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Abstract. Simultaneous observations have been made of an auroral arc by an all-sky
TV imager and of plasma flows near the arc by the Scandinavian Twin Auroral Radar
Experiment. After the Harang Discontinuity, during a quiet geomagnetic interval
(Kp = 17), the arc undergoes a sudden brightening during an eastward surge. This is
accompanied by a vortex in the plasma drift velocities, poleward of the arc, of spatial
extent 180 X 140 km. Westward drifts at higher latitudes merge with eastward drifts at
lower latitudes near the arc. No radar backscatter was recorded equatorward

of the arc. The plasma flow vortex is shown to correspond with an ionospheric region
of diverging horizontal electric fields, which is equivalent to a downward field-aligned

current. This region may correspond to black auroras. Spatial location of the closure
current region associated with an arc by ground-based observations is a novel result.

1. Introduction

Baumjohann [1991] points out that it is reasonably straight-
forward to map the large-scale features of the electrojet sys-
tems, i.e., to determine the spatial and temporal variations of
currents. This is experimentally undemanding because the con-
vection currents vary slowly in time, longitude, and latitude.
However, the precipitation of energetic particles in, for exam-
ple, auroral arcs can result in small-scale longitudinal and
latitudinal conductivity gradients. Such conductivity gradients,
which can also be highly variable in time, occur within localized
regions of as little as 1-20 km, the width of auroral arcs. The
strong conductivity gradients modify the convection-driven
electrojets and the associated convection electric fields. Mea-
surements of electric fields, currents, and conductivities about
a localized region of 20 km or less are rather difficult for
satellite, rocket, and most ground-based experiments.

A concise summary of the various relationships that have
been found to exist between electric fields and conductivities,
in association with auroral arcs, is given by Aikio et al. [1993]
and Baumjohann [1983]. Marklund [1984] points out that there
are two ways to maintain current continuity across an arc,
namely, by polarization electric fields and by Birkeland cur-
rents. De la Beaujardiere et al. [1981] and Marklund [1984] have
suggested categories for arcs based on the (polarization) elec-
tric fields and Birkeland currents associated with arcs. There
have been numerous observations [e.g., Evans et al., 1977,
Horwitz et al., 1978; Cahill et al., 1980; Stiles et al., 1980; de la
Beaujardiere et al., 1981; Marklund et al., 1982; Ziesolleck et al.,
1983; Briining and Goertz, 1986; Timofeev et al., 1987; Opge-
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noorth et al., 1990; Valladares and Carlson, 1991; Aikio et al.,
1993; Lewis et al., 1994] of enhanced electric field equatorward
(poleward) of an arc in the premidnight (postmidnight) sector.
In fact, this is a common feature of arcs at all local times
[Opgenoorth et al., 1990]. Electric field enhancements of up to
100 mV/m or more, generally much larger than the convection
field, may occur [Aikio et al., 1993; Opgenoorth et al., 1990].
Such regions of electric fields have been referred to as a “radar
arc” because coherent radar backscatter also occurs here.
Timofeev et al. [1987] found that postmidnight radar arcs ap-
pear or suddenly intensify with the optical brightening of the
associated auroral arc.

Aikio et al. [1993] have proposed the following scenario.
Satellite measurements have shown that the current system
associated with auroral arcs consists of a matched pair of
Birkeland currents. The upward current flowing from the arc
and the downward return current flowing on the poleward
(equatorward) side of the arc in the postmidnight (premid-
night) sector are connected by a Pedersen current in the ion-
osphere. Since the Pedersen current will flow in the direction
of the convection electric field (equatorward postmidnight and
poleward premidnight), this determines on which side of the
optical arc the radar arc is observed. The upward current is
carried by the energetic precipitating electrons responsible for
the auroral arc. The downward current is carried by upward
moving, cold ionospheric electrons outside of the arc, resulting
in a depletion of ionospheric conductivity in that region. If the
magnetospheric process resulting in an auroral arc acts as a
current generator, the ionospheric electric field has to modify
itself in such a way that current continuity in the ionosphere is
preserved. Therefore the meridional electric field has to in-
crease in order to produce an enhanced ionospheric Pedersen
current to support the enhanced downward current in response
to the increased upward current above the arc. Tsunoda et al.
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[1976] and Timofeev et al. [1987] have shown that the radar
aurora corresponds to downward field-aligned currents linked
to the visual aurora by an ionospheric Pedersen current.

