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Freja and ground-based analysis of inverted-V events

H.U. Frey,"? G. Haerendel,' J. H. Clemmons,"> M.H. Boehm,"* J. Vogt,'
O.H. Bauer,' D.D. Wallis,’ L. Blomberg,® and H. Liihr"®

Abstract. During two campaigns, ground-based auroral observations were per-
formed in coordination with Freja. The high temporal and spatial resolution of the
satellite instruments as well as the real-time recording with a stereoscopic camera
system from the ground enabled detailed comparison of small- and large-scale
optical phenomena with particle and field data measured by the satellite. Three
passes of the satellite over inverted-V auroral arcs and over precipitation regions
with strong field-aligned electron spectra are investigated. Brightness modulations
within auroral arcs coincide with modulations of primary electron fluxes. The
dynamics of small-scale structures within arcs as well as the proper motion of arcs
are analyzed and compared with electric fields measured by the satellite and with
BARS radar measurements. Energy fluxes independently determined from the
ground and from the satellite are used to calculate the field-aligned conductance.
The results agree with predictions of the kinetic theory of the mirror force, if
we allow for variations of the density and thermal energy of the electrons in the
source region of the magnetosphere. Detailed comparison of electron spectra and
© electric and magnetic field perturbations provide evidence of different acceleration

mechanisms for the electrons, electrostatic acceleration inside inverted-V’s, and

wave acceleration in transient regions.

1. Introduction

Since the very early publications by Frank and Acker-
son [1971] and Gurnett [1972] inverted-V structures in
electron energy-time spectrograms are a well accepted
signature of electron precipitation into the auroral zone
creating auroral arcs [Gurnett and Frank, 1973; Mozer
et al., 1980; Chiu et al., 1983; McFadden et al., 1990;
Sakanoi et al., 1995]. Because of low data rates and
high perpendicular velocities resulting in low spatial
and time resolution, the first studies investigated broad
structures of 200-300 km latitudinal width. Narrow au-
roral arcs of ~ 10 km width were studied by rockets
with slower velocities and higher telemetry rates. An
important step to close the gap between these situa-
tions was the launch of the Swedish/German scientific
satellite Freja in 1992. The spatial resolution of some
instruments equals that of sounding rockets, while the
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time resolution is higher than that of most previous
measurements. Thus, with this satellite, not only broad
but also narrow structures down to ~ 1 — 5 km could
be studied [Boehm et al., 1994a].

One still existing difficulty with the interpretation of
satellite measurements is the separation of spatial and
temporal variations. The combination with ground-
based observations cannot solve this difficulty but can
provide much better limits. For this purpose and in con-
tinuation of earlier radar supported campaigns on the
physics of auroral arc formation and dynamics [Haeren-
del et al., 1993; Frey et al., 1996a] the Max-Planck-
Institute for Extraterrestrial Physics (MPE) developed
a low-light-level CCD camera system with the aim to
record high-time-resolution and wide-angle stereo im-
ages of the aurora during passes of the Freja satel-
lite. This system was used during campaigns in Febru-
ary/March 1993 and this paper summarizes the results
of the investigation of inverted-V events. On the basis
of previously published first results [Haerendel et al.,
1994; Frey et al., 1996b], one more event will be pre-
sented, the methods of data analysis will be extensively
discussed, and the data will further be investigated with
emphasis on the dynamics and the creation of auroral
arcs.

While the energy-time spectrograms of inverted-V’s
generally show slowly varying and isotropic electron
flux, there is frequently considerable energy fluctuation
and fine structure embedded. Chiu et al. [1983] in-
terpreted this in terms of spatial modulations of the
basic U-shaped potential structure in the acceleration
region. In this paper we compare observed motions of
auroral arcs and fine structures with the corresponding
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electric fields in the ionosphere. We demonstrate the
close correspondence between optical emission and par-
ticle flux, evaluate the field-aligned conductance, and
compare experimental results with theoretical predic-
tions. Furthermore, we compare the electromagnetic
and particle energy flux measured by the satellite in
different regions within the auroral oval and determine
whether these regions are controlled by the ionosphere
or magnetosphere and whether the electrons are mainly
accelerated by electrostatic fields or by waves.

