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Abstract

Ground based magnetometer data have been used extensively in
the past to infer the pattern of equivaient current flow above the earth's
surface. Hcwever it was not possible to assign real current flow character-
istics to the ionosphere and magnetosphere-until in situ mapping of field-
aligned current flow penetrating the auroral oval was carried out. Enhanced
knowledge of real current flow permits the use of more sophisticated
techniques to quantitatively evaluate the behaviour of the aurcral slectre-
jets which are responsible for the major magnetic variaticns observed at
the earth's surface. This report describes the development of inversicn
techniques which can be used to provide quantitative information on the
strength and distribution of auroral electrojet currents in the evening
sector. The model current systems used involve both the ncrmal three
dimensional current loop whose ionospheric portion is the east-west
electrojet, and the north-scuth Pedersen ionospheric currents linked to
the magnetosphere by east-west oriented field-aligned sheet currents. We
demonstrate, in this report, the ability of this technique to detect
multiple electrojet configurations in the evening sector auroral oval.



Introduction

It is now generally accepted that the cuter regicns of the
earth's magnetosphere are coupled to the ionosphere by field-aligned
e1ectric.curreﬁts (Birkeland, 1908, 1313; Al1fvén, 193G; Fejer, 1961;
Kern, 1962; Bostrém, 1964). The magnetic effects of these currents
have been detected above the aurcral oval using polar orbiting satellites
. (Zmuda et a]g, 1967; Zmuda et 2l., "1970; Armstrong and Zmuda, 1970,

1974) and using ground based magnetometer arrays (Hughes and Rostoker,
1977).

Knowledge of the gross field-aligned current configuration
derived in recent years by Sugiura and Potemra (1976) and Iijima and
Potemra (1976) has allowed the development of models of the real magneto-
sphere-ionosphere current configuration (Yasuhara et al., 1975; Hughes
and Rostoker, 1977) and studies of the relationships among the field-
aligned currents and the icnospheric electrojets and auro;a1'distribution
(Armstrong et al., 1975; Wallis et al., 1976; Kamide et al., 1976) have
tied together many of the important auroral parameters and accordingly
improved ocur understanding of the basic auroral zone processes.

The devéiopment of coordinated ground based magnetometer arrays

now presents the possibility of mere effectively evaluating the level and
character of auroral zone magnetic activi@y through the usé of realistic
current models and inversion techniques. The solution of the inverse
problem invoives the manipulation of a suite of ground based data to infer
iongcspheric and magnetospheric current systems in the framework of a
specific current system model. The inverse problem has been formally

solved by using linzar inverse theory by Backus and Gilbert (1970) and



has been applied to the prcblem of upper atmospheric current flow by
Oldenburg (1976). In this report we shall utilize linear gnverse theory
to provide estimates of current intensity and distribution across the
auroral oval in the evening sector and in the hours immediately preceding
local magnetic dusk. We shall show that the westward electrojet pene-
trates into the pre-midnight quadraﬁt to the north of the eastward (steady
state) convection electrojet, but that it is often absent in the region

near the dusk meridian.

Linear Inverse Theory

The magnetic field perturbations from the three-dimensicnal
east-west system (Kisabeth and Rostoker, 1977) caﬁ be inverted to oktain
estimates of the height-integrated ionospheric Hail current density
(0ldenburg, 1976). Once the parameters defining the geometry of the
current system (longitude of the eastern and western field-aligned
current sheets, and the northern and southern latitudinal boundaries of
the ionospheric current) have been specified, the magnetic field observa-

tions on the surface of the earth (r=a), at colatitude 04 and

longitude ¢, are obtained from

%,
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where BjEw is any component of the magnetic field, JH(e) is the Hall

current density in Am°1, and o1 and 6, are the colatitude Tlimits of

EW

the ionospheric current. G is the Fréchet kernel or Green's function

J
for the problem and is dependent upon the geome{ry of the current system
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as well as the location on the earth's surface where the magnetic datum

is obtained.