Several authors [e.g., Opgenoorth and Baumjohann, 1984;
Opgenoorth et al., 1983a, b; Aikio et al., 1993] have demon-
strated, for specific case studies of active auroras (optically
enhanced arcs, westward surges, and omega bands), that it is
possible to reproduce the observed electric field by a superpo-
sition of an electric field due to the auroral form (directed
perpendicularly to the form at all points along it) upon the
background electric field.

Black aurora is the lack of optical emission in a small, well-
defined region within an otherwise uniform, diffuse back-
ground [Davis, 1978]. The optical intensity within the black
aurora is that of the background sky [Schoute-Vanneck et al.,
1990; Trondsen and Cogger, 1997]. The phenomenon generally
appears as east-west aligned arc segments, filaments, or
patches that drift eastward in the postmidnight sector [Schoute-
Vanneck et al., 1990; Trondsen and Cogger, 1997]. Black auroras
have been observed only within 30° of the magnetic zenith
[Davis, 1978], implying that the phenomenon has limited ver-
tical extent. Black auroras appear to be a common feature of
late recovery phase of an auroral substorm [Trondsen and
Cogger, 1997]. However, very little information on the phenom-
enon is contained in the literature, with the first report prob-
ably by Parsons and Thomas [1973]. This is almost certainly due
to the difficulting of recording such events, even though one of
us (M. J. Kosch) has frequently observed them by eye from
northern Scandinavia. Trondsen and Cogger [1997] measured
31 black auroral patches and arc segments and found a typical
width of 0.5-1.5 km, length of 2.5-3 km, and drift speed of
0.6-1.5 m/s. Schoute-Vanneck et al. [1990] measured 40 black
filaments to find a typical width of 1 km, length of 5-20 km, and
drift speed of 1-3.9 km/s. Black auroras may exhibit shear,
forming streets of vortices [Davis, 1978] with opposite rotation
to the more familiar auroral curls [Hallinan and Davis, 1970],
implying that they correspond to regions of positive space
charge. Large, radially divergent electric fields (=1 V/m), im-
plying a positive space charge, have been observed by the Freja
satellite on a small-scale size (=1 km) at low altitudes (<1700
km), mostly in the postmidnight sector [Marklund et al., 1994,
1995]. The measurements correspond to a complete lack of
electron precipitation in regions of downward field-aligned
current (2 wA/m?), depleted thermal plasma (Pedersen con-
ductance <1 S), and significant wave activity. Marklund et al.
[1994, 1995] associated these measurements with the black
aurora, although no direct optical observations were available.
Theories involving wave phenomena have been advanced to
explain black aurora [Mishin and Forster, 1995; Shukla et al.,
1995]; however, insufficient observational evidence exists to be
conclusive.

The results reported here were obtained primarily by two
high-resolution systems, a low-light-level TV camera for opti-
cal imaging and the Scandinavian Twin Auroral Radar Exper-
iment (STARE) [Greenwald et al., 1978] for ionospheric
plasma flows and electric fields. It was arranged for the optical
field of view to include the area observed by the radar (67.6°-
72.6°N, 13.5°-26.0°E). STARE is sensitive to electrostatic
waves in the auroral E layer at ~105 km altitude [Fejer and
Kelley, 1980]. The mean Doppler shift of these waves is used to
deduce good approximations of the speed and direction of the
electron Hall drift. This method gives two-dimensional maps of
the plasma flow and hence electric field over a section of the
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auroral oval at those locations where the ionospheric electric
field exceeds a threshold of ~15 mV/m [Cahill et al., 1978]. The
measurements are made with good spatial resolution (20 X 20
km) over a large area (500 X 500 km) and are carried out on
a continuous basis with a time resolution of 10 s. Thus STARE
provides a “window,” rotating with Earth, through which the
auroral oval E region plasma flow and electric field pattern can
be monitored. In many of the above mentioned studies, the
STARE system played a key role in experimentally determin-
ing the ionospheric electric fields around the auroral forms.