2. Instrumentation and Data Analysis

The Swedish/German scientific satellite Freja was
launched into an orbit with 63° inclination. The F1
electric field instrument measures the potential differ-
ence between opposing probes on 10-m booms in the
spin plane. Measurements with a rate of 768 samples
per second are performed in the dynamic range of +1
V/m [Marklund et al., 1994]. The F2 triaxial fluxgate
magnetometer [Zanetts et al., 1994] measures 128 vector
samples per second. The F7 two-dimensional electron
spectrometer [Boehm et al., 1994b] consists of a top-hat-
type electrostatic analyzer to measure the full electron
distribution function from = 20 eV to 25 keV at 32-ms
time resolution and in 32 directions simultaneously.

Field-aligned current densities were calculated from
the Freja magnetometer data assuming the current to
be located in sheets aligned along the background mag-
netic field B, (IGRF 90-95 model). First, time intervals
were selected where sheet-like structures may exist, i.e.,
linear sections in the magnetogram and the magnetic
hodogram. Second, the orientation of the current sheet
normal vector n is calculated with a minimum variance
analysis similar to the method described by Sonnerup
and Cahill [1967], but in our case the covariance ma-
trix is just 2 x 2 because only the directions perpen-
dicular to the background magnetic field are consid-
ered. The technique is based on the assumptions that
the sheets are sufficiently extended, stationary, and the
current density inside the sheet is homogeneous. The
1atio Amin/Amaz Of the eigenvalues of the covariance
matrix can be used to test the first assumption. Finite
geometry effects on the minimum variance technique
were discussed in detail by Fung and Hoffman [1992].
In general, data from a single satellite do not allow for
a test of the stationarity assumption, but the pattern of
the calculated current sheets along the orbit may serve
as a consistency check. The homogeneity assumption
can be tested with the help of the goodness-of-fit pa-
rameters of a linear regression. Then, the sheet width
As is calculated with the satellite velocity component
normal to the sheet orientation (v, = n-v) and the
time interval At with

As = /vndt 2 vy At

At

(1)

Finally, the current density j is calculated from the
gradients in the perturbation magnetic field B, with
the help of Ampére’s law

1 (IIXBJ_).

H= o As

B,
B,

(2)

ANALYSIS OF INVERTED-V EVENTS

The electric field is measured within the spin plane of
the satellite. A full vector description of the electric
field was performed with the assumption that there is
no electric field component along the magnetic field
at the position of the satellite. Thus, after calcula-
tion of the spin axis orientation and local magnetic
field the full electric field vector was calculated with
E .- B = 0. Transformation from the satellite to iono-
spheric altitude was performed under the assumption
of field continuity and taking into account the map-
ping a.long dipole field lines [Borovsky, 1993]. For the
comparison with ground-based observations the electric
field vector was decomposed into the components point-
ing to geographic north, east, and downward.

Additionally, the electric field at Freja altitude was
rotated into a field-aligned coordinate system with the
Z axis pointing along the background field and the Y
axis pointing eastward. In this coordinate system the
electric field as well as the perpendicular magnetic field
are lying in the X-Y plane. Note that this coordinate
system differs from the system described above.

The MPE ground-based optical equipment consisted
of two image-intensified CCD-cameras with a maximum
spectral sensitivity at 470-nm wavelength [Frey et al.,
1996¢]. Both cameras were equipped with an all-sky
lens with a speed of f/D=1:1.0. Out of the whole field
of view the cameras used the central part of 86° x 64°.
A filter stripe with three positions enabled use of differ-
ent interference filters. Real-time imaging with a frame
rate of 25 frames per second was performed most of the
time. Exact timing of the cameras was possible with
integrated GPS receivers.

The cameras operated from two sites near Gillam,
Manitoba (Kettle at 265.360°E, 56.376°N; Limestone
at 265.877°E, 56.510°N) separated by a distance of 35
km. The geometry of the system enabled stereoscopic
observations with the aim of altitude and position de-
termination. By absolute calibration of the cameras
‘at different wavelengths the intensities in image pix-
els could be converted into absolute brightnesses after
background subtraction and correction for image inho-
mogeneities and taking into account filter transmission,
atmospheric extinction, and transmission of the all-sky
optics [Frey et al., 1996¢]|.

A direction through local magnetic zenith and per-
pendicular to the mean arc elongation was defined and
the position of the arc determined along this line. The
arc brightness was determined at the intersection with
this line, though this was not always the maximum
brightness along the whole arc. The height of the arcs
could not always be determined at this line because
common structures within the images of the two cam-
eras had to be identified for the triangulation, but we
did it as often as possible.

Additionally, data of the Canadian Auroral Network
for the OPEN Program Unified Study project (CANO-
PUS) instruments are used [Grant et al., 1992].