Kisabeth (1977) has used a derivation based on magnetic charge '

to show that the magnetic perturbations from the three-~dimensiocnal
north-south current system can be computed in a manner similar to (1),

namely,

8y
NS o .- X NS 4 . $ h
Bj (a: 909 ‘bO) - el{ JP (6) GJ (as 903 ¢03 9) de J"]szs---N

where Jp(e) is the Pederson current density.
Since both of these systems exist simultaneously the ground-

based magnetic observations are

EW NS §=1,...,N
. = . + .
B B | B

Assuming that the electric field is purely north-south,

o) = 2 yle)

where oy -and cp are respectively the Hall and Pedersen conductivities.

Equations (1) and (2) can be combined to give

~
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where Gj = GJ.Ew + gﬁ-Gst is the complete Fréchet kernel fbr the problem,
and for convenience we have dfopped the subscript H on JH(B). This
formulation therefore requires that the ratio Gp/cH be known; if it is
not, this_ratid may be regarded as a free parameter which we can fee!
free to adjust until the discrepancies between the observations and model
calculations are minimized.

The inverse problem which we shall solve poses the following
question: given the N magnetic measurements B, -what can be said

J

about the current density J(e) in the region By < eO s 6, Linear

inverse theory shows that the only estimates available to us are linear

combinations of the data themselves, that is,

) .
N 2
<J(eo)> =j§1 aj(eo) Bj =e]f J(8) A (s, 90) de (6)
where
N ) .
= .’ . ’ ) . .
A(e, eo) jzl aJ\eo) GJ (e) . (7)

A(e, 90) is called the averaging function and is effectively the window
through which the current density structure is viewed.

The aj's in equation (7) can be computed in a Yariety of ways.
The method employed here is the quadratic'criterion of Backus and Gilbert
(1970) because this leads to averaging functions which are not contaminated
by sidelobes (0ldenburg, 1577). If A(e, eo) is narrow and peaked at
g = eo..then <J(eo)> will be a localized estimate of the current density
in a region near 9 = 8- Importantly, this formulation also solves the

non-uniqueness nroblem, for all poseible current densities, J{(6), which



give rise to the observations‘provide the same estimate <J( Oo)> when
they are averaged with A(8, 6,). HAlso, the observational errors (or
errors incurred by a departure of the current system from the model assumed
here) may be included in the analysis to provfde estimates of the standard
deviation, o(eo), of <J(eo)>. Our final knowiedge about the current
density at o = eo is therefore cod%fied by the three quantities:
“<d(ey)>s ole ), and A(s, 8,).

In addition to the unique estimates of the current density jt
is also pessible to cbtain estimates of the total current flowing in the
system. To complete this calculation it is desired to find a linear com-
bination of Frécﬁet kernels to ﬁake a consﬁant function in tﬁe region
8y 56 2 6,. 0ldenburg (1976) has shown that those estimates are relatively
insensitive to errors in the data and arc therefore well-determined.

Las§1y, it must be emphasized that although there exists
infinitely many current densities which will recreate the obﬁervations,
the averages, <J{e)>, will not do so. Interpretation might be facilit- ~
ated by examining some explicit current densities which reproduce the
observations. Such current densities may be found by minimizing a specific
funétiona] subject to the constraints that the observations are.reproduced.
.The additional constraint that the current density be zero at the northern
and southern 1limits of the electrojet may also be included if desired.

The functionais which lead to sets of linear equations are:

%
hos f [3{e)1? de (8)
and ;2 ﬁ
4 = f [3%(6)12 do | | (9)
. 9]

where Ney = dI(6)

de



The current densities minimizing (8) and (9) (subject to the
constraints) are respectively the “"smallest" and "f]attest“ models. To

ensure that
Jey) = de,y) = 0

it is computationally expedient to minimize
%
o = elf [f(e) 3 ()12 do

where f(6) 1is a function which is equal to 1.0 everywhere except near
84 and 92 where it rises to some larage amplitude. The minimization
of (11) subject to the constraints (5) shows that

N

1
J = e x e OG-
X TaE s s ©

where the aj's are the solution to the N x N system of equations

N -
B' = .2 a' I‘" j = ]"..,N

and
6 " :

.2 :
Tis =e]f [7(e)12 &5 (o) G, (o) do

To find the flattest model we define

6
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The minimization of (9) subject to the constraints (5) and (10) readily

leads to tne conclusion that

. N
41

Jd'(s) = n- ¥ a;H, (e) . (16)

j=1 J

where
62 . :
1 )

N - Xa. IH (e) de ) (]7)

06, 3 9 6, Y

The system of equations to be solved is

0
2 ' '
By = on JH )+ TagRy 2N - (18)
] .
where .
%
Rij = 9{ Hy (8) Hy (o) do

The current density J(e) is then readily recovered from equation (16].



