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The auroral current circuit and field-aligned currents

observed by FAST

R. C. Elphic!, J. W. Bonnelll, R. J. Strangeway2, L. Kepko?, R. E. Ergun3, I. P.
McFadden3, C. W. Carlson3, W. Peria3, C. A. Cattell4, D. Klumpar3, E. Shelley’, W.

Peterson’, E. Moebius®, L. Kistler®, R. Pfaff?

Abstract. FAST observes signatures of small-scale
downward-going current at the edges of the inverted-V regions
where the primary (auroral) electrons are found. In the winter
pre-midnight auroral zone these downward currents are carried
by upward flowing low- and medium-energy (up to several keV)
electron beams. FAST instrumentation shows agreement be-
tween the current densities inferred from both the electron dis-
tributions and gradients in the magnetic field. FAST data taken
near apogee (~4000-km altitude) commonly show downward
current magnetic field deflections consistent with the observed
upward flux of ~10° electrons cm™ 5”1, or current densities of
several LA m™2. The electron, field-aligned current and electric
field signatures indicate the downward currents may be
associated with "black aurora" and auroral ionospheric
cavities. The field-aligned voltage-current relationship in the
downward current region is nonlinear.

Introduction

One important issue in auroral physics specifically and
magnetosphere/ionosphere coupling in general is how and
where field-aligned currents close through the ionosphere and
in the magnetosphere. FAST is uniquely suited to studying au-
roral microprocesses, but the particles and fields instruments
also address questions of a more global nature, like the closure
of field-aligned currents (FACs). FACs have been studied using
rockets and satellites for decades - the new observations which
FAST offers are high sensitivity, high time resolution plasma
measurements with continuous monitoring of all pitch angles,
and high time resolution measurements of fields.  The
signatures of auroral field-aligned currents are observed largely
as east-west deflections in the background field, and are
closely associated with north-south variations in the electric
field at ionospheric altitudes [Sugiura et al., 1982; Sugiura,
1984]. This relationship is observed to hold between mag-
netic field measurements at high altitudes and electric fields at
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low altitudes [Weimer et al., 1985]. At the largest scales,
magnetosphere-ionosphere coupling takes place in a voltage
generator fashion, while at smaller scales it tends toward a cur-
rent generator [Lysak, 1985; Vickrey et al., 1986; Weimer et
al., 1987]. A relationship between upward field-aligned cur-
rent density and parallel potential drop is sometimes observed
[Lyons et al., 1979; Weimer et al., 1987].

During the northern winter auroral campaign of 1997, the
FAST fluxgate magnetometer observed small-scale regions of
downward-going current, often associated with upgoing accel-
erated low- and medium-energy (up to about several keV) elec-
tron beams. The scale size of the downward currents can range
from less than a kilometer (at FAST altitudes) up to tens of
kilometers, usually concentrated at the edges of inverted-V
structures. These upgoing electrons have occasionally been
observed before [Boehm et al., 1995; Clemmons et al., 1995],
but unlike previous missions, FAST offers continuous high-
time-resolution systematic monitoring of particle distribution
functions. Downward currents have previously been associated
with diverging electric fields at satellite altitudes, and
presumably with the "black aurora", the optical counterpart of
bright discrete arcs [Marklund et al., 1994; Marklund, 1997,
Marklund et al., 1997]. FAST data taken near apogee and near
magnetic midnight commonly show downward FACs with cur-
rent densities of between 2 and 4 HA m™2, consistent with the
observed upward electron flux of ~10° cm™ 5!, The downward
current densities are greatest at locations mapping to minima
in the inferred height-integrated Pedersen conductivity, and
presumably are related to formation of ionospheric cavities, as
observed by radar [Williams et al., 1990; Opgenoorth et al.,
1990; Aikio et al., 1993]. These fluxes are considerably larger
than those discussed by Doe et al. [1995], in simulating the
field-aligned current generation of auroral ionospheric cavities
(AICs) in the F-region.

Here we focus on where the downward currents/upgoing elec-
trons are found, namely the edges of inverted-V regions, and
show how they appear to be smaller scale but more intense cur-
rents than those in the auroral precipitation regions. We ex-
plore ramifications for auroral circuit closure, and the voltage-
current relationship for both upward and downward FACs.

