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Abstract. A new techniquefor mapping field-aligned currentswith satellite
magnetometer data has been used with Dynamics Explorer 2 measurements
to produce an empirical model which maps the currents above the high-
|atitude ionosphere as afunction of the IMF, solar wind velocity, solar wind
density, and dipole tilt angle. This technique uses scalar magnetic Euler
potentials, derived from integrating the measured magnetic deviations in
much the sameway aselectric potentialsarederived fromintegrating el ectric
fields. This method works with any configuration of two-dimensional
distribution of the field-aligned current, rather than assuming that the
currentsarein the form of infinite sheetsor belts. Theradial current density
isfound by a surface Laplacian operator onthe scalar field. The maps of the
FAC produced with this new technique are more quantitative and detailed
than most of the preceding statistical diagrams, and they yield much insight
into how the currents vary as the IMF clock angle changes, and how the
field-aligned current maps overlap the associated el ectric potential patterns.
An optional component of the model shows changes in the currents
associated with substorms, using the AL index as the controlling parameter.
The most notable aspect of the substorm patterns is an increased region 0
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current, which in addition to the region 2 current closes the majority of the
current on the dusk side of the auroral surge.

A New Technique For Deriving Currents From M agnetometer
Data

In the past nearly all measurements of field-aligned current
density using satellite magnetometer data have relied upon the
“infinite current sheet approximation.” Precise determination of the
currents is not possible with one satellite magnetometer measurement;
In order to eliminate the geometry assumptions it is necessary to
construct a two-dimensional map of the magnetic perturbation. A
new technique introduced by Weimer [2000a] and finalized in \Weimer
[2000c] constructs statistical maps from multiple satellite passes using
a scalar magnetic Euler potential, which is then used to derive the
distribution of field-aligned currents on a surface. A brief summary
of the technique is given here (many equations can be found in
Backus [1986]). Start with a curvilinear coordinate system having
orthogonal unit tangent vectors e, e,, and e;, and a current that isonly
In one direction, such as e;:

J=Je . (1)

If e is in the radial direction in a spherical coordinate system, or any
direction in a Cartesian system, then magnetic field on the orthogonal
surface is such that

AB=¢, xO . 2

Vs is the “surface gradient” in the e, and e; directions, and v is a
“scalar magnetic potential.” This potential can also be considered to
be the same as one of two “Euler potential,” as described by Stern
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[1970], where the other potential is constant on the surface. The
current and associated magnetic field perturbations are related by

Hod =OxAB=0x (e xOsW) . 3

It follows that the current density is related to the scalar magnetic
potential by

u,Jd =05y (4)

where V¢? is the two-dimensional “surface Laplacian.” As (2) can be
rewritten as

e, XAB =—-Lgy )

then the potential y can be obtained by integrating e xAB. This is
analogous to the case of an electric potential, where the electric field
IS defined as

and the potential is obtained from measurements of electric fields by
an integration along the path of measurement.

To apply these equations to the processing of satellite
magnetometer data, the measured magnetic field first has the
geomagnetic field subtracted, using the DGRF reference model, and
the resulting delta-B is then crossed with a vector in the upward
direction. Next, the component of the resulting vector that is in the
direction of motion is integrated to obtain the scalar magnetic
potential along the path. An example is shown in Figure 1. After
using many satellite passes to derive a statistical map of the magnetic
potential on the entire two-dimensional spherical surface, the field-
aligned currents are then derived with a spherical surface Laplacian
operation:
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Theaboveequationsareeasily verified in Cartesian coordinates.
In spherical coordinates this theory isless intuitive, but it is known
that the total magnetic field in aspherical shell can be separated into
“poloidal” and “toroidal” vector fields. The AB in (2) is the toroidal
field and v is the toroidal scalar for B. “The toroidal magnetic field
comes entirely from the poloidal current” and “the poloidal current is
also the radial component of the total current” [Backus, 1986, p. 93].
Thus the one and only limiting assumption with this technique is that
It only measures the radial current, rather than that precisely parallel
to the dipole field lines.