Discussion of the Thecry

In order to demonstrate the app1icétion of Tinear inverse theory
in the determination of latitudinal current distributions from ground
based magnetic'data, & latitude profile of mﬁgnetic data was synthesized
from a known model three dimensional current system. The model used was
that for a three dimensional east-west uniform currenf distribution of
" strength 2.21 A/m (Kisabeth and Rostoker, 1977) with the current limited
to 4° of latitude (66° to 70°) and 20° of longitude. Five values of the
north-south (X) and vertical (Z) magnetic field perturbations were gener-
ated (Figure 1). These data were then used as input to the inversion
computer code, subject to different model parameters.

In the first example, the current was constrained to T1ie between
20° and 24° coiatitude, the same limits used in the generation of the date.
Figure 2 shows the result of the current inversion. The solid line is a -
plot of the estimates <J(¢)> from the inversion, and the Broken Tine is
Qerived for the flattest model. In this case, the estimates agree with
the.rea1 values, because of the uniformity of the real current distribution,
and because all parameters (length, width, position, etc.) were specified
to be exact]y'correct. The flattest model has been clamped at the ends
- (viz. the current has been constrained to be zero outside the latitudinal
limits read off the latitude profile) (see Eq. 16), and because we have con-
strained the current to lie between 20° and 24° colatitude, the model
current density osciliates spatially in order to fit the observations as

well as to satisfy the minimization of
%

¢ ée]f [3'(0)12 do
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Figure 1: North-south (X) and vertical components of magnetic field
perturbations due to three dimensional westward current system. The
uniform current distribution strength 2.21 A/m was centered between
66°N and 70°N.
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CURRENT. DENSITY (R/M)

Figure 2: Results of inversion of the data in Figure 1, for the case of
fixing the current limits to 20° and 24° colatitude. (====) - plot of
the current densities derived in the flattest model. (wme=——==) - a piot of
the current density estimates <J(8)>. Westward flowing current is positive
in this plot and subsequent plots of current density. Note that the
horizontal axis is colatitude.
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The second example {Fig. 3) shows the results of.re1axing the
current boundary coneraint.‘ That is, Figu}e 3 is the result of inverting
the same data as used in Figure 2, but this time restricting the inverted
current to be between 19.5° and 24.5° colatitude.  In this case, <J(e)>
is no longer the boxcar function as in the first example, but has rounded
edges. (The actual current distribution has aiso been plotted in Figure
.: 3, as a dashed line.} Outside the 1imits shown, the computer program in
effect attempts to reduce the value of <J(6)> in accordance with the fact
that there is really no current outside these limits. The broken Tine is
the flattest model which fits the data. Since, in this case, we do not
force the current to be c]amped'at.tﬁe real current boundaries, this
model is a fair approximation to the real current.

Another example is shown in Figure 4. In this case all the current
model parameters.were set to the values used in generating the data, but
the magnetic perturbations from the field aligned currents and the ring
current were omitted from the calculations in the inverse problem. In
this case, <J(6)> 1is reduced, consistent with the fact that the field
aligned currents produce -AH in the eastward electrojet regime which, in
-parf, cancels the +AH produced by the ionospheric electrojet. The result of
. this change is that the flattest model exhibits large amplitude spatiai
oscillations, indicating an incorrect model has been used.

A final theoretical example is provided by relaxing the latitudinal
extent constraint as well as including only the ionospheric current in the
model (Figure 5). Although Figs. 4 and 5 differ quantitatively, the quali-
tative nature of the two is very similar. Both give a highly oscillatory
cur}ent density for the flattest mcdel, again indicating an incorrect choice

of model.



CURRENT DENSITY (R/M)

Figure 3: Same as Figure 2 but for the case of broad current limits
(19.5° and 24.5° colatitude). The dashed line (meee = ) is @ piot of the
actual current density used to generate the data of Figure 1.
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he inversion

Same as Figure 3 (i.e. broad current limits) but in this case

only the jonospheric current contribution was used in t

calculations.