2. Observations

The data examined here were obtained at 2135 UT on Jan-
uary 15, 1980, close to magnetic midnight (=~2130 UT). Geo-
magnetic conditions were quiet with 2Kp = 127 on this day
and Kp = 1% for the period 2100-2400 UT, unusually low
values for the auroral activity observed. An arc was imaged in
white light by an all-sky, low-light-level TV camera system
operated from Skibotn (69.35°N, 20.36°E, L = 6), Norway.
Simultaneously, STARE was observing the ionospheric plasma
flows within the imager’s field of view with 10 s temporal
resolution and 20 X 20 km spatial resolution. Black auroras
were reported from the same data set only 4 min later, from
2139 to 2158 UT [Schoute-Vanneck et al., 1990].

GEOS 2 satellite magnetometer and particle data [Korth et
al., 1978] are shown in Figure 1 using 1 min averages. GEOS 2
was located on a geostationary orbit on the Kiruna meridian
(20.42°E), very close to the Skibotn meridian. The time of the
event under study is shown by the arrow. The absolute mag-
netometer traces are shown in VDH coordinates, where H is
parallel to the magnetic dipole axis (north positive), D is per-
dendicular to the radius vector connecting the center of Earth
to the satellite (east positive), and V' completes the right-
handed orthogonal coordinate system. The data show very
quiet magnetic conditions. Total integrated particle fluxes for
electrons (>22 keV) and ions (>27 keV) are shown for the
quasi-field-aligned (pitch angle (PA) < 25°) and quasi-field-
perpendicular (75° < PA < 105°) directions. The particle flux
data (and other pitch angles not shown) show isotropic and
very quiet particle fluxes. The magnetosphere was in a quiet
and steady state at the time of the event (A. Korth, private
communication, 1997).

At 2134 UT a surge of luminosity propagated eastward along
the arc at ~4 km/s, causing enhanced brightness and some
distortion of the arc. It was during the enhanced brightening of
the arc, which attained its maximum 1 min later, that the
plasma vortex was observed by STARE. The all-sky auroral
image recorded at 2135 UT is shown in Figure 2. The geo-
graphic directions from Skibotn are indicated with north and
east at the bottom and right-hand side of the image, respec-
tively. The circle represents the idealized horizon correspond-
ing to the =90° all-sky field of view. Superimposed is the grid
of STARE plasma flow vectors with the direction pointing
away from each white dot. Locations with no vectors corre-
spond to no radar backscatter. The radar data projection is for
100 km altitude. The patch of luminosity near the southwest
horizon is an artifact of artificial illumination.

Figure 2 exhibits the customary spatial distortion associated
with all-sky lenses, which are linear in local zenith and azimuth
angle. This is particularily severe near the periphery of the field
of view. Removal of this effect, by digital image processing,
greatly eases analysis. Figure 3 shows a mapping of Figure 2
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Figure 1.

One hour of GEOS 2 geostationary satellite data, for the 20.42° geographic meridian, centered on

the event. Absolute magnetometer traces are shown for the H, D, and V' directions. The total integrated
particle fluxes for electrons (>22 keV) and ions (>27 keV) are shown for the quasi-field-aligned (pitch angle
(PA) < 25°) and quasi-field-perpendicular (75° < PA < 105°) directions.

onto a rectilinear geographic grid, for an altitude of 100 km, to
remove the all-sky spatial distortion. The apparent radial
streaking in the image near the edges is partially due to the
vertical extent of the aurora. An anticlockwise plasma vortex is
visible between 17° and 21° longitude and covers a region of
~180 X 140 km spatial extent. Westward drifts at higher lati-
tudes merge with eastward drifts at lower latitudes near the
arc. The plasma vortex drifted eastward at ~700-800 m/s and

is associated with a moving distortion in the arc in the same
range of longitudes.

Balsley et al. [1973] showed that a close relationship between
the radar and visual aurora exists, with backscatter poleward of
the luminosity postmidnight and vice versa. Greenwald et al.
[1973] found the radar aurora to be mostly equatorward of the
visual aurora in the evening sector; however, sometimes it was
also reversed. Radar backscatter on both sides of arcs has been
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Figure 2. The all-sky, white-light TV image of the east-west aligned arc after it had brightened, taken at 2135
UT on January 15, 1980, from Skibotn (69.35°E, 20.36°N), Norway. The geographic directions are indicated.
The circle represents the idealized +90° all-sky field of view. Superimposed is a grid of Scandinavian Twin
Auroral Radar Experiment (STARE) plasma flow vectors, with the direction pointing away from each white
dot. Locations with no vectors correspond to no radar backscatter. The projection is for 100 km altitude.
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Figure 3. A mapping of Figure 2 onto a rectilinear geographic grid, at an altitude of 100 km, to remove the
all-sky spatial distortion. The apparent radial streaking in the image near the edges is partially due to the

vertical extent of the aurora.

reported during the Harang Discontinuity [Nielsen and Green-
wald, 1979]. They also reported plasma vortices during the
Harang Discontinuity, but they were of a larger-scale size of
hundreds of kilometers. In one case, a large-scale vortex even
appeared to pass over two arcs.

