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Estimation of Ionospheric Electric Fields and Currents
From a Regional Magnetometer Array
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We investigate the technique of calculating jionospheric electric fields and currents and field-aligned
currents using an equivalent current function obtained from a regional array of ground-based magne-
tometers at high latitudes (Scandinavian Magnetometer Array). Like similar calculations previously done
on a global scale, the derived electric fields and currents are found to depend on the model of ionospheric
conductivity assumed. Unlike the global scale calculations, the regional calculations are also dependent
on the assumed boundary conditions. Additional information on the electric fields, currents, and/or
conductivities is required, besides the ground magnetic variations, to obtain unique estimations of the
ionospheric electrodynamic features. In the present case, ionospheric drift measurements from one of the
Scandinavian Twin Auroral Radar Experiment radars help constrain the calculations. Analysis of an
equivalent current function at 1835 UT on October 7, 1976, representing Harang discontinuity con-
ditions, suggests that upward field-aligned current probably existed near the boundary between eastward

and westward electrojets.

INTRODUCTION

The problem of determining the configuration of iono-
spheric and magnetospheric electric currents responsible for
observed ground level magnetic perturbations has been a
topic of continuing interest in geophysics. Although an infinite
variety of three-dimensional current systems could produce
any given magnetic perturbation field over the earth’s surface,
physical constraints will in practice greatly limit the current
configurations that can be expected to exist. Current is known
to flow primarily horizontally within the lower ionosphere at
altitudes of 90-150 km and to flow primarily along the geo-
magnetic field direction above these heights, out to distances
of several earth radii. Furthermore, the horizontal ionospheric
current is believed to be approximately linearly related to an
electrostatic field (Ohm’s Law), with the conductivity tensor
determined essentially to the accuracy of the variable ionic
density of the lower ionosphere. Kern [1966] first showed that
these physical constraints permit unambiguous determination
of the three-dimensional current system from observed ground
level magnetic observations over the earth if the ionospheric
conductivity is horizontally uniform and if all current above
the ionosphere is assumed to be radial. This latter assumption
means that effects of distant magnetospheric currents like the
ring current must first be removed from the data before apply-
ing Kern’s [1966] procedure, but otherwise it is generally ade-
quate, since most of the field-aligned current above the iono-
sphere flows at high latitudes where field lines are nearly
radial. Several studies [e.g., Mishin and Popov, 1969; Fayer-
mark, 1977; Levitin et al., 1977, 1982; Belov et al., 1978; Feld-
stein et al., 1982] have employed this procedure with simple,
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horizontally uniform models of ionospheric conductivity to-
gether with observed magnetic perturbations over the north-
ern hemisphere to estimate field-aligned current distributions
under various geophysical conditions.

Matveev and Shpynev [1975] generalized Kern’s [1966]
method to allow for a nonuniform, but known, conductivity
tensor. A primary difficulty in applying this generalized pro-
cedure is to devise a suitable conductivity model, especially for
the auroral oval. Nevertheless, progress has been made in de-
veloping conductivity models and in using them to calculate
ionospheric electric fields and currents and field-aligned cur-
rents for different conditions [e.g., Mishin et al., 1977, 1979,
1981; Bazarzhapov et al., 1979; Kamide et al., 1981; Kamide
and Richmond, 1982, 1983; Feldstein et al., 1984; Friis-
Christensen et al., 1985]. These calculations have had reason-
able success for statistically averaged conditions, but the
method has some difficulty when the actual conductivities are
highly irregular and not well known, as is usually the case for
individual instants of time [e.g., Kamide et al., 1982].