Figure 5:
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The observations described above serve to demonstrate several
features of the inverse problem. First, all the above f1$ttest'models of
current distribution (JF(B)) if used in the forward problem (i.e.. if we
ca]cu]ate. AH and AZ wusing JFA'as the current distribution) will pro-
duce values of AH and AZ that agree with the observations within the
constraints of the problem. (Figu?és 6, 7, 8 and 9 are plots of the original
dafa (X, Z) and the computed results (8, A) for the four theoretical cases
described above.) However, each of these models are different, and this
fact emphasizes the fundamental problem of inversion techniques, that of the
non-uniqueness of the result. Here we have four different models of cur-
rent density (and indeed geometry) each capable qf reproducing the observa-
tions. As discussed in the theory section, the only unique calculation that
-can be made is that of <J(8)>. <d(8)> is however dependent upon the
Fréechet kernals, Gj (equation 1), and is therefore model dependent. This
is apparent from the different nature of the <J(e)> curves for each of
the theoretical cases, but for a given model and data set <J(8)> 1is unique.

Before proceeding to the data, a brief discussion of the philo-
sophy of the approach to the modeling problem should be made. As seen in
the'theoreti§a1 results, chojce of an incorrect mcdel, or incorrect model
parameters, leads to spatially oscillatory current densit& for the flattest
models. (The same is true of the "smallest" model; indeed the smallest
model is very sensitive to errors.) However, if a set of magnetic field
values were given, and it was desired to find a model that fit the data,
and suppose that one current boundary was chosen incorrectly, then the
~ result would be similar to that shown in Figure 10. The current density

for the flattest model is spatially osci]]atory, and the current density
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Figure 6: X(m) and Z(a) perturbations calculated using the flattesi
model of current density in which the current was confined between 20°
and 24° colatitude. The symbois X and Z are the same values as in
Figure 1.
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Figure 7: Same as Figure 6 but for the case of the broad current limits.
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Figure 8: Same as Figure 6 but for the flattest model plotted in Figure 4.
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Figure 9: Same as Figure 6 but for fhe flattest model plotted in Figure 5.
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CURRENT DENSITY (A/M)

Figure 10: Results of inversion of the data plotted in Figure 1, but with
the current boundaries set.to 19.5° and 24° cclatituda. {f ===~ ): the flattest
model current densities.
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estimator curve deviates from‘the known current density at the poleward
boundary. The fit to the data in this example is very good, with a root
mean square relative error of less than 1%. Given no a priori knowledge of
the nature of the current distribution, this.result might be quite accept-
able. However, during episodes of strong macnetospheric activity iono-
spheric conductivity and electric fig!ds may become quite intense in
.'spatially tocalized regions. For such cases, one might not axpect a
smooth current distribution across the latitudinal extent of the aurorai
oval and hence use of the flattest model might not be justified. However,
in our study we have dealt only with the modelling of data obtained from
hourly averages of the magnetic field perturbations.. Since substorm
electrojet elements have a lifetime of ~ 15-30 minutes insofar as the time
scale of the inténse auroral variations are concerned, cur profiles then
smear out the effects of intense localized e]ectrojet elements. For this
reason we decided to concentrate on-the flattest models of current distri-
bution, as thay would be expected to best describe the large time scale

current configurations which our latitude profiles depict.

Analysis of the Data

The primary data suite for this study is from the University of
Alberta magnetometer line over a period of operation from day 332 of 1971
to day 24 of 1972. The meridian line lies along ~ 300°E geomagnetic, and
LMT is UT minus 8 hours (i.e. 0000 LMT = 0800 UT). The time period of
interest in this report is from 2300 UT to 0700 UT (approximately 1500 MLT
to 2300 MLT). Each station in the line is equipped with a three component

fluxgate magnetometer and digital recording system. Measurements by the
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system are accurate tc 1 nT over a range of 1000 nT, and timing is con-
sidered accurate to #0.1 s, except at Contwoyto Lake where the accuracy is
+1 min. The coordinates of the 8 digital observatories used in this study
are given in Téb]e 1. In addition, two obsefvatories (Resolute Bay, 83.0°N
and Newport, 55.1°N) are operated on the 300°E meridian By other agencies
and their data were used in this study to supplement fhe meridian line
" data.