The appearance of the plasma vortex at the same time as the
sudden brightening of the auroral arc, as well as the fact that
the drifting plasma vortex coincided with a distortion of the arc
moving at the same speed, is strong evidence that the plasma
vortex is causally related to the activation of the arc. Timofeev
et al. [1987] show several examples of the appearance or in-
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tensification of a radar aurora associated with the brightening
of a postmidnight auroral arc, consistent with our observation.

For the subsequent analysis, it is important to determine if
the event occurred before or after the Harang discontinuity.
Unfortunately, the signature of the Harang discontinuity could
not be found in the STARE data. The Scandinavian magne-
tometer array (SMA) is a two-dimensional array of 36 magne-
tometers, with a spacing of 100-150 km, operated in northern
Scandinavia during the International Magnetospheric Study
(IMS) [Kiippers et al., 1979]. Figure 4 shows SMA data from
the closest station to Skibotn, at Rostadalen (68.97°N,
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Figure 4. -Ground-based Scandinavian magnetometer array (SMA) data, taken from Rostadalen (68.97°E,
19.67°N), showing the parallel H, perpendicular D, and vertical Z traces. The time of the event is indicated.
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19.67°E), Norway. The magnetometer traces show moderately
low activity. The time of the event is shown with negative H,
indicating that it occurs during a small enhancement of the
westward electrojet in the postmidnight convection region.
Given the very quiet geomagnetic conditions prevailing, it is
difficult to determine precisely the time at which the Harang
discontinuity occurred. An examination of the magnetometer
data from all northern SMA stations (not shown) indicates that
the discontinuity passed over northern Scandinavia around
2000 UT or earlier. This is independently confirmed by mag-
netometer records (not shown) from Tromsg (69.66°N,
18.94°E) and Ny-Alesund (78.92°N, 11.93°E).

The global statistical average electric field distribution for
Kp < 2, in the geographic latitude range 63.4°-72.6° is shown
in Figure 5, generated using a 180 day average of STARE and
SABRE [Nielsen et al., 1983] data combined, taken from 1982-
1986. Arc segments indicate no radar backscatter. The latitude
and time of the Harang discontinuity (HD) and the event
(cross) are shown. The plot is orientated such that magnetic
midnight is at the bottom. It is emphasized that the radar data
are not from the time of the present event. Figure 5 shows the
expected quiet time convection electric field which is poleward
(equatorward) before (after) the discontinuity, statistically lo-
cated around 2100 UT. For similar Kp, the Harang disconti-
nuity may occur at different times on different days [Nielsen
and Greenwald, 1979], hence Figure 5 is consistent with the
discontinuity occurring around 2000 UT. Figure 5 reinforces
the magnetometer observations that the Harang discontinuity
occurred before the appearance of the plasma vortex under
study. Note that the electric fields tend to be small, sometimes
below the radar threshold, with ill-defined directions after the
Harang discontinuity and around the event time. Normally,
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Figure 5. Globally statistical average electric field distribu-
tion from STARE and SABRE, for Kp < 2, in the geographic
latitude range 63.4°-72.6°. Arc segments indicate no radar
backscatter. The latitude and time of the Harang discontinuity
(HD) and the event (cross) are shown. The radar data are a
180 day average taken from 1982 to 1986.
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Figure 6. Temporal evolution of the plasma drift pattern.
Latitudinal variation of the flow vectors obtained from 19.5°E
is plotted against time. A region of anticlockwise turning vec-
tors occurs between 2134 and 2136 UT.

STARE data are used only to estimate electric fields if the
backscatter power exceeds 2 dB. In order to clearly observe the
plasma vortex (see Figures 2 and 7) for the analysis, it was
necessary to use a threshold of 1 dB, an indication of low
ionospheric electric field strengths.