Observations

The data come from a FAST pass through the winter auroral
zone over Alaska, orbit 1773 on February 1, 1997 between
about 21 and 22 MLT. The FAST trajectory for this occasion
went from low to high northern latitudes. The geomagnetic
conditions for the pass were very quiet, Kp 17, so the observed
auroral zone was poleward of its average position. Figure 1
shows DC magnetic field, electron plasma analyzer data, and
other derived quantities for this pass. The field data have been

2033



it 1773:

February 1, 1997 .

ABeast (nT)

Electron
Flux

Electron
Flux
(o em?sl) (o em?Zsl)
@

2

Electron
Energy
Flux

Tesdsefsabisshiudd

A /“““v[“”

oY
T

wid o e

Potential
()

TElectron Pitch _Electron
Angle (deg)  Energy (oV)
fogoV © log eV
fen? g-sr-0V  fem? -g-sr-oV

C

o

eah

Fig.1. FAST data from a northern winter pre-midnight auro-
ral zone pass on February 1, 1997. The magnetometer data
have been detrended with IGRF 1995, with ABgagr the mag-
netic deflection, positive east. The second and third panels
‘show the estimated electron flux derived from a time-derivative
of the magnetic field variation, and the measured flux, respec-
tively. The fourth and fifth panels show the precipitating
electron energy flux mapped to 100-km altitude, and the result-
ing height-integrated Pedersen conductivity. The sixth panel
shows the electrostatic potential obtained by integrating the
measured electric fields along the flight path of the satellite.
The bottom two panels show the electron energy spectrum
(summed over all pitch angles) and the electron pitch angle
spectrum (summed over all energies). Grey vertical bars denote
regions of downward current.

detrended using the model field, IGRF 1995; the top panel
corresponds to the east-west excursions. The plots go from
lower to higher latitudes, starting at about 69° and ending at
about 74° ILAT. A positive slope of ABgagt corresponds to a
downward current, a negative slope to an upward current.

The bottom two panels show the electron energy spectrum
between 5 €V and about 30 keV, summed over all pitch angles,
and the electron pitch angle spectrum summed over all ener-
gies. Angles of 0° and 360° correspond to field-aligned, or
downgoing electrons, while 180° is upgoing from the iono-
sphere. The atmospheric loss cone shows up clearly between
roughly 150° and 210° from 0926 to 0927:10 UT.

At lower latitudes, roughly isotropic plasma sheet electrons
are observed, which at higher, sub-auroral latitudes are inter-
spersed with upgoing accelerated electron beams. This region
corresponds to the downward FAC signature in the magnetic
field. Then FAST passes into the auroral acceleration region
proper, with inverted-V electron structure, lasting roughly a
minute during which the spacecraft moves about 360 km. The
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field variation in this region is entirely due to upward FAC, as
one would expect. This is followed by a brief but very intense
upgoing electron beam, with energies going up to nearly 10
keV. The cumulative downward-current carried by all these up-
going electron beams roughly balances the total upward cur-
rent in the inverted-V region, and by the time FAST has gone
up to 74° the perturbation field has returned to nearly its start-
ing point, indicating that little net current was flowing into or
out of the auroral ionosphere locally in this case.

Panel 2 shows the inferred "electron flux" obtained by tak-
ing the time derivative of the field variations and ascribing
them to spacecraft motion through stationary field-aligned
current sheets; flux = (1/Wqe)-(1/vg/c)-0Bgagt/ot. Panel 3
shows the calculated total electron flux from the electron
plasma analyzers (integrated from S50 eV up to 30 keV). The
two plots are on the same scale and show good agreement for
both upgoing electron beams and downgoing, inverted-V elec-
trons. Thus the upgoing accelerated electrons represent the
bulk of the current carriers in the downward FACs, just as
downgoing accelerated electrons are the principal charge carri-
ers in the primary auroral acceleration region. The upgoing
electron currents are spatially limited in extent, while the cur-
rents in the inverted-V region are broader and less intense in
the case shown here.