For use in this study, the data were manipulated to produce hourly
averaged values (centared on the half hour) of each component at each
. station, and latitude profiles were constructed for each hourly interval of
interest. The horizontal éomponents (H and D) were rotated so that the
perturbation components of the field are presented in the geomagnetic
(centered dipole) system.

In order to invert such data for the latitudinal current distribution,
a model is required from which the magnetic field perturbati@ns may be
computed. As described in the theory section, the model is due to Kisabeth,
and'consists of both east-west and north-south current sheets, bounded by
field-aligned currents, with closure in the magnetosphere. However, this
model alone cannot account completely for the observed averaged magnetic
- perturbations for the magnetic local time sector from 1500 to 2300. Hughes
and Rostoker (1977) have examined the data suite used in this present study,
for all magnetic local times, and have found that there is an unbalanced
upward field-aligned current flow in the poleward part of the auroral oval
from about 1800 MLT to 2300 MLT. For the purposes of modelling, this current
is a perturbation upon the simple east-west plus north-south current model.

In 1ight of the discussion of the theoreticai modéls, it is apparent thét



Table 1

Coordinates and L Values of Magnetometer Line Sites

Site Code Name Geographlc Geomagnetlc L
Latitude (°N) Longitude ( °8) Latitude (°N) Longitude ( E) Ry

Canbridge Bay  CAMB 9.1 . 255.0 76.8 296.6 19.5
Contwoyto Lake  CONT 65.5 2439.7 " 72.6 295.8 11.3
Fort Reliance  RELI ' 62.7 251.0 70.3 300,1 8.9
Fort Smith .  SMIT 60,0 248.0 . 67.3 300.0 6.8
Fort Chipewyan FTCH . 58.8 8.0 . 66.3 . 303.1 6.2
Fort McMurray  MCMU 56.7 | ug.8 - 6ir.2 303.5 5.4
Meanook MENK 5.6 2467  6L.9 © 300.8 4.5

Leduc LEDU 53.3 246.5 ~ 60.6 302.9 Co4.2,
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such a perturbation will affect the inversion results. The main effect of
these net field-aligned currents appears in-the D (east-west) component,
and since AD is most subject to other effects, such as surges, the D
component has not been used in this study. As well, a global, average
current model has been devised (Hughes and Rostoker, 1577) and the calcul-
ated magnetic field perturbaiions from this model, for the currents situ-
ated between 0200 MLT to 1200 MLT have been remcved from the data. This
has been done to ensure that the magnetic field data used in the inversion
was due, as closely as could be determined, to current flow in the near
vicinity of the meridian line.

Regarding the superposition of an east-Qest curraent system and a
north-south current system. Mozer and Lucht (197@) have shown that for the
local time sector ]500 to 2300, the éverage auroral zone electric field is
almost purely northward, thus driving a northward Pedersen current and an
eastward Hall current. Brekke et al. (1974) have shown that for quiet
times, the ratio of the height integrated Hall to height integrated Pedersen
conductivities is ~ 2, for all local times. These observations combine to
yield an approximately constant north-south to east-west current density
" ratio of ~ 2 for 1500 MLT to 2300 MLT. Trial inversions using Hall to
Pedersen height infegrated conductivity ratios of from 5.0 to 0.2 yielded
best fitting models at a ratio of 2., and this value was used throughout
this study.

The north-south extent of the currents were determined to a first
approximation from the AZ extrema (Rostoker 1972) and expanded about 1.5
- 2° beyond this, and the east-west extrema were assumed to be local magnetic

noon and 2200 MLT, as shown in the model of Hughes and Rostoker (1977).
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Finally, before proceeding to the results of the &ata analysis,
the effects of the assume& exferna] current systems as well as the effect
of the north-south current system upon inversions of real data should be
examined. Figure 11a is a plot of three different flattest models, all for
real data from day 3, 1972, 2300-2400 UT (1500-1600 MLT) [see Fig. 11b
for the relevant latitude profilel. ' The broken line is the flattest model
- for the raw average data, using only an east-west current model. It is highiy
oscillatory, and the osciliations are of large amplitude, reminiscent of
those theoretical models in which various incorrect current model parameters
were used for the inversion. At this point, one must decide if the real
current does oscillate in this manner or if rather the real current is
smoother in character. As described above, it is inferred from this curve
that the model is at best incomplete. The dotted line is the result of
using the combined east-west/north-south current system. It is noted that
the amplitude of the excursions is greatly reduced by the addition of the
north-south current system. Lastly, the solid line is the result of re-
moving the external current systems as explained earlier, as well as using
the combination current system. The model is again slightly improved.