No radar backscatter was observed in the far poleward part
of the STARE field of view or anywhere within or equatorward
of the arc (see Figures 2 and 3), indicating small ionospheric
electric fields of <15 mV/m [Cahill et al., 1978]. Given the very
quiet geomagnetic conditions prevailing (Kp = 17; see Figure
1) and that the convection electric field is frequently below the
STARE detection threshold in the Harang discontinuity
[Nielsen and Greenwald, 1979], this indicates that the observed
plasma vortex is probably entirely due to mechanisms associ-
ated solely with the arc.

The temporal evolution of the plasma drift pattern is shown
in Figure 6 in the form of a latitude-time diagram. The latitu-
dinal variation of the drift velocity vectors, obtained from
19.5°E, is plotted with a time increment of 10 s. A region of
anticlockwise turning of drift vectors is present between 2134
and 2136 UT. The plasma flow is predominantly westward at
higher latitudes and eastward at lower latitudes. This plasma
flow configuration is consistent with the expected statistically
average flows shown in Figure 5 in the vicinity of the event
(cross). Similar instances of such observations have been pre-
sented by Horwitz et al. [1978]. ’

E region plasma flow drifts observed by coherent backscat-
ter radar may be simply converted into equivalent ionospheric
horizontal electric fields by rotating the vector clockwise
through 90° and setting 1000 m/s = 50 mV/m (V = E X B).
Using this transform, Figure 7 shows the ionospheric horizon-
tal electric field distribution at 2135 UT on January 15, 1980, in
geographic coordinates. The lower border of the arc, projected
at 100 km altitude, is also shown. The electric field vectors near
the arc, corresponding to eastward plasma flow (see Figures 3
and 6), point approximately toward the arc. This result is not
unexpected, as it indicates a horizontal ionospheric current
flowing into the arc, which is necessary to feed the upward
field-aligned current normally present in arcs [e.g., Armstrong
et al., 1975; Kamide and Akasofu, 1976a, b; de la Beaujardiere et
al., 1977; Evans et al., 1977; Cahill et al., 1980; Robinson et al.,
1981; Marklund et al., 1982; Briining and Goertz, 1986]. The
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Figure 7. Ionospheric horizontal electric field distribution at
2135 UT on January 15, 1980, in geographic coordinates. The
lower border of the arc, projected at 100 km altitude, is also
shown.

electric fields north of the arc, corresponding to westward
plasma flow, point approximately away from the arc. This sug-
gests the possibility of a positive space charge in the region
around 69.6°N, where the electric field reverses in order to
account for the divergence of the electric field. Aikio et al.
[1993] and Timofeev et al. [1987] have shown examples of the
electric field enhancement adjacent to an auroral arc being
simultaneous with the optical brightening of the arc. These are
consistent with our observations.

3. Electrostatic Field Model

An early attempt was made to determine the electric field
due to the arc just described using simple electrostatic field
models based on the arc as a charged sheet [Schoute-Vanneck,
1988]. Vondrak [1975] proposed a scenario in which electrons
flow along magrietic field lines into the arc (upward current),
resulting in deposition of negative charge at altitudes where
the electrons are stopped. The charge excess will eventually be
neutralized by a return current from the magnetosphere into
the ionosphere. This neutralization is presumably sufficiently
slow that a negative charge temporarily builds up. Conductivity
parallel to the magnetic field is ordinarily much larger than the
perpendicular conductivity. Vondrak therefore expected that
the return current would be equal in magnitude to and spatially
coincident with the incident electron beam above the arc.
Thus, in this picture, no net vertical (field aligned) currents
would be detectable. To explain the existence of Birkeland
field-aligned currents that are not spatially coincident with the
arc, Vondrak [1975] postulates that net return charge flow is
impeded in the region of the arc. This could occur if the
acceleration of electrons is caused by a potential drop along
magnetic field lines. This same potential drop will impede a
return current above the arc, so that the return current must
come from Birkeland currents in the region surrounding the
arc. The negative space charge, within the arc, produces an
electric field directed into the arc. Using a rocket, Evans et al.
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[1977] observed a boundary layer of negative space charge at
the edge of an arc on the side where the ionospheric electric
field was enhanced.