3. Observations
3.1. March 18, 1993

During orbit 2152 on March 18, 1993, Freja passed
the observation point from geographic northwest to
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Figure 1. Auroral image taken on March 18, 1993, by
the MPE CCD-camera with the track and the momen-
tary conjugate point to Freja (white square).

southeast. Between 0406:00 and 0406:40 UT (2055
MLT) the conjugate points at 100 km altitude were
visible in our camera’s field of view with a maximum
elevation of 76° (Figure 1).

Fifteen minutes before the Freja passage an auroral
arc slowly moved southward. This arc showed a rayed
structure together with the onset of Pi 2 pulsations
when a breakup occurred, followed by a westward trav-
eling surge passing overhead Gillam at 0401 UT. The
original arc brightened and widened. During the Freja
pass the equatorward part of that wide arc (= 200 km
in geomagnetic north-south direction) was in the field
of view of our cameras with brightness patterns moving
westward with velocities between 1.3 and 2.8 km/s.

The F1 experiment measured homogeneous electric
fields of about 20 mV/m pointing north in the Gillam
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area, which is consistent with BARS radar data of a
westward ionospheric plasma drift with velocities be-
tween 300 and 500 m/s (not shown).

Between 0404:40 and 0405:00 UT the F7 experiment
measured a dominant flux of field aligned electrons of
3 mW/m”® (Figure 2). Between 0405:20 and 0406:40 a
typical broad inverted-V structure could be seen in the
electron data creating energy fluxes of 7.0 mW/ m?.

The F2 magnetic field data (not shown) are domi-
nated by downward field-aligned current sheets north
of Gillam and a 260 4 30 km thick upward current sheet
of —0.42 4 0.05 A /m?* overhead which belongs to the
visible thick arc.

3.2. March 20, 1993

On March 20, 1993 (orbit 2178), Freja passed Gillam
at 0320 UT (2010 MLT) during weakly disturbed geo-
magnetic conditions, about 90 min before a substorm.
An eastward electrojet south of Gillam caused a AB; ~
35 nT disturbance of the local magnetic field which de-
creased between 0230 and 0330 UT when the BARS
radar (Figure 3) determined the southward motion of
the eastward electrojet. At 0305 UT the westward elec-
trojet became dominant at Fort Churchill. )

The all-sky cameras at Rabbit Lake and at Gillam
showed a broad arc system spanning the whole sky
from northwest to southeast overhead of both obser-
vation sites (Figure 4). South of the arc there was dif-
fuse aurora. North of it, a region with very low auro-
ral emission separated this arc from another arc over
the Fort Churchill area which became visible after 0315
UT. The arc over Gillam moved slowly to the south.
The northern arc moved to the north, changed very
rapidly, and showed many brightness patterns and an
unstable structure. After 0335 UT the northern arc
left the field of view of the Gillam meridian scanning

10.0
o
TS
g 10
=)
=¥

—
S o

Perpendicul.
(keV)

Anti-parallel
(keV)

108

—_
o
BN

keV/(cm’-str-s-ke V)

100

Figure 2. Freja electron spectrometer data from March 18 in the parallel, the perpendicular,

and the anti-parallel channel.
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Figure 3. Time sequence of plasma drifts measured
by the BARS radar on March 20 at constant eccentric
dipole field line (EDFL [Grant et al., 1992]) longitude
of 336.0°. The EDFL latitude of Gillam is 63.88° and
of Fort Churchill 66.27°.

photometer which means that it was more than 450
km further north. The enhanced electron precipitation
due to the northern arc coincided with a small neg-
ative excursion of the horizontal local magnetic field
component at Fort Churchill and with a localized per-
turbation of the direction and velocity of plasma flow
in the ionosphere around 0315 UT (Figure 3). About
5 min later, the horizontal magnetic field component in
Eskimo Point decreased by AB,; = —90 nT. Thus the
northward moving arc coincided with the flow reversal
region separating eastward electrojet over Gillam from

Figure 4. Pass of Freja over Rabbit Lake between (left)
0312:00 UT from west and (right) 0321:00 to southeast
on March 20. The conjugate points at 125 km altitude
and 1 min time steps are marked with a plus and the
position of Freja with an asterisk.
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westward electrojet between Fort Churchill and Eskimo
Point.

The main arc showed motions of brightness patterns
to the east in the center of the arc with velocities in-
creasing from 0.7 to 1.5 km/s, and a parallel fold system
about 8 km south of the eastward drifting one, moving
westward with similar velocities of 1.0 to 1.5 km/s.