It is of interest to examine how well this type of procedure
for analyzing geomagnetic measurements can be applied to
data from a regional magnetometer array, as opposed to the
global scale calculations discussed above. In this report we
apply the method to data from the Scandinavian Magnetome-
ter Array [Kiippers et al., 1979] for a specific example repre-
senting the Harang discontinuity [Harang, 1946; Heppner,
1972]. The example we choose (October 7, 1976, 1835 UT) has
been previously discussed by Baumjohann et al. [1978]. Simul-
taneous ionospheric electric field information is also available
in the form of irregularity drift measurements by one of the
Scandinavian Twin Auroral Radar Experiment (STARE)
radars, as published by Baumjohann et al. [1978]. These ir-
regularity drift measurements are fairly representative of the
line-of-sight E x B plasma drift velocity, at least for the mod-
erate clectric field magnitude of this example [Nielsen and
Schlegel, 1983]. We make use of these measurements by com-
paring them with our calculated electric field to help verify the
validity of our calculations and thus provide a constraint on
our assumed input parameters.
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Fig. 1. Equivalent current function for October 7, 1976, at 1835 UT. The contour interval is 10 kA. Equivalent
current flows counterclockwise around the minimum (L). Squares denote locations of magnetometers used to construct
the pattern. The STARE radar used to measure ionospheric drifts is located at the circled star. The horizontal Kiruna
coordinates are x and y (see text). The inner rectangle shows the region for which electrodynamic parameters'are plotted

in Figure 2.

COMPUTATIONAL PROCEDURE

The first step of the analysis is to estimate an ionospheric
equivalent current function from the magnetic perturbation
data. We use the method of Richmond and Baumjohann [1984]
to separate the internal and external magnetic effects and to
continue upward the external component to 110-km altitude.
shows the resultant equivalent current function in
Kiruna coordinates, which are defined by Kiippers et al.
[1979]. The origin is at Kiruna, and the y (eastward) axis is
parallel to a contour of constant corrected geomagnetic lati-
tude at Kiruna, with the x (northward) and z (dlownward) axes
orthogonal to the y axis. The equivalent current function is
represented by a two-dimensional Fourier series valid over the
region x = —1100 km in the south to x = 1100 km in the
north and y = —1300 km in the west to y = 900 km in the
east. We choose these same boundaries for our calculations,
although for display purposes a smaller region within these
boundaries (the smaller rectangle in Figure 1) is used to avoid
the distracting edge effects associated with the somewhat arbi-
trarily imposed boundary conditions. The equivalent current
function is defined to be zero at the northern boundary and to
have a vanishing normal derivative at the other three bound-
aries [see Richmond and Baumjohann, 1984]. We assume that
the equivalent current function is representative of a three-
dimensional current system composed of a thin layer of hori-

zontal ionospheric currents centered at 110 km, coupled with
magnetic-field-aligned currents above the ionosphere, flowing
vertically along the z direction. We neglect the fact that the
magnetic field direction deviates 10°-15° fromi the vertical.

The ionospheric current, with a height-integrated density K,
is assumed to obey Ohm’s Law with a negligible dynamo
effect from neutral winds:

K=ZE+Z,xE 1)

where £, and Z, are the Pedersen and Hall conductances, E
is the horizontal electric field, and 7 is a unit downward
vector. The equivalent current differs from the true current
and is expressed in terms of the equivalent current function ¥

as
K, ., =—2xVy @

The electric field can reasonably be taken as electrostatic and
related to a potential @ as

E=-V0

equiv

3
Our assumption that field-aligned currents are strictly vertical
allows us to equate the curls of K and K., [e.g., Matveev and
Shpynev, 1975], yielding

V0 + VE, VO + £-VE, x VO = Vi @)
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Fig. 2. Electrodynamic parameters for four trial computations, labeled cases I-IV. The area plotted in each frame
¢ nds to the inner rectangle in Figure 1. Squares in the first three columns show magnetometer locations; ovals in
the fourth column show locations of radar line-of-sight drift measurements. First column: electrostatic potential in
kilovolts (contour interval is 1 kV). Second column: downward field-aligned current in microamperes per square meter
(contour interval is 1 uA/m?; dashed contours show upward current). In case IV, shaded areas are regions of conductivity
gradients (see text). Third column: height-integrated horizontal current density (a vector of length 100 km represents 1
A/m). Fourth column: observed and computed line-of-sight plasma drifts with respect to the radar (a vector of length 100
km represents 400 m/s). A diamond represents the head of the computed velocity component vector at that location; an
oval represents the head of the measured velocity component vector at that location, following the directional convention

of Baumjohann et al. [1978].
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which is a second-order elliptic partial differential equation for
® in terms of the conductances and the equivalent current
function. To solve for the electrostatic potential ®, we need
a conductivity model and a specification of boundary con-
ditions, described in following sections. Numerically, we solve
(4) by expressing derivatives as finite differences over a grid
with 50-km spacings in the x and y directions and by using
iterative overrelaxation, to compute the potential at each
point in terms of values at neighboring points. About 500
iterations are required to achieve good convergence for the
most complicated case (case IV).