Usewith DE-2 Data

The Dynamics Explorer-2 satellite operated between August
1981 and March 1983, taking measurements with a variety of
Instruments in a polar orbit at altitudes of 300 to 1000 km. There has
not been a similarly equipped, low-altitude, polar orbiting science
mission flown by NASA in the 20 years since then, so the DE-2 data
have remained a valuable and unsurpassed asset. The electric field
measurements had already been found to be useful for building
statistical models of the polar electric potentials [Weimer, 1995, 1996,
2000Db], so it is logical to use the magnetic field measurements from
DE-2 [Farthing et al., 1981] to build a comparable statistical model
of the magnetic field-aligned currents, obtained under identical
conditions. (Yes, now that Oersted has been launched, better magnetic
field data are becoming available.)

There were found to be 2438 passes with good magnetometer
data. The magnetometer data from each pass was processed through
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the sequence of steps shownin Figure 1. Thelatitude and magnetic
local time (MLT) in Altitude Adjusted Corrected Geomagnetic
Coordinates (AACGM) was computed for every point of
measurement. In essence, this procedure maps the potentials along
field lines, treating the magnetic field lines as if they were
equipotentials. Asthe potential distribution is defined as a function
of latitude and longitude (ML T) on the surface of asphere, (4) can be
used to calculate the radial current distribution on that sphere.

After computing the magnetic potential for all passesin the data
base, maps of the magnetic potential intwo dimensionsonthe surface
of a sphere are generated for specific groupings, according to
IMF/solar wind conditions, by fitting the data with spherical
harmonics. The data points were stretched in colatitude so that they
spanned the entire range from 0 to ni/2, thus reducing the order of the
spherical harmonicsthat arerequired tofit thedata. Thelow-latitude
boundary that determined the stretching function was an offset oval,
represented with a second-order Fourier series function of MLT.
From a number of maps derived for a variety of conditions it is
possibleto determine how the spherical harmonic coefficients, which
define a potential map, vary as afunction of the IMF magnitude and
orientation, the solar wind velocity and density, and the dipole tilt
angle (which depends on the day of year and time of day). A process
was used that is identical to that which was used for the electric
potential model, as described in more detaill by Weimer [1996,
20000b].

The end result is a table of regression and Fourier coefficients
which can recreate the spherical harmonic coefficients for any
arbitrary IMF/solar wind conditions and reproduce the scalar
magnetic potential distribution, which is then used to calculate the
field-aligned currents by means of Equations (4) and (7). Using the
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spherical harmonic expression for the potential v, theresultisaseries
of associated Legendre polynomials and their first derivatives (the
latitude stretching factor is taken into consideration). One example
of the magnetic potential and the derived field-aligned current is
shown in Figure 2.

Results From the FAC M od€

Maps of the magnetic field-aligned current as a function of
corrected geomagnetic latitude (CGLAT) and magnetic local time
(MLT) areshownin Figure 3for eight equally spaced orientations of
the IMF “clock angle” in the GSM Y-Z plane, having a fixed
magnitude of 5 nT in that plane. The solar wind velocity for this
example is 400 km-s, the number density is 5 cm™, and the dipole tilt
angle is zero. The current density is evaluated at a radial distance
corresponding to an altitude of 115 km. The sign convention is such
that positive currents are downward and negative currents are upward.
On each map the location of the largest positive current is indicated
with a plus sign, and the location of the most negative current is
Indicated with a diamond symbol. The values of these peaks are
Indicated in the lower left and right corners of each diagram. It is
emphasized that these are maps of the average FAC distribution,
consistent with the large-scale magnetic perturbations. In reality the
currents have an embedded, small-scale structure where the current
density greatly exceeds the average values.

For a southward-directed IMF in the -Z direction the
conventional region 1 and 2 belts are plainly visible in the Figure 3
diagram, although in this quantified graph they appear much thicker
than in the historical current sheet diagrams. For an IMF in the +Z
direction the map shows a clear “NBZ” current system surrounded by
the region 1 and 2 currents. This NBZ system consists of a pair of
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“region 0" currents that have a polarity opposite to the surrounding
region 1 currents. Asthese region 0 currents are cylindrically shaped,
the use of the infinite current sheet approximation can be problematic
when the IMF is northward. It is noteworthy that this same geometry
can be reproduced with an MHD simulation of the magnetosphere
with a northward IMF, as shown in the example in Plate 5 by Sscoe
et al. [2000].