Between 0308 and 0322 UT twenty current sheet
structures could be identified in the Freja magnetome-
ter data (Figure 5). Some of them belong together and
represent elongated current sheets traversed by Freja
twice (section 4), and some others represent the inho-
mogeneous curient within one sheet. They very clearly
show the location of the auroral oval (Figure 6). Freja
entered the dominant arc far in the west at 0311:51
UT (Figure 7). The thickness of the current sheet

with a mean current density of —1.3 4 0.1 uA/m’ was
180 km at Freja altitude. South of it (measurements
around 0311 and 0321 UT) we find weak auroral pre-
cipitation of the diffuse aurora. After a region with
very low electron precipitation Freja entered the region
of flow reversal at 0315:22 UT with a downward di-
rected current sheet of 19 £ 2 km thickness and a cur-
rent density of 7+ 1 yA/m’. The arc in the north is
the optical signature of several precipitation structures
which Freja crossed between 0315:35 and 0318:18 UT
and which caused a mixture of temporal and spatial
changes in the electron spectrogram. During that time
the analysis of the covariance matrix did not support
the identification of current sheets, most probably be-
cause the assumption of extended sheets failed. The
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Figure 5. Current density derived from the local
magnetic field perturbations (AB;, dotted line; AB,
solid line)and energy flux (downward is positive) de-
rived from the electron spectrogram for the Freja orbit
on March 20.
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Figure 6. Projection of the Freja measured current
sheets to the magnetic foot points along the satellite
pass. The dark sheets belong to the inverted-V auroral
arc, and other upward field-aligned current sheets are
hatched.

optical dark gap between the arcs belongs to downward
current sheets. Between 0318:45 and 0319:54 UT Fréja
entered the dominant arc overhead Gillam which repre-
sents three substructures with a mean current density

of —0.54 pA/m?.

3.3. February 22, 1993

During orbit 1835 on February 22, 1993, Freja passed
the Gillam area at 0410 UT (2050 MLT) west of the
observation site from southwest to northeast (Figure
8). There was a small substorm around 0300 UT, but
during the Freja pass the geomagnetic field was in the
recovery phase.

4307

From 0353 till 0415 UT the dynamics of the aurora
was analyzed in detail (Figures 9 and 10). At 0353
UT an arc (further referred to as “first”) could be seen
in the northern part of the images and it moved to the
south with a constant speed of 210 m/s. At 0354:20 UT
another arc (“second”) of equal brightness appeared 34
km south of the first one and moved to the south with
260 m/s. At 0356:00 UT the first arc disappeared, the
second aic stopped moving, and during the following 30
s it increased brightrness, and the altitude of maximum
light emission decreased from about 120 to 100 km. Af-
ter 0356:40 UT it rapidly moved to the south with an
increase of altitude and a decrease of brightness. At
that time a new arc (“third”) appeared north of the
second one with equal brightness and altitude of about
120 km.

The third arc moved to the south with 125 m/s un-
til it stopped at 0357:40 UT, decreased altitude, did
not move very much (7 m/s), and the brightness de-
creased again after the maximum at 0359:40 UT. Un-
fortunately, there are only images from one camera be-
tween 0357:50 and 0400:30 UT due to tape exchange
during observation. Thus triangulation is impossible
during that time. At 0400:50 UT a new arc (“fourth”)
could be identified 26 km south of the third one. The
arcs had equal brightness and altitude and with a de-
crease of brightness both arecs moved to the south at
190 m/s, meanwhile increasing altitude up to 120-130
km. At 0406 UT the fourth arc became dominant, the
next arc (“fifth”) appeared 27 km south of it, and with
increasing brightiiess and decreasing altitude it stopped
moving (18 m/s). At 0408 UT the brightness decreased
and the velocity increased again (100 m/s) until the
fifth arc became dominant at 0409 UT.

The fifth arc stopped southward motion at 0410:40
UT (18 m/s), increased brightness until 0411:30 UT,
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Electron spectrogram for the Freja orbit on March 20.
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Figure 8. All-sky image taken from Rabbit Lake with the projection of the Freja pass between
(bottom left) 0406 and (top right) 0414 UT. Each minute is marked by a plus and the position

of Freja with a black asterisk.