For initial modeling attempts, the arc, associated with the
plasma vortex, was assumed to be a region of negative charge
deposited by precipitating electrons. On a large spatial scale, if
the arc is considered to be a horizontal line of point charges
located only in the E region ionosphere, the variation of the
electric field with distance from the arc r would be as 1/r*. An
attempt to reproduce the observed electric field was made by
integrating the effect of each charge element along the arc,
taking the shape of the arc into consideration and adding a
constant background convection eléectric field. The convection
electric field was estimated from the STARE data farthest
from the arc prior to the event. It was assumed that the back-
ground electric field was everywhere constant. This is a rea-
sonable assumption since, for similar Kp levels, Zi and Nielsen
[1980] found that the electric field varies by ~25% over the
range of latitudes covered by the STARE field of view. The
charge density of the arc and the threshold electric field of
STARE could be varied at will in the model in order to achieve
the best fit. However, with the 1/r* assumption, no reasonable
fit could be achieved. Modulating the charge density according
to the brightness of the arc had little effect on the model.

By a change of spatial scale size, following a similar ap-
proach by Opgenoorth et al. [1983b], one may assume the arc to
be made up of many field-aligned columns of negative charge
along the length of the arc. The electric field due to each
charge column decreases as 1/r. The same procedure de-
scribed above was employed. Schoute-Vanneck [1988] found
that a rather good model reproduction of the observed electric
field pattern could be made, provided that the fit was restricted
to only poleward of the arc. Taking into account the lack of
detectable radar backscatter equatorward of the arc, no rea-
sonable fit could be achieved with the 1/r assumption. Further
modeling attempts were made by including arbitrary regions of
positive space without success. In most cases, the model’s best
fit occurred for the case of zero arc charge, i.e., no arc present.

It is an important feature that no radar backscatter is de-
tected equatorward of the arc since an electrostatically charged
arc should produce a quasi-symmetric electric field pattern in
the vicinity of the arc. Including this fact makes it impossible to
find any combination of a negatively charged arc, positively
charged regions around the arc, and radar threshold that will
reasonably reproduce the observed electric field in Figure 7.
Hence it must be concluded that the arc and surrounding
regions are free of excess charges. This is consistent with the
findings of Nielsen and Greenwald [1979] for some arcs near the
Harang Discontinuity. It is therefore concluded that the elec-
tric field pattern of Figure 7 must be the result of a combina-
tion of currents and conductivity. Given overall neutrality, it
seems that polarization electric fields cannot exist in this event.
The alternative suggestion of Marklund [1984], namely, that of
Birkeland currents, was therefore pursued.

4. Birkeland Current Model

Given that the auroral arc results from electron precipita-
tion, corresponding to a region of upward Birkeland current
[e.g., Kamide and Akasofu, 1976a, b; de la Beaujardiere et al.,
1977], it is postulated here that the plasma vortex corresponds
to the ionospheric signature of the closure current of the arc,
thereby completing the circuit. McDiarmid and McNamara
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[1978] and Timofeev et al. [1987] demonstrated that the region
of radar backscatter contains downward field-aligned currents.
The electric field pattern observed by STARE would be the
result of field-aligned currents imposed by the magnetosphere
combined with the Pedersen conductivity of the ionosphere
[dikio et al., 1993].

The event occurred after the Harang Discontinuity and with
a very low Kp. Convection electric fields may have values of
only 20 mV/m during such geomagnetically quiet times [Baum-
johann, 1983]. It has been shown that the discontinuity is gen-
erally associated with small convection electric fields (see Fig-
ure 5), and during these quiet geomagnetic conditions it is
unlikely that the convection electric field makes any significant
contribution. The fact that no radar backscatter is observed
equatorward of the arc and in the far poleward part of the field
of view indicates that any convection electric field present was
probably <15 mV/m [Cahill et al., 1978]. It seems entirely
reasonable that the plasma vortex is a localized event purely
associated with the auroral arc. In Figure 7 it is obvious that

the plasma vortex corresponds to region of electric field diver--

gence at ~69.6°N. For any given Pedersen conductivity this
implies a region of horizontally divergent Pedersen current.
Since current continuity must be preserved, the plasma vortex
must correspond to a region of downward Birkeland current.