Panels 4 and 5 add two more quantities to the picture, namely
the precipitating electron energy flux mapped to 100-km
altitude (the net electron energy flux which makes it to 100 km
in the ionosphere), and an estimate of the height-integrated
Pedersen conductivity based on the precipitating electron
energy flux and characteristic energy. To place this pass in the
context of observable optical aurora, the threshold for 1 kR of
5577 A emissions at 100 km is roughly 0.6 to 0.8 ergs cm™2 s~
! [Steele and McEwen, 1990]. The height-integrated Pedersen
conductivity is based on a formulation by Robinson et al,
[1987], Zp =40 E; @£'/%/(16 + E¢?), where Zpis the height-
integrated conductivity in mhos, E; is the electron
characteristic energy in keV and @ is the precipitating elec-
tron energy flux in ergs cm™2 s™!. We assume the background
ionospheric conductivity never drops below 1 mho, but it may
well be less than 1 mho due to E- and F-region cavity forma-
tion in the downward current regions. The upward elec-
trons/downward currents are found where there is little or no
electron energy flux deposition to the ionosphere. The sites
of greatest electron energy deposition are not well correlated
with larger upward field-aligned current in this case.

The sixth panel shows the potential obtained by integrating
the (approximately) north-south component of the DC electric
field, which effectively filters out the small-scale electrostatic
shock electric fields. There is an overall trend in the potential
which presumably relates to the large scale convection in the
magnetosphere and ionosphere. At lower latitudes, between
0925:30 and 0926:50 UT, the electric potential increases gen-
erally monotonically, consistent with a northward electric
field and sunward convection in the ionosphere. After this
time the potential decreases, on average, and is consistent
with antisunward convection. Intermediate-scale structure in
the potential within and at the edges of the inverted-V region
probably does not map to the ionosphere: reversals in the
ionospheric E field should be reflected in reversals of ABgsgt-

To summarize, the observed downward currents are found at
the edges of the inverted-V region, and occur in narrow regions
of relatively high current density. For these cases, the north-
south scale size of the downward current regions is about 30
km at FAST, or roughly 10 km at 100-km altitude. By con-
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trast, the upward FAC/inverted-V region extends over hundreds

of kilometers, with a lower averagce current density, Thig pass
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is representative of many FAST quiet-time, pre-midnight
passes during the winter campaign.

Discussion

For static conditions, the field-aligned current density, jy, is
required by continuity to ciose through the ionosphere, and re-
lates to the ionospheric horizontal conductivity and electric
field by j,; =-VJ,; = -V.(2-E) where J, is the height-inte-
grated horizontal current density and X'is the height-integrated
Pedersen conductivity. Then, excepi for a mapping factor from
FAST to the ionosphere, ABgast =J1/Uy = 2p E/l,. In the

voltage generator scenario, the maonetosnhere sets the snatial
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potentials and hence the electric fields: For a constant E, field
aligned currents result from gradients in the conductivity. For

example, at the edge of the inverted-V region there is a
conductivity gradient, and in the abhsence of a compensating
electric field gradient this would force a closure current of up-
going electrons at the edge of the inverted-V region. But one
observes that the downward FACs occur not at the principal
conductivity gradients but rather outside them, in what we as-
sume to be AICs. In the current generator scenario, the iono-
spheric electric fields adjust to provide the current flow required
by the magnetosphere. Since ABgagt varies smoothly while
the inferred Xp varies considerably throughout the auroral
region, it appears that the winter premidnight ionospheric
electric field is structured to provide a smoothly varying cur-
rent distribution. This suggests the current generator picture is
possibly the more correct for the passes shown here.

Part of the auroral circuit involves potential drops along
field lines, where the FACs flow. Figure 2 shows the relation-
ship between the log of the magnitude of the inferred field-
aligned potential drop and the field-aligned current density ob-
served between 0925:40 and 0929:30 UT during the orbit 1773
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Fig. 2. Observed relationship between inferred field-aligned
potential drop and field-aligned current density for the auroral
pass shown in Figure 1. Upward current due to precipitating
auroral electrons is anti-parallel to the ambient magnetic field
(hence negative, left), while downward currents are parallel to
the ambient fields (hence positive, right). These data clearly
demonstrate the well-known voltage-current relationship for
inverted-V current systems, while a non-linear relationship
holds for downward currents.
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Fig. 3. Schematic of the auroral zone, showing current clo-
sure in the presence of ionospheric electric fields and high-al-
titude potential structure associated with both inverted-V and
upward accelerated electrons (dashed contours denote negative
potentials). The dotted line denotes column-integrated iono-
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auroral pass of Figure 1. This interval includes the inverted-V
region and the downward current sheets found outside it. Both
downward (positive) and upward (negative) current densities
have been mapped to 100-km altitude. The field-aligned
potential drop for the upward current region is assumed to be
given by the sum of the precipitating auroral electron beam
energy and the energy of the upgoing ion beam (if any, for
cases where the potential structure extends below the satellite).
For the downward current sheet, we use the upper energy cutoff
of the upgoing accelerated electrons as an estimate of the field-
aligned potential drop below the spacecraft.