Figure 9. Sequence of CCD camera images taken on
February 22 between 0356:10 and 0415:00 UT. The in-
tegration times of the images are 5 ms, 5 ms, 10 ms, 20
ms, 20 ms, and 2.56 s. The last image was taken with
a 427.8-nm interference filter, and all other images in
white light. The north and east directions point to the
top and to the left, respectively.

and moved to the south (130 m/s) until it stopped at
0412:50 UT and again increased brightness. There is
some indication of a decrease of altitude with increas-
ing brightness but this decrease is within the range of
uncertainty of altitude determination. After 0414:10
UT the brightness of the arc decreased and it moved
further south.

From 0408 till 0410 UT there were several brightness
patterns moving along the fourth arc. While between
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Figure 10. Summary of relative brightness, altitude
of maximum light emission, and relative pixel position
within the images of the arcs visible on February 22,
1993.
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0408 and 0408:40 UT only patterns moving westward
with velocities from 3.1 up to 3.6 km/s could be iden-
tified, while between 0409 and 0409:40 UT westward
motions between 1.5 and 2.3 km/s and eastward mo-
tions between 1.0 and 2.3 km/s could be determined.

The fifth and fourth arcs were passed by Freja west of
Gillam between 0409:40 and 0409:57 UT and between
0410:16 and 0410:51 UT, respectively. They represent
current sheets of 95 and 150 km thickness (not shown).

Again, there was a situation similar to that of March
20. The Gillam area was influenced by the eastward
electrojet with its center south of Gillam, and an arc
further north was connected to the region between the
eastward and the westward electrojet.

From 0405 till 0415 UT Freja measured electric fields
pointing mostly northeast at ionospheric level (Figure
11). South of the main arc and between the two arcs
the largest fields of 80-110 mV/m were measured, and
due to enhanced ionospheric conductivity the field de-
creased inside of the arcs to 25 mV/m. The BARS radar
measured plasma drifts of only 400-500 m /s correspond-
ing to electric fields of about 20 mV/m at ionospheric
level.

4. Discussion

The intensities in our images were converted into the
brightness of the aurora. We used the theory of Rees
and Luckey [1974] and examined the 557.7/427.8 ra-
tio under the assumption that the peak energy of the
precipitating electrons did not change during the time
of the Freja measurement (Table 1). Furthermore, the
altitude of the arcs was triangulated during the Freja
passes (Table 2). For March 20 and February 22 the al-
titudes correspond very well to theoretical predictions
while on March 18 the high electron peak energy would
result in much lower altitudes than measured. The rea-
son for this difference is probably the substorm, and
will be discussed later.

Figure 11. Projection of the electric fields measured
by Freja down to ionospheric altitude together with the
plasma flow vectors measured by the BARS radar at
0410:30 UT on February 22.
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Table 1. Arc Brightness at Different Wavelength Mea-
sured Before or After the Pass of Freja

Brightness, kR 557.7/427.8
Date UuT 427.8 557.7 Ratio  Theory
Mar. 20 0312 1.1 5.0 4.5 4.0
0332 0.84 3.1 3.7 4.0
Mar. 18 0412 3.8 10.0 2.6 2.7
Feb. 22 0414 1.1 4.6 4.1 3.4

The theoretical ratios are determined according to Rees
and Luckey, [1974].

Taking into account the uncertainties of the theory,
the calibration, the peak electron energy, and the time
differences of about 4-10 s between observations at dif-
ferent wavelengths, we find a close correspondence be-
tween experimental and theoretical results. This sup-
ports the reliability of the brightness and altitude con-
version method [Rees and Luckey, 1974; Kaila, 1989].
Therefore the intensity in our images along the conju-
gate points of Freja (Figure 1) could be converted into
absolute brightness (Figure 12 [Haerendel et al., 1994]).
The electron flux measured along the Freja pass showed
small fluctuations within the inverted-V event of up to
25 % which could very nicely be seen in the optical data
as well.

The maximum brightnesses at 557.7 nm during the
Freja passes were 15.2, 3.5, and 2.6 kR, respectively.
Though some individual electron energy spectra on
March 18 showed peak energies as high as 25 keV, a
much better value is the mean peak energy of 18 keV
determined with a 1-s average. In contrast to the ear-
Lier work [Haerendel et al., 1994] this value is used in
Table 2, but the results do not differ significantly. Tak-
ing into account the peak electron energies measured
by Freja and the mapping along the dipole field these
brightnesses convert into energy fluxes at Freja altitude
which correspond well to the satellite measurements.