For IMF in the +Y direction the upward region 1 current that is
on the dusk side wraps through noon to become the region 0 current
on the dawn side. The downward region 1 current on the dawn side
continues into the region 2 current on the dusk side. Again there are
similarities to MHD simulations, as in Plate 8 by Siscoeet al. [2000].
The upward region 0-1 current encircles a small area of downward
current, which appears to be a remnant of the other region 0 pair in
the NBZ system. Note that these maps show a logical, consistent, and
orderly evolution of the current systems as the IMF rotates around the
circle

The result of doubling the magnitude of the IMF is shown in the
maps in Figure 4. The effects of the stronger IMF are most
pronounced with the region 0 or NBZ currents. In order to study the
effects of the dipole tilt angle, or season, Figur e 5 shows results with
the same conditions as in Figure 1 except for at tilt angle
corresponding to the winter solstice in the northern hemisphere, and
Figure6 uses a tilt angle for the summer solstice (during each day the
actual tilt varies by about £11° from these values). The winter
patterns are weaker and disorganized, almost to the point of appearing
random. The summer patterns, as expected, have much stronger
current magnitudes, and again the NBZ system is very prominent.

The validity of this flexible FAC model can be demonstrated by
a comparison with the magnetometer data from a few individual
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orbits. Figure 7 showstwo examples. Thefield-aligned currentsare
represented by the color shading, as indicated with the scale on the
left. Contour linesof the magnetic Euler potentialsthat are generated
by the model, and used to calculate the same currents, are
superimposed on this graph. The contour levels are marked on the
right, in units of centiteda-meters (cTm). The magnetic field
perturbations that were measured with the magnetometer on DE-2
(geomagnetic field subtracted) are shown along the path of the
spacecraft with the vector lines. Itisawell-known property of Euler
potentials, and it follows from Equation (5), that the equipotential
lines are in the same direction as the magnetic field lines, with a
magnitude proportional to the gradient between potentials. Given
this, there is an excellent agreement between the measured
perturbation vectors and the underlying contour lines. Incidentally,
these contour lines also indicate the direction of the stress applied to
theionosphere by the magnetosphere, as shown by lijima [2000] and
Srangeway et al. [2000].

As there have been longstanding, fundamental questions about
the relationships between the field-aligned currents and electric
potential patterns, it isvery informative to superimpose the results of
the FAC model with the newest electric potential model [Weimer,
2000b]. Figure 8 shows two examples, one with the IMF in the
negative Y direction (Figure 8a), and the other in the positive Y
direction (Figure8b). Both used an IMF magnitude of 8 nT, and the
format is nearly the same as in Figure 7, with the electric potential
replacing the magnetic potential. These pictures show an excellent
agreement with the conceptual diagrams presented by Cowley et al.
[1991].

Total Currents
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The sum of al current into the hemisphere has been computed
with the FAC model for a number of IMF conditions and compared
with the electric potential that is generated for the same conditions
with the twin model. The sum of the outward current was also
computed, and it was found to have magnitudes agreeing very well
with the inward current, usually with a difference of less than 1% of
the total, the disparity attributable to the finite precision of the
numerical integration. Figur e 9a showstheresultsof varyingthe IMF
magnitude from 1 to 15 nT, in 1 nT steps, at clock angles of -90°,
+90°, and 180°, and varying from 6 nT to 15 nT for a purely
northward IMF, under which conditions there was a well-established
pair of reversed potential cells. An additional line shows the results
of varying the MF clock angle from 60° to 300°, with the magnitude
fixed at 8 nT. A tilt angle of zero was used, so these currents are for
equinox conditions.