It can be seen that the relationship between parallel poten-
tial drops and field-aligned current is different for downward
and upward currents. For upward currents, we show the results
for a field-aligned conductivity (the Lyons-Evans-Lundin
constant) G, of jy/Vy =3 x 1010 and 1.2 x 10" mho m
(other workers have found values ranging between 10710 and
10 mho m'2). For downward currents, the relationship is
clearly nonlinear - as current density increases, the potential
drop grows exponentially. The data for the downward current
sheet at 0927:15 UT is plotted as a solid line, as an example.
Inspecting Figure 2, we pose a form @ = @,-exp(i/j,), and
define an effective conductivity Ggypy, = @@/Oj)! =
Jo/ Po-exp(-j/j,). This form implies that the field-aligned
conductivity diminishes exponentially with increasing
downward current density. The two dashed lines in Figure 2
correspond to j/®, of 1.6 x 10" and 2 x 10"5 mho m™2. Our
interpretation of this result is that it is initially easy to draw
dense current from the ionosphere, since j/@, >> G,p, but it
rapidly becomes more difficult to do so, possibly due to evacu-
ation of charge carriers, and possibly due to wave turbulence.
The data suggest that the relationship changes even within a
single downward current region, and we suspect that this has to
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do with spatial and temporal variations in ionospheric density
brought on by cavity formation. )

In Figure 3 we show the FAST auroral zone and the winter
pre-midnight ionosphere it connects to. Solid arrows show
the sense of current flow through the auroral ionosphere and
along field lines. Ionospheric electric fields are denoted by
open arrows. At the bottom of the inverted-V region the iono-
spheric density is higher than in surrounding regions because
the precipitating electrons enhance the ambient ionization.
Because ionospheric convection is out of the page in the
north, and into the page in the south, the ionospheric electric
fields point inward toward the center of the inverted-V region.
At around 100 km, the horizontal current is carried by ions
moving along E, and the JxB force is such as to maintain
trahsport in the presence of collisional friction. This diagram
has elements of those presented by Blixt and Brekke [1996]
and Marklund et al. [1997], with the addition of parallel poten-,
tial structures in the downward current regions. The auroral
circuit consists of loads not only in the ionosphere, but also
where FACs flow in the auroral acceleration regions. For orbit
1773 there is a several kV potential drop between the magne-
tosphere and the ionosphere below the inverted-V region, an-
other approximately 10 kV drop within the ionosphere, and
another several kV drop between the subauroral ionosphere and
the magnetosphere.

We are still left with the question of why the downward cur-
rent tends to occur in several distinct smaller-scale intense
FACs, while the upward currents are broader, less structured and
less intense. The downward current excavates an AIC in tens to
hundreds of seconds [Doe et al, 1995]. In simulations of cav-
ity formation, it was found that currents appear to reach a lim-
iting value, beyond which the plasma loss rate does not in-
crease. Together with a possible upper limit on current density
(or on field-aligned conductance), the downward FAC scale size
places a limit on how much total current can be returned in any
one region. So if a given downward FAC/AIC is not sufficient
to return all the ionospheric current, the current may be forced
to close at another site. One way of looking at this is that a
given current channel may become more resistive, and force
the development of another channel. This is a modification of
the magnetospheric current generator picture - the ionosphere
feeds back on the generator and chooses where the currents will
close.

Another reason for the structuring of the downward FACs
may relate to the magnetospheric boundary conditions. Since
ABgast ~ J1/H,o, it can be regarded as a rough proxy for the
ionospheric JxB force. This quantity relates to how hard the
magnetosphere is "tugging" on the ionosphere, and may re-
flect the presence of a kind of turbulence in or layering of con-
vection in the plasma sheet [Borovsky et al., 1997].
However, we would expect similar structure in the inverted-V
region as well, which is not seen in the case shown here.
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