In summary we have shown that the predicted ionospheric current
~density distribution across the auroral oval is highly sensitive to the choice
of model. In particular, for the example shown in Fig. 1ib, we have shown
that the best model includes both the north-south and east-west iono-
spheric currents (along with their associated field-aligned currents as per
Bostrom (1964)), and that the effects of distant current distributions of
’significant intensity cannot be ignored in the evaluation of the model cur-

renf density distributicn across the auroral oval.



Figure 11a: A plot of the flattest model current distribution resuiting

from 3 inversions of the data shown in Figure 11b. {===~) is the result

when a simple three-dimensional east-west current system is used. (eesesee?)

is the result when the east-west system is combined with a three-dimensional

north-south system. (~——==) is the result when the data is corrected for

external current systems, and then modelled using a superposed east-west
and north-south current system.
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- Figure 11b:

The averaged latitude profile for 2300 to 2400 UT day 3 of
1972. The results of inverting this data are shown in Figure 1la.
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Results

A typi&a1 set of averaging functions for real data is.shown in
Figures 13-15 and the latitude profile for which these functions.were
calculated is shown in Fighre 12. The profile is'indicative of both east-
ward and westward flowing current, lying between about 62.5°N and 75fN
' (i.e. 27.5° and 15° colatitude). The averaging function for a moderate
.vélue of the trade off parameter (w/4) is shown for the northern (8 =
15.00) and southern (6 = 27.50) extrema, as well as for an inter-
%nediate colatitude (e = 20.00). It should be noted in Figure 13 that the
averaging function peaks at 16.5° colatitude, although thi§ function was
computed for by = 15°. This means that <J(8)> for 6 = 15° will Be
somewhat contaminated by values of J_ at higher colatitudes. This is not
unusual for the data to be presented here, i.e. the estimate obtained by
inversion for <J(eo)> for small eo may be an average centered at some
value of 8 slightly higher than the desired 0, This is not a major
problem in that the exact current bounds are impossible to determine
in most cases, to within less than 1-2°, from the latitude profiles. Apart
from this minor criticism, the curves of A(e, eo) for real data are
remafkab]y similar to theoretical curves and it is therefore expected
"that good estimates of <J> will be obtained.

One example of a latitude profile and its inversion, chosen as
typical for each hour between 1500 to 2200 MLT will be presented.

Figure 16 is a typical latitude profile for 1500 to 1600 MLT.
In terms of a simple ionospneric current, this profile would be interpreted
as primarily an eastward current lying between approximately 66°N and 80°N.

The negative AH north of 75° can be removed by assuming the presence of



Average 1atitudé'prof11e for day 17, 1972 for the interval

0600 to 0700 UT (2200 to 2300 #LT).

Figure 12:
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Figure 13: The averaging function
shown in Figure 12.
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Figure 14: Same as Figure 13, for 0, = 27.5°
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Figure 15: Same as Figure 13, for 0, = 20°., -
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FIELD INTENSITY

Figure 16: Average latitude profile for the hourly interval 2300-2400 UT

(1500-1600 MLT) of day 13, 1972.
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the three-dimensional current system involving poleward flowing Pedersen
current as well as the other auroral.current system across the pole in the
morning sector. The result of inverting the H and Z component data (label-
led X and Z in Figure 16 and subsequent latitude profiles) is shown in
Figure 17. The solid line is the curve for <J(e)> and the broken line is
the plot of the flattest model. The current density estimates have been
chosen from a set of estimates, one for each of several values of the
trade-off parameter. Each point on this curve was picked on the basis of_
the width of the averaging function the error in the estimate as well as
the form of the flattest model. Since the flattest model is only‘one of
infinitely many models which can be generated to fit the data, it has been
used only as a guide in deciding the form of thencurrent density estimates.
In this case, <J(8)> is roughly parabolic, with a peak at about G.006A/m.
‘The total eastward current flowing in the electrojet is (6.7 + 0.5) x 104A.
In interpreting the current density inferred from the flattest
model, it is important to note that the positive peaks shown near co-latitudes
of ~ 11.5° and ~ 22° should not be considered as evidence of real west-
ward ionospheric current flow. This can be seen from the fact that there
is no indication of westward current flow in the inverted data (solid curve).
The positive peaks are, in fact, part of the oscillations associated with
inaccuracies in the choice of ali the current model parameters for the model
system as well as for the external systems. Reduction of these oscillations
to minimal amp]ifude would, in effect, produce the most correct model for
the current configurations responsible for the magnetic variations shown in
our latitude profile.