According to the kinetic theory of the impedance
caused by the mirror force acting on hot magnetospheric
electrons as current carriers [Knight, 1973; Fridman and
Lemaire, 1980; Lyons, 1980] the field-aligned current
density in the ionosphere j; created by an-isotropic
Maxwellian electron distribution with density n. and
thermal energy E;; coming from above into a region
of field-aligned potential difference ¢ (acceleration or
energy conversion region), can be expressed by

B Br
27me By

05 ol mwmmen )]

Br ) P\ Bn(B:r/Bu - 1)
i

eyl = K4 (3)

For Ey, < ed) < Ein(Br/By — 1) this expression
simplifies to a linear relation between the current den-
sity and the potential drop with the field-aligned con-
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Table 2. Summary of Ground-Based and Satellite-Measured Data During the Freja Passes Over the Inverted-V

Auroral Arcs

Observed Deduced
Date H, s s £lly ¢y (4) K (3) K (4)
km kv pA/m? mW /m? kv Q' 'm™? 0 'm™?

March 18, 1993

Freja 18 0.42 7.0 16.7 9.6 x 10711 9.9 x 10711
Optical 10445 ‘ 8.4 20.0 8.6 x 107!
March 20, 1993

Freja 2.0 0.54 1.6 2.9 1.1 x 10~° 7.8 x 10710
Optical 126 4 10 1.25 2.3 9.7 x 1070
February 22, 1993

Freja 4.5 0.63 1.4 3.9 5.7 x 10710 3.8 x 10710
Optical 116 £+ 7 1.6 3.5 5.4 x 10710

ductance K. Standard values E;; = 500 €V and and current density. They explained it with variations

ne = 0.5 cm™3 yield K = 6.0-10~° Q~'m~?2 [Borovsky,
1993]. This value is within the experimentally [Lyons
et al, 1979; Sakano: et al., 1995] and theoretically [Frid-
man and Lemaire, 1980] confirmed range of 107° —
10710 Q~'m~2, The parallel potential creates the en-
ergy flux ¢ carried by the accelerated electrons

The current density measured by Freja and the energy
flux both measured by Freja and calculated from the
ground-based optical observation have been used to cal-
culate the parallel potential drop (Equation (4), Table
2) with consideration of the mapping along the dipole
field.

All the calculated quantities are in good agreement
with the theoretical predictions except the conductance
of the event on March 18 which is one order of mag-
nitude too small. Analyzing data of the DE 1 space-
craft, Marshall et al. [1991] found similar discrepancies
of the linear proportionality between parallel potential

N
o

Energy Flux (mW m™)

Brightness Along Orbit (kR)

0 20 40 60
Time (s aofter 04:05:59.991 UT)

Figure 12. Auroral brightness at 557.7 nm along the
track of Freja through the field of view of the MPE
CCD camera and electron energy flux simultaneously
measured by the satellite.

of density and Maxwellian temperature in the source re-
gion. Sakanoi et al. [1995] explained similar discrepan-
cies with the possibility that magnetospheric electrons
carry only part of the upward field-aligned current. A
careful examination of the high energy slope of the au-
roral electron spectra from March 18 showed a much
larger initial thermal electron energy of about (2-3) keV
for the incident electron distribution. Taking this value
and calculating the electron density in the source re-
gion with (3) gives n, = 0.1 cm™3. The reason for this
large discrepancy and for the difference between mea-
sured and expected altitude of maximum auroral emis-
sion seems to be the magnetospheric substorm which
started some minutes before the satellite measurement.
Analyzing AMPTE/IRM measurements in the plasma
sheet, Baumgjohann et al. [1991] reported an increase of
the ion bulk speed and a decrease of the plasma density
during the expansion phase of substorms which may ex-
plain our discrepancies. Another reason for our discrep-
ancy may be that the incident electron population can
not be represented by an isotropic Maxwellian which is
required for (3) [Lyons, 1980] or that our procedure un-
derestimated the current density within the inhomoge-
neous current sheet. Furthermore, Sakanoi et al. [1995]
showed that the calculated electron densities may scat-
ter over 2 orders of magnitude with a mean value of
about 0.1 cm™3. Thus, generally, our experimeiital re--
sults support the kinetic theory of the mirror force if we
allow for changes of density and energy of the source re-
gion electrons during several phases of magnetospheric
substorms [Olsson et al., 1996].

