude and spatial
extent as those calculated for the models.

Decreasing conductivity‘and a gradually weakening electric
field characterizes the decay phase of the substorm. The small
electric field in the arcs is still required to limit the magnitude
of the electrojet to that inferred by magnetic field analysis, which
has been corrected for induction to approximately 2/3 of the observed
field. The westward componerit of the electric field remains more
constant in time and space than the meridional component. Hence the
latter can more readily alter the elctrojet and field-aligned current
flow. An ionosphere of low conductivity was required for the final
stage of the substorm because the electric fields had decreased little
during the substorm and remained in the direction for optimum current
flow. The model ionosphere consisted of an auroral free ionosphere

surrounding two very weak diffuse aurorae. Within these arcs
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the electric field was also reduced so the resultant electrojet would

~ conform with that inferred from magnetic field analysis. The

meridional current in the final stage was southward and opposite to
that during the decay phase of the substorm; furthermore curFent
reversals in the adjacent field-aligned sheet currents also appear
to be necessary.

Electrojet cross sections constructed for the substorm
disturbance time were assumed to be representative of a westward
travelling current system,‘which enaﬁled the Birkeland current to
be éolved from current continuity requirements. The Birkeland
currept flowed upward during the expansive phase of the substorm
with a density and associated magnetic field perturbation 1/4 that
of the enclosing antiparallel sheet currents. Birkeland qurrents
flow into the iomosphere during the decay phase of the substorm in
the form of a sheet 200 km wide and possibly 800_km long. This
Birkeland current density was a factor of 10 less and the magnetic
field was approximately 1/5 that of the upward flowing Birkeland
current. The downward flowing Birkeland current was also immgrsed
in antiparallel sheet currents which have twice the ﬁagnetic field
variaéion as the Birkeland current at satellite heights. However,
the magnetic fields of the antiparallel sheet currents canéel outside
the region enclosed by the currents, permitting observation of

magnetic perturbations of the Birkeland currents.
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The polar magnetic substorm analysis required many assumptions;

. .while a crude fit to the observed electric field and magnetic field
perturbation pattern was achieved, other related measurements were
not available so conclusive proof of the relationship between field—~
aligned currents and the ionosphericAauroral electrojet was not
possible. The method of analysis is capable of providing insight
into the physics, mechanisms, and dynamics of ionospheric current

. systems, and field-aligned currents and linkages to the magnet;sphere,
as well as possible auroral mechanisms. Present technology can
inco;porate many of the appropriate instruments in one satellite
or rocket whose measurements must be coordinated with ground based
data for a complete delineation énd understanding of the currents.
Data obtained from latitudinal arrays are well suited for merging

. with observation from polar orbiting satellites. The satellite data
together with the ground based data could.then Bg expected to
provide answers about the configuration of the three-dimensional
ionospheric-magnetospheric current system associated with auroral
phenomena. The relationship among currents, particle precipitation
and electric and magnetic fields together with the behaviour of the
ionospﬁere and upper atmosphere are essential for understanding our

inner space environment.
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