It is possible to make an estimate of the direction and
strength of field-aligned currents by investigating the diver-
gence of horizontal Pedersen currents [Nielsen and Sofko,
1982]. STARE provides the horizontal electric field distribu-
tion, but no estimate of the Pedersen conductivity is available.
Schlegel [1988] has shown, from European Incoherent Scatter
(EISCAT) radar data taken near Skibotn, that the height-
integrated Pedersen conductivity is typically <4 S for low Kp.
From a rocket shot through the Harang Discontinuity, Behm et
al. [1979] found background height-integrated conductivities of
2 S or less. Since we have no information as to the variation of
the Pedersen conductivity over the STARE field of view, we
have simply assumed, for modeling purposes, a uniform value
of 1 S everywhere.

The equivalent field-aligned current distribution is shown in
Figure 8. Circles and crosses represent downward and upward
currents, respectively. The lower border of the arc, projected at
100 km altitude, is also shown. In most of the field of view, the
field-aligned current is small and predominantly downward,
consistent with the observations of McDiarmid and McNamara
[1978]. At about 69.6° latitude and between 19° and 24° longi-
tude there is a region of strong downward current (0.8-2.8
wA/m?), ~100 km poleward of and approximately parallel to
the arc. The region is narrow, having an apparent latitudinal
width of about 20 km, which is the spatial resolution of
STARE. This is consistent with Timofeev et al. [1987], who
found the meridional width of the downward current within the
radar arc to be a few tens of kilometers. The zonal extent of
strong downward current is ~160 km, less than half that of the
arc.

Since the plasma vortex is causally linked to the arc, it must
follow that the region of downward current is likewise causally
linked to the arc, i.e., a region of upward current. Hence, for
the first time from ground-based data, we have been able to
identify the localized region, associated with an auroral arc,
constituting a closed current sheet pair linked to the magne-
tosphere. Although the field-aligned current amplitudes ap-
pear quite reasonable [e.g., Armstrong et al., 1975; de la Beau-
Jardiere et al., 1977; Briining and Goertz, 1986; Cahill et al.,
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Figure 8. Equivalent field-aligned current distribution as-
suming a Pedersen conductivity of 1 S. Circles and crosses
represent downward and upward currents, respectively. The
lower border of the arc, projected at 100 km altitude, is also
shown.

1980; Evans et al., 1977; Marklund et al., 1982; Robinson et al.,
1981], it is stressed that these are estimates because we have no
measurement of the Pedersen conductivity. However, the di-
rection of the current is not affected. ‘

Tsunoda et al. [1976] and Timofeev et al. [1987] showed that
the radar aurora corresponds to downward field-aligned cur-
rents, which are linked to the visual aurora by an ionospheric
Pedersen current. It is well known that that an ionospheric
electric field enhancement occurs poleward (equatorward) of
an auroral arc when the large-scale background convection
electric field points equatorward (poleward) [e.g., Evans et al.,
1977; Horwitz et al., 1978; Cahill et al., 1980; Stiles et al., 1980;
de la Beaujardiere et al., 1981; Marklund et al., 1982; Ziesolleck
et al., 1983; Briining and Goertz, 1986; Timofeev et al., 1987,
Opgenoorth et al., 1990; Valladares and Carison, 1991; Aikio et
al., 1993; Lewis et al., 1994], which is the case for after (before)
the Harang Discontinuity. Such an enhancement is necessary
to support the horizontal ionospheric Pedersen current re-
quired by the upward field-aligned current within an auroral
arc [Aikio et al., 1993]. The magnitude of the enhancement will
depend on the ionospheric conductivity adjacent to the arc,
which may be relatively low [Aikio et al., 1993, and references
therein]. This is indeed what we have observed.

Unfortunately, it is difficult to make a quantitative analysis
of the field-aligned current, as we have no simple way to esti-
mate the ionospheric Pedersen conductivity distribution or the
particle flux corresponding to the auroral arc. Neither the
EISCAT incoherent backscatter radar [Folkestad et al., 1983]
was available, nor were the TV images calibrated in intensity.
The possibility of using the STARE electric field distribution
combined with the SMA equivalent current field distribution is
being investigated in order to obtain the height-integrated con-
ductivity distribution [Baumjohann et al., 1981; Amm, 1998] for
this event. This would permit a quantitative estimate of the
field-aligned currents. Using the 25 SMA stations still operat-
ing at the time of the event, it would also be possible to
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reconstruct a three-dimensional equivalent current system as-
sociated with this event.