On February 22 we determined a current system sit-
uation which is common to evening auroral arcs [Mark-
lund et al., 1982]. An intense downward current sheet
(1.4 nA/ mz) which is probably created by up-streaming
cold electrons with energies of less than 50 eV is lo-
cated just equatorward of the arc. This current is con-
nected to the upward current over the arc with a cur-
rent concentration to the arc edges. Current continuity
across the arc is preserved by a polarization electric
field which reduces the total electric field within the
arc as confirmed by the radar measurements (Figure
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11). Within the overall eastward electrojet situation
this corresponds to the anti-correlation arc type dis-
cussed by Marklund [1984]. Adding the knowledge of
the southward motion of the arc summarizes the sit-
uation as propagation of the arc into the interior of
the current system and thus, reducing size and energy
content of the ionosphere/magnetosphere system [Frey
et al., 1996b].

Even if the flux-time spectrograms show the signature
of inverted-V arcs and the observation of a counterflow
of brightness patterns on the poleward and equator-
ward edge of the arcs may be interpreted with inward
pointing electric fields, we do not observe these fields at
Freja altitude. Thus our observations do not fit the cur-
rent system for a pure inverted-V arc as it is given by
Marklund [1984] with opposing electric fields in the E
layer. We rather interpret this counterflow with real
plasma motions at much higher altitudes, which are
shielded from the lower ionosphere by the parallel po-
tential drop in the acceleration region. This interpre-
tation supports the explanation of a superposition of
a modified inverted-V with the polarization-dominated
electric field pattern [Marklund, 1984].

On March 20 as well as on February 22 we saw the
counterflow of fine structures within the arcs. Because
of the limited extent of our field of view in north-south
direction (125 km at 100 km altitude) we could only
observe the westward motion in the equatorward part
of the arc on March 18. The velocities of these mo-
tions would correspond to E x B drifts due to electric
fields of 65-140 mV /m (March 18), 35-75 mV /m (March
20), and 50-180 mV/m (February 22). At these times
the BARS radar did not measure electric fields of more
than 25 mV/m in the vicinity of the arcs. We conclude
that the fine-structures are not really frozen in the iono-
spheric plasma.

One interesting result of the dynamics of the arcs on
February 22 is the fact that we find either motion of the
arcs with unchanged brightness or brightening without
motion. There are two possible explanations. Either
the source region of the field aligned current can only
supply more energy (which means brightening due to
increase of energy or current) under a quite stable situ-
ation. Or the relative motion between plasma frame and
arc connected field aligned current can be stopped with
increased energy input. The appearance of new arcs at
a fixed distance in the direction of motion (26-34 km)
and with equal brightness adds further experimental ev-
idence to support that conclusion. Earlier observations
together with the EISCAT radar [Frey et al., 1996b]
showed a general trend of arc motion in the E x B di-
rection of the ambient field but with different speed.
Davis [1978] discussed three different types of auroral
arc motion: (1) movement of the entire flux tube due to
E x B drift, (2) tipping of flux tubes when field aligned
current alters orientation, and (3) successive dumping.
Our observations fit the last explanation that the pre-
cipitation is coming from one flux tube at one time and
from a different nearby flux tube shortly later. Thus
these observations support the idea of successive ap-
pearance of precipitation in a new flux tube as a result
of the formation of a new inverted-V structure probably
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Figure 13. Electron distribution function measured on
March 18, 1993, within the broad inverted-V.

created by the interference of Alfvén waves [Haerendel,
1983] or by the interaction of changes in the ionospheric
conductivity with the magnetosphere [Lysak, 1986].
On March 18 we see a substructure within the broad
inverted-V passed by Freja (Figure 2). All channels
measure the inverted-V structure of electrons with en-
ergies as high as 25 keV, but only in the perpendicular
channel we do see another inverted-V structure with
electron energies between 500 eV and 2 keV (Figure
13). Obviously, these electrons are the remainder of
an “older” inverted-V structure and are now trapped
between this region with their mirror point in the con-
verging magnetic field and the high-altitude region with
the electric potential of the inverted-V [Eliasson et al.,
1979]. Furthermore, there are “hot spots” of high elec-
tron number flux in the field aligned channels, some-
times with a very narrow energy distribution (Figure 2
at 0405:10 and 0405:30 UT). These electrons can not be
accelerated in or above the broad inverted-M- accelera-
tion region, because their energy is generally lower than
the inverted-V peak energy. These electrons must have
been accelerated between the satellite altitude and the
inverted-V acceleration region at about 1 Rg.
_ The perpendicular electric and magnetic field pertur-
bations can be used to determine if the field-aligned
currents are mainly closed by ionospheric Pedersen cur-

rents AE 1
L
ABL  poX (5)
L Ho2p
with the ionospheric Pedersen conductivity X, or by ion

polarization currents with shear Alfvén waves

AE, B

AB, "