Figure 18 is a typical profile from the next one hour period,
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Figure 17: The result of inverting the data shown in Figure 16.
(+===-) flattest model current density curve. (==m=) estimates
current density <J(e)>. .
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Figure 18: Average latitude profile for the hourly interval 0000-0100 UT

(1600-1700 MLT) of day 3, 1972.
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1600-1700 MLT. This profile also indicates eastward flowing current lying
between approximately 67°N and 76°N. Inversion of this data (Fig. 19)
yields an osciilatory flattest model, but one in which the current flow is
predominantly eastward. The current density estimates indicate a broad
eastward current, approximately uniform across the width of the electrojet.

Figure 20 shows the final profile frpm the pre-dusk sector
(1700-1800 MLT). The latitude prof{le is suggestive of purely eastward
current along the auroral oval, and this is confirmed by both the inversion
technique and by the flattest model (Figure 21). These results are con-
sistent with those in the previous two hourly intervals, indicating the
similar physical behaviour of the electrojet(s) across the auroral oval
in the MLT interval 1500-1800.

To this point the, inversion of iatitude profiles in the pre-dusk
sector indicates only a broad eastward current as the average persistent
feature. The character of the latitude profiles changes in the post-dusk
sector. Figure 22 is typical of the profiles made for dusk to 1900 MLT.
Interpretation of this prdfi]e.in terms of a simple east-west current system
would result in placing westward current between ~ 70°N and 76°N, and a much
_weaker eastward current equatorward of this, extending to about 63°N.
Inversion of this profile (Fig. 23) does not give a clear cut flattest model
indicating that, there are errors in the model parameters. However, this is
an average profile over a zone in which the nature of the current flow
changes from pure eastward to mixed eastward and westward, and this is not
taken into account in the model. The nature of the current distribution
can be determined from the current density estimates <J(0)>. The inversion

results (solid curve) shown in Figure 23 indicate, then, that there is both
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The inversion of the data shown in Fiqure 18.

Figure 19:
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(GAMMAS)

Figure 20: Average latitude profile for the hourly. interval 0100-0200 UT
(1700-1800 MLT) of day 15, 1972.
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Figure 21:

The inversion of the data shown in Figure 20.
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Figure 22: Average latitude profile for the hourly interval 0200-0300 UT

(1800-1900 MLT) of day 333, 1971.
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Figure 23:

The inversion of the data shown in Figure 22.
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Figure 24: Average latitude profi'le for the hourly.interval 0300-0400 UT
(1300-2000 MLT) of day 18, 1972.
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The inversicn of the data shown in Figure 24.

Figure 25:
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Figure 26:

hverage latitude profile for the hourly interval 0400-0500 UT
(2000-2100 MLT) of day 338, 1971.
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The inversion of the data shown in Figure 26.

Figure 27:

(X 1072)

]

14 16 18 20 22 24 26 28 30
COLATITUDE

12




Average latitude profile for the hourly interval 0500-0600 UT
) of day 335, 1971.

(2100-2200 MLT

Figure 28:
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The inversion of the data shown in Figure 28.

Figure 29:
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Figure 30: Inversion of the data shown in Figure 12, for the hourly
interval of 0600-0700 UT (2200-2300 MLT) of day 17, 1972
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"smallest" model current density for data from
-0700 UT, day 17, 1972.