When the potential has been determined, the electric field is
computed from E and the ionospheric current is computed
from [T] These in turn provide two related quantities of in-
terest. First, the plasma drift velocity in the radar line of sight
is

V,=F-ExB/B=F-E x /B (5

where B is the geomagnetic field strength and 7 is a unit
horizontal vector directed outward from the radar located at
x = —307 km, y = —578 km. Second, the downward field-
aligned current density j, is just the divergence of the iono-
spheric current:

je=V-K (©)

In the following sections we describe calculations for differ-
ent conductivities and different boundary conditions on ®.
The electrodynamic results are displayed in for the
area within the small rectangle of m The first column of
Figure 2 shows the electrostatic potential ®. The second
column shows the field-aligned current j,. The third column
shows the height-integrated horizontal ionospheric current K.
The fourth column shows a comparison between calculated
and observed line-of-sight drifts with respect to the radar. The
four rows of Figure 2 correspond to the four cases described
below.

Cases I AND I1: UniForM CONDUCTANCES, HOMOGENEOUS
BouNDARY CONDITIONS

If we assume that £, and Z, have no gradients and that ®
varies on boundaries as /Xy, then the solution of (4) is triv-
ial:

®=y/Z, ™
Je= —(EpEgVY (®

For case I we use £, = 15 S and £, = 20 S, while for case II
we use L, = 10 S and £, = 20 S. A Hall to Pedersen conduc-
tance ratio of the order of 2 is consistent with observations
[e.g., Brekke et al., 1974; Banks and Doupnik, 1975; Sulzbacher
et al, 1980; Vickrey et al, 1981; Brining et al., 1981]. The
Hall conductance was chosen to provide computed line-of-
sight drifts with comparable magnitudes to the observed drifts,
as seen in the fourth column of [Figure 2 (first two rows). The
electric potential (first column) is essentially identical for cases
I and II, apart from computational inaccuracies. The currents
differ, however. The larger Pedersen conductance in case I
causes stronger divergent flow in the ionosphere, coupled with
stronger field-aligned currents. As can be predicted from (8),
the pattern of j, is the same for the two cases, although the
magnitude of j, varies with Z,.

CasE I1I: UNIFORM CONDUCTANCES, WESTWARD ELECTRIC
FIELD AT THE NORTHERN BOUNDARY

Electric field observations in the vicinity of the Harang dis-
continuity generally show a large-scale westward component
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of the order of 10 mV/m or more [e.g., Wedde et al., 1977,
Horwitz et al, 1978; Nielsen and Greenwald, 1979; Baumjo-
hann et al., 1980; Kamide and Vickrey, 1983]. The results for
cases I and II do not show a westward field component of this
magnitude. We can introduce a large-scale westward field
component into the calculations by changing the boundary
conditions on ®, most simply by retaining the same boundary
conditions in the west, south, and east as for cases I and II
(zero normal derivative of ®) but imposing a potential gradi-
ent along the northern boundary as

®(1100 km, y) = A cos [n(y + 1300 km)/2200 km)] 9)

where A4 is an adjustable amplitude parameter. With uniform
conductances an analytic solution to (4) can be obtained as

@ =y/Z,; + A{cos [n(y + 1300 km)/2200 km]

- cosh [n(x + 1100 km)/2200 km]} - {cosh =} ! (10)

We choose a value of —25 kV for A4 to yield an additional
westward electric field component of about 9 mV/m in the
Harang discontinuity region. Using the same conductances as
case I (X, =10 S, £, = 20 S), we obtain the distributions of
potential, ionospheric currents, and field-aligned currents
shown in the third row of Figure 2] The agreement between
computed and observed line-of-sight drifts is still reasonable,
though not greatly improved over cases I and I1. Although the
electric field and ionospheric current are different from case II,
the field-aligned current is the same. In other words, the
changed boundary conditions do not affect the divergence
(nor the curl) of the ionospheric current within the boundaries
when conductances are uniform.