5. Black Aurora

East-west aligned black auroral filaments have been re-
ported from Skibotn in the period 2139-2158 UT on January
15, 1980 [Schoute-Vanneck et al., 1990]. A total of 186 examples
were observed only 4 min after the event studied here from the
same video data set. Several similarities are apparent between
the region of downward field-aligned current (see Figure 8)
and black auroras. The region of downward field-aligned cur-
rent has a spatial dimension (200 X 20 km) that is much larger
than that reported for black aurora (maximum 20 X 1.5 km).
This implies that the region of downward current may corre-
spond to a propagation channel, as described by Schoute-
Vanneck et al. [1990], through which individual black aurora
propagate. The drift speed of the plasma vortex (0.7-0.8 km/s)
is within the range observed by Trondsen and Cogger [1997] for
black auroras (0.6-1.5 km/s). Freja satellite observations have
associated black aurora with low ionospheric conductivity
(Pedersen conductance = 0.7 S) and downward field-aligned
currents (2 wA/m?) [Marklund et al., 1994]. Using an assumed
Pedersen conductance of 1 S, the plasma vortex observed by
STARE is equivalent to a downward current of 0.8-2.8 uwA/m?
(see Figure 8). The same satellite data show strong diverging
electric fields (up to 1 V/m) in small regions (<1 km) [Mark-
lund et al., 1995]. Taking into account the spatial resolution of
STARE (20 X 20 km), this translates to an average electric
field of up to 50 mV/m over one radar data cell. Such a
diverging electric field is entirely consistent with our observa-
tions (see Figure 7).

Given the circumstantial evidence, it is natural to associate
the observed return current region of the arc under study with
black aurora. Unfortunately, no black auroras could be iden-
tified in the all-sky TV data owing to its relatively poor spatial
resolution. Also, the return current region occurs about 28° off
the magnetic zenith, which is close to the observable limit of
30° for black auroras [Davis, 1978]. The black auroras reported
from Skibotn were observed using a low-light-level TV camera
with a small field of view (23° X 30°) [Schoute-Vanneck et al.,
1990]. Unfortunately, the plasma vortex associated with the arc
is not within this image [see Schoute-Vanneck et al., 1990,
Figure 5]. Nevertheless, it seems likely that the region of down-
ward field-aligned current associated with the arc corresponds
to a region of black auroras.

6. Conclusions

At a geomagnetically quiet time (Kp = 17) an auroral arc
optically brightens following the passage of an eastward surge.
This is causally related to a plasma vortex poleward of the arc
in which plasma drift vectors rotate anticlockwise. It is shown
that the event occurs after the Harang discontinuity and that it
is consistent with previous similar observations. It has been
demonstrated that the electric field pattern around the arc is
not due to space charges but is consistent with a downward
field-aligned current ~100 km poleward of the arc. The me-
ridional width of this region is ~20 km or less, with a zonal
extent of ~160 km, which is much less than the visual arc. The
ground-based localization of the ionospheric signature of the
magnetospheric current loop associated with the arc is a novel
result.
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Marklund [1984], who studied and classified arcs based on
the electric field configuration around them, stated that polar-
ization electric fields associated with auroral arcs tend to dom-
inate when the background convection electric field is large.
On the other hand, when the convection electric field is small,
as is the case in this event, he found that Birkeland currents
dominated the electric field pattern associated with the arc.
The event studied here is entirely consistent with the latter.

Black auroras have been reported from Skibotn using the
same video data set [Schoute-Vanneck et al., 1990] only 4 min
after the event studied here. The observed region of downward
field-aligned current is entirely consistent with a region con-
taining black auroras. Unfortunately, the video data are such
that this cannot be conclusively determined. The combined use
of STARE and a new digital all-sky imager (DASI) [Kosch et
al., 1998a] may provide a systematic approach to studying this
poorly reported phenomenon.

It is possible that the ground-based identification of the
closure current associated with the arc would not have been
found were it not for the quiet geomagnetic conditions pre-
vailing (Kp = 17) and the close proximity of the event to the
Harang Discontinuity. Under active conditions or with the
normal background convection electric field, the vortex signa-
ture may have been impossible to identify. Using STARE and
DASI, it is planned to analyze other such events. It has been
shown that the distribution of height-integrated Pedersen con-
ductivity can be obtained by ground-based optical observations
[Kosch et al., 1998b] with an all-sky camera. This opens the
future possibility for quantitatively estimating field-aligned
currents.
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