A plot of the
f 0600
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an eastward current (between about 19° and 28° colatitude) and a westward
current poleward of this (10° to 19° colatitude). The total current in the
eastward jet is approximately 70% of that in the westward jet, a result
which was not anticipated from the iatitude profiie. '

A1l the average latitude profiles for the hours beginning at 1900
MLY to 2200 MLT indicate a double current system. Figure 24 is typical
for 1900 to 2000 MLT. In this case, the flattest modef is essentially un-
equivocal (Fig. 25) and the current density estimates indicate roughly
parabolic current distributions. Similar results &are cbtained for 2000-
2100 MLT (Figs. 26 and 27) and 2100-2200 (Fig. 28 and 29). Figure 30 is
the result of inverting the data from the latitude profile shown in Figuré
12. The flattest model in this case is less unambiguous with respect to
the latitude at which the transition from westward current flow to east-
ward current flow occurs, than in the previous 3 hours; however, this time
period is adjacent to the region of the Harang.discbntinuit& and we might
expect that we are approaching external current systems whose effects
result in significant errors in our choice of the free parameters of the
model. Applying corrections to the model to account for end effects of
the currents flowing in the Harang discontinuity is difficult to carry out
and this probably accounts for the poorer flattest model. The estimates
<J(6)> are unéquivoca] in indicating the presence of two ahti-para]]e]
current flows.

For completeness, one example of a "smallest" modei (Equation 3)
has been included. Although such models were routinely computed, it was
found that they were of little help in determining the nature of the current

density. Figure 31 is the smaliest model that coincides with Figures 12
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and 30. The current model if Figure 31 does fit the data, and this does
serve to emphasize the non-uniqueness of this whole preblem. However, it

is of 1ittle other assistance.

Discussion

The purpose of this study was to verify the existence of a
westward current flow poleward of tﬁe eastward convection electrojet as
a permanent feature of the magnetic local time sector between 1800 and
2300 hours. The results presented here are consistent with this, Although
only one example of each hourly interval in this sector (and several ‘
hourly intervals prior to the dusk meridian) have been shown in this report
séveral examples from each hour have been analyzed, and these all yield
the same aualitative results. Prior to iocail magnetic dusk, only a broad
eastward current flow is observed. From dusk.to approximately 2300 MLT
the latitude profiles and their inversions indicate ;hat poth a westward
current and an eastward current coexist as a steédy state feature. Al-
though the magnitudes of these 2 currents vary from profile to profile,
the shape of the current distribution curves are remarkably similar and it
is tempting to correlate this with particle precipitiation profiles and
electric field profiles. In general, the current distributions are roughly
parabolic, in agreement with Scrase's (1967) description of the auroral |
electrojets. Rostoker and Kisabeth (1973) have shown that eastward and
westward electrejets exist simultanecusly in this time sector during polar
" magnetic substorms. The fact that similar patterns of current flow exist
.poth as a steady state feature and a disturbed feature is important to the

understanding of magnetospheric processes, in that it would appear that
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the substorm is a perturbation on a pre-existing current pattern. This
observation may lead to further insight into the origin and driving mech-
anisms of polar magnetic substorms.

In summary the linear inverse theofy of Backus and Gilbert (1970)
has been applied to inversion of ground based magnetometer data to obtain
latitudinal ionospheric current distributions (01denburg, 1976). This
technique yields uriique estimates of the current density as a function of
colatitude. In order to facilitate interpretation of the results of this -
analysis, a model of current density which reproduces the data has been
generated, i.e. the flattest model. It has been shown thaf this model
produces an unrealistic current density if the current model parameters
-of the forward model are incorrect. It has been assumed therefore that
if the flattest model of current density for real data is not smooth, then
there are errors in the forward wmodel free parametérs, or alternatively, -
there are other corrent systems influencing the data. In the interpreta-
tion of the inversion results, several factors must be taken into account.
Values of <J(8)> are chosen in such a-way as to use a narrow averaging
function, A(e, eo), while yet minimizing the standard deviation of the
estimates <J>. In cases of doubt, reference has been made to the-flattest
‘model also. However, it must be emphasized that the flattest model is only
one of an infinite set of models of current density that wf]] reproduce
the data. It is not necessarily a model of the real current density distri-
bution. The spatial oscillations which appear in the flattest current
density model have been assumed, in light of the discussion of the theo-
retical examples, to be only a reflection of the correctness of the forward

current model.
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