CASE IV: NoNUNIFORM CONDUCTANCES, WESTWARD ELECTRIC
FIELD AT THE NORTHERN BOUNDARY

Our final case is designed to provide a qualitative picture of
how conductance gradients can affect the results. Since we
have no direct information about ionospheric conductivities
during this period, we construct a simple conductance model
based on features of the equivalent current pattern. Three re-
gions of differing equivalent current characteristics are appar-
ent within the small rectangle in [Figure | weak currents in
the south, an eastward electrojet in the upper middle, and a
westward electrojet in the north. We assume a plausible con-
ductance model with low conductances in the south, moderate
conductances in the eastward electrojet, and higher conduc-
tances in the westward electrojet, the latter feature consistent
with measurements showing generally larger conductivities in
regions of westward auroral ionospheric current than in re-
gions of eastward current [e.g., Wedde et al., 1977; Horwitz et
al.,, 1978; Ahn et al., 1983; Kamide and Vickrey, 1983]. Specifi-
cally, we use

Ty=5S  x< —200km
Ty=15S  0km <x < 150 km — y/6
£,=30S 350 km — y/6 < x

with exponential variations between these three regions of
constant conductance. For simplicity of comparison with
cases II and III, the Pedersen conductance is fixed everywhere
at one-half the Hall conductance. The two regions where con-
ductance gradients occur are shaded in the frame for j, in

A comparison between [cases Il and IV in Figure 2|shows

that @ and K differ to some extent over the entire plotting
region, whereas j, differs only in those regions where conduc-
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tance gradients exist in case IV. To see why this happens, let
us further manipulate [T] By solving (1) for E in terms of K
and rearranging, we get

z

K="2:xK+XE (11
Zp

z:c = Z,, + 2"2/):,, (12)

where Z. is the Cowling conductance. Taking the curl of (11)
and equating it to the curl of [2] yield
—hj,—K-V<&'—>+f-ExVZC=V2|/1 (13)
z, z,
In all regions where conductance gradients vanish, (13) gives
the same field-aligned current as m which was derived for the
case of conductances uniform everywhere. Inspection of (13)
also explains the modest reduction in intensity of upward
field-aligned current for case IV with respect to case III in the
shaded region between the eastward and westward electrojets:
the westward component of E combined with the northward
gradient of L. means that 7 - E x VI is positive, so that this
term tends to offset partially V2§ in this region. Case IV
line-of-sight drifts compare less favorably with observations
than do those for case III.

DisCUSSION

The sensitivity of computed ionospheric electrodynamics to
the conductivity model in this regional analysis appears to be
comparable to sensitivity that has been seen in global analyses
[e.g., Kamide and Richmond, 1982]. However, an additional
complication arises in the regional analysis that has no
counterpart in global analyses. Either a global analysis has no
boundary (if the entire globe is analyzed), or else the boundary
of the analysis can be placed in a region where electric fields
are sufficiently small (e.g., the equator) that their accurate
specification on this boundary is unimportant. By contrast,
the specification of boundary conditions in a regional analysis
can have an important influence on the results, as we have
demonstrated. This requires that some independent infor-
mation about the electric fields be available, either in the form
of measurements or in the form of general knowledge of elec-
tric field behavior (e.g., the fact that there tends to be a west-
ward component around the Harang discontinuity).

Although our primary purpose here is not to try to deter-
mine the actual ionospheric electrodynamic conditions for the
example analyzed, the results of these calculations, along with
those of other cases not displayed here, do appear to point to
the necessity of a significant upward field-aligned current near
the boundary between the eastward and westward electrojets.
Even though some cases we tried involving conductivity gradi-
ents in this region resulted in reduced upward current (e.g.,
case IV versus case III), we were not able to eliminate this
current under any reasonable combination of boundary con-
ditions and conductivity models without totally destroying the
agreement between observed and calculated line-of-sight
drifts. Whether or not significant field-aligned currents in the
Harang discontinuity region are a regular feature has not been
established in the existing scientific literature. Baumjohann et
al. [1980], Kamide [1982], and Kamide and Vickrey [1983]
have suggested that significant field-aligned currents may be
present in the Harang discontinuity only during certain con-
ditions.
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