= (6)
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Figure 14. Perpendicular northward (solid line) and
eastward (dotted line) electric (top panel) and magnetic
(second panel) field at Freja altitude, calculated Poynt-
ing electromagnetic energy flux (solid line) and mea-
sured electron energy flux (dotted line, third panel) and
the quotient of perpendicular electric and magnetic field
(lowest panel) for the observation on March 18.

with the Alfvén velocity v4 and the plasma density o
[Dubinin et al., 1990; Ishii et al., 1992]. Additionally, it
is possible to calculate the electromagnetic energy flux
of the Poynting vector S

S:iEJ_XBJ_. (7)
Ho

Since we were interested in the small-scale fluctuations
any obvious DC level of the electric field which repre-
sents the large-scale magnetospheric controlled struc-
tures was subtracted. Two main conclusions can be
drawn from the results in Figures 14 - 16.

The transient regions of the flow reversal are con-
trolled by shear Alfvén waves with velocities of 1 — 5 x
10° m/s and peak velocities of more than 1 x 107 m/s.
The mean plasma density calculated from the Lang-
muir probe data of Freja is 2.0-10° m~3. With a mean
molecular weight of 3-4 kg/kmol (U.S. Standard Atmo-
sphere, 1976) this gives an Alfvén velocity of 7 x 10°
m/s, in good correspondence with the calculated val-
ues. In these regions the energy input is mainly car-
ried by Alfvén waves. Two mechanisms can accelerate

4:08:30
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electrons of the cold ionospheric background up to sev-
eral keV and create the dynamic arcs observed in the
northern part of the all-sky images. Either the Alfvén
waves generate secondary high-frequency plasma waves
which then accelerate the electrons, or Alfvén waves
with a finite perpendicular wave vector produce a par-
allel electric field in the wave pulse and accelerate the
electrons directly [Goertz, 1981; Borovsky, 1993]. Evi-
dence of wave acceleration above the Freja altitude are
the burst-like and strong field aligned electron energy
distributions over a large energy interval, as e.g. shown
in Figure 2 at 0405:10 and 0405:30 UT, strong electric
field fluctuations, and the very small Pedersen conduc-
tivities of 0.05-0.4 S.

Within the inverted-V’s the main energy carrier be-
tween the acceleration region and the ionosphere are
the electrostatically accelerated electrons, and the cur-
rents are closed in the ionosphere with Pedersen con-
ductivities of 10-30 S, corresponding to E/B values of
2.6 — 8 x 10* m/s, which are reasonable values within
auroral arcs [Lyons, 1980]. Generally, the plasma densi-
ties measured within the regions of the inverted-V’s are
slightly higher than in the flow reversal regions with
2—4x10° m~3 and the Alfvén velocities of 5 — 7 x 10°
m/s are much higher than the values calculated from
the electric and magnetic field data of 10* — 10° m/s.
The thickness of the inverted-V’s between 95 km and
200 km corresponds to the scale size region of 64-256

100 T
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Figure 15. Same as Figure 14 but for March 20.
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Figure 16. Same as Figure 14 but for February 22.

km determined by [Ishi: et al., 1992] as the region for
dominating static structures.

5. Conclusions

The coordinated observation of inverted-V type au-
roral arcs from the ground and by the Freja satellite
enabled detailed comparison of optical with electron
and field data. One observation is that inverted-V type
auroral arcs show a slowly changing optical signature
though motions of internal brightness structures repre-
sent velocities as high as several kilometers per second.
However, these motions are not created by ionospheric
electric fields pointing into the structure but are created
by high-altitude fields shielded from the ionosphere by
the parallel potential drop in the acceleration region.

The motion perpendicular to the elongation of an aun-
roral arc needs not to be a motion with a roughly con-
stant velocity but may well be a mixture between mo-
tion of the arc and successive splitting and creation of a
new parallel arc. The interesting result of this analysis
is that the motion stops during increasing arc brightness
and decreasing altitude of maximum light emission and
the velocity increases again with decreasing arc bright-
ness and increasing altitude.

Out of three events two may be regarded as a good
example for the validity of the linear current-voltage
relationship and a constant field-aligned conductivity
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caused by the mirror force. However, one event shortly
after the onset of a magnetospheric substorm may only
be explained if drastic changes of the typical param-
eters for the electron source region density and tem-
perature are excepted. However, even in this inverted-

'V the magnetospheric-ionospheric coupling via an elec-

trostatic electron acceleration is still controlled by the
ionosphere.
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