Figure 9b shows the net total of all current on the dawn side, at
0to 1200 MLT, for the same cases asin Figure 9a. Thissumisthe
amount of theregion 1 current that isnot closed with theregion 0 and
region 2 current on the dawn side, and therefore must cross the polar
cap and close through an equally unbalanced region 1 current on the
dusk side, with an opposite net sign. 1n most cases 20% of the region
1 current crossesthe polar cap over the noon-midnight line, and 80%
closes on the same side. The slope of the linesin Figure 9b is an
Indication of the net conductance across the polar cap. It is not
always a precise measurement, since at some clock anglestheregion
1 current passes through the 1200 MLT meridian to become the
region O current on the opposite side, thereby reducing the magnitude
of integrated totalson each side. The curvein the graph representing
the variable clock angle, which makes aloop rather than line, shows
the effects of the region 1 rotating as the clock angle changes.
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For the line representing the 0° clock angle case, the total dawn
current was actually negative (absol ute value shown) and the electric
potential was negative, with the locations of the peak potentials
reversed between dawn and dusk. The currentswhich crossthe dawn-
dusk boundary are due to the region O, NBZ currents. The
conductance for the northward IMF is higher since the closure path
of the NBZ currents through the ionosphere is much shorter than that
for region 1 currents.

Substorm Currents

When the electric potential measurements from the satellite
passes are sorted according to whether or not substorm are present,
the patterns show distinct changes with substorms. The revised
el ectric potential model [Weimer, 20000b] incorporated these substorm
patterns, along with others derived by sorting passes on just the
magnitude of the lower Auroral Electrojet index, AL, to produce a
“substorm module” in the potential model. This optional component
Is controlled by the AL index, and it operates as a perturbation to the
underlying pattern in order to model the nightside processes that are
more independent of the IMF. Asthe FAC model is constructed from
the same program, it too includes the optional component.

Figure 10 shows the FAC patterns resulting from use of the
optional perturbation module, varying the AL index from 0 to -1200
nT in -150 nT steps, with the other parameters fixed with an IMF
clock angle of +90°. The results show that with increasing the
absolute magnitude of the AL index there is an increase in the upward,
region 1 current near 2100 MLT. This upward current would appear
to be part of a “substorm current wedge,” but the corresponding part
of the wedge system in the downward current on the dawn side was
simply not present in the magnetometer data. Instead, there grew a
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region of downward current poleward of the upward current on the
dusk sideat 2100 MLT. Thisdownward current could be classified
asaregion 0, and there also grew an upward region O current on the
dawn side. Summation of the currents in these maps indicates that,
while the total of all currents, including region 2, increases
significantly as the AL index increases in magnitude, the region 0
current has the proportionally largest increase. The net sum of all
current on the dusk side, on the other hand, does not increase much
in proportion to the others. Infact, for some other IMF anglesthe net
dusk and dawn currents stay steady or even decrease asthe magnitude
of AL increases, due to the effects of more current being closed
through region O or arotation of the patterns through the dawn-dusk
meridian.

Summary

A new techniquefor mapping field-aligned currentswith satellite
magnetometer data has been used to produce an empirical model that
can produce maps of the currents above the high-latitude ionosphere
asafunction of the IMF, solar wind velocity, solar wind density, and
dipole tilt angle. This technique uses scalar magnetic Euler
potential's, derived fromintegrating the measured magnetic deviations
In much the same way as electric potentials are derived from
integrating electric fields. The radial current density is found by a
surface Laplacian operator on the scalar field. The FAC maps
produced with this method do not assume a sheet-like geometry.

Previous dtatistical models of the FAC typically show just
qualitative outlines of regions of upward and downward currents,
usually asbelts, for just afew general IMF conditions[i.e., lijimaand
Potemra, 1976]. The maps of the FAC produced with this new
technique are much more quantitative, show details not previously
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available, and yield much insight into how the currents vary as the
IMF clock angle changes. It is also useful to see how the field-
aligned current mapsoverlap the associ ated el ectric potential patterns.
Total currents are similar to those obtained by other methods.

This FAC model can also use the AL index as an optiona
parameter, showing changes in the currents associated with
substorms. The most notable aspect of the substorm patternsis the
increased region O current, which in addition to the region 2 current
closes the mgority of the current on the dusk side of the auroral
surge.
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