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Systematics of arc-associated electric fields and currents
as inferred from radar backscatter measurements
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Abstract. Observational data from all-sky cameras, iono-
sondes, riometers, ground-based magnetometers and from
a 90 MHz short-pulse auroral radar have been used in the
analysis of 41 auroral arc events in the interval 18-06 MLT
over Scandinavia and the Kola peninsula during the IMS
period. The spatial distributions of electric fields in the vi-
cinity of the auroral arcs were determined by radar data,
which were sometimes supplemented by balloon and rocket
data. The study leads to the following conclusions: (i) At
ionospheric level, the arc-associated electric field has a meri-
dional scale of about 1° in latitude for all MLT values.
This is equally true for active and quiet auroral arcs. (ii) Far
from midnight, the spatial orientation of the field closely
follows the orientation of the ionospheric convection elec-
tric field. The maximum of the arc-associated electric field
is observed equatorward of the visual arc in the evening
and poleward in the morning. (iii) Near midnight, after the
convection reversal, the behaviour of the arc-associated
electric field on the southern edge of the auroral bulge is
of the evening type, while at the northern edge of the bulge
it is of the morning type. In the evening type, the meridional
component of the ambient electric field vanishes, while the
morning type is characterized by the dominance of the
southward component of the electric field. Radar diagnos-
tics show that the minimum meridional distance between
the visual arc and the radar arc is, on average, about zero
in the evening and about 15 km in the morning. (iv) The
work done by the arc-associated electric field within the
radar arc but outside the visual arc is positive in all MLT
sectors, and it is concluded that the generator of the arc-
associated electric field is located in the magnetosphere.
By using possible conductivity profiles through the arc,
models of the three-dimensional current system associated
with an auroral and radar arc are built. These results are
compared with direct measurements and discussed in the
light of the main models of the electrodynamical structure
of auroral arcs.

Key words: Ionosphere — Radar aurora — Electric field —
Auroral arc — Convection — Conductivity profiles — Three-
dimensional currents - Arc-associated electric field

Introduction

An optical auroral arc, quiet or disturbed, has a large
number of couplings to the surrounding ionosphere, to

the magnetosphere and even to the interplanetary medium.
The electric field measured in the vicinity of an auroral
arc is a superposition of the large-scale, convective magne-
tospheric electric field, obviously controlled by the inter-
planetary electric and magnetic fields (Akasofu, 1981), the
electric field associated with the inverted-V containing the
arc (Heelis et al., 1981; Timofeev et al., 1985a), and the
local electric field produced by the arc itself (Marklund
et al., 1982; Ziesolleck et al., 1983). The convective electric
field in the auroral oval region is typically of the order
of some mV/m, while the electric field produced by the
inverted-V and the auroral arc may vary from a few tens
to 100 mV/m (Heelis et al., 1981; Timofeev et al., 1983,
1985a). The region directly influenced by the auroral arc
and inverted-V electric fields has a meridional scale varying
from 10 to 100 km. Inside the arc itself, there is a distinct
structure with a meridional scale of 10 km (Marklund et al.,
1982). In this paper we shall call the electric field produced
by the arc itself, superimposed on the inverted-V electric
field and observed locally in the vicinity of the arc, ‘the
arc-associated electric field’.

The electric fields observed in the auroral arc region
depend strongly on the current systems coupling the auroral
oval to the outer magnetosphere. An observed electric field
is a superposition of the two electric fields mentioned above.
In order to discuss the arc-associated electric field one has
to be able to subtract the convective field from the observed
total electric field. This may be difficult in practice,
especially during disturbed conditions, since both the con-
vective electric field and the field-aligned Birkeland currents
influence the arc environment.

During the past few years, numerous measurements of
electric fields, conductivities and currents in the vicinity
of an auroral arc have been made by means of rockets,
satellites and incoherent scatter radar facilities [e.g. see
Baumjohann (1983) and Marklund (1984) and references
therein]. A rather complete set of such data in the evening
sector has made it possible to study different types of elec-
tric field patterns near an auroral arc (de la Beaujardiére
et al., 1981). On the other hand, similar data in the morning
sector are scanty. There are (up to 1985) only four cases
of direct measurements: de la Beaujardiére et al. (1977),
Horwitz et al. (1978), Ziesolleck et al. (1983) and Briining
et al. (1985). It is worthwhile to note that in the first two
cases the auroral forms studied were homogeneous long-
lived arcs, and the latitudinal scan of the incoherent scatter
radar used was of the order of 10 min or more; while in



the last two cases rocket data were used and the arcs were
somewhat active. The study of the parameters of an active
arc, observed as a rule in the near-midnight sector of mag-
netic local time (MLT), is difficult because of the dynamical
nature of the arc. Therefore, the data on electric fields and
currents around such arcs are actually non-existent except
for the events described on the basis of STARE data
(STARE = Scandinavian Twin Auroral Radar Experiment,
Greenwald et al., 1978 ; Nielsen and Greenwald, 1978; In-
hester et al., 1981; Baumjohann et al., 1981). However, in
these cases it is difficult to distinguish an arc-associated
electric field from the large-scale convection electric field
or bulge-associated electric field because the STARE radial
resolution is only about 15 km, whereas the spatial scale
of the arc-associated field is of the order of 10 km (Mark-
lund et al., 1982; Ziesolleck et al., 1983). The rocket data
on electric field patterns associated with an individual active
auroral arc have rather insufficient coverage because of the
strong temporal and spatial dynamics of the visual arcs
during the flight.

The first study on radar arcs (Chesnut, 1968) was made
about the radiophysical characteristics of the phenomenon.
Tsunoda et al. (1976) were the first to draw conclusions
about the spatial structure of the electric fields and currents
in the vicinity of an auroral arc. However, these results
were limited to the evening sector, and the spatial resolution
was 45 km.

This paper aims at a systematic investigation of the con-
figurations of electric fields and currents around an auroral
arc in different MLT sectors and under varying ionospheric
conditions. For this purpose, we have used PPI (Plane Posi-
tion Intensity) data of a rotating radar antenna on discrete
radar arcs, along with data from ionospheric and ground-
based measurements. The pulse length of 8 us gives a slant
range cell length of only 2 km in the direction along the
radar beam. In practice, this means that the radial resolu-
tion is about 5 km. Since the beam width was 9°, the lateral
resolution is much poorer: of the order of 100 km in prac-
tice. The radar is about 15 dB less sensitive than STARE,
so that the results presented here cannot be directly com-
pared with STARE data.

It is known that a rough linear dependence has been
found between the radar aurora (RA) intensity and the
ambient ionospheric electric field from threshold to about
30 mV/m (Tsunoda and Presnell, 1976; Siren et al., 1977;
André, 1983), after which this dependence disappears
(André, 1983; Uspensky et al., 1983). For electric fields well
above the threshold, the radar aurora intensity has been
found to be controlled by the ionospheric electron density
only (Starkov et al., 1983). By using ionosonde, riometer
chain and X-ray balloon data, we have checked whether
the area of maximum electron density outside the auroral
arc itself coincides with the location of the RA maximum
intensity. This allows us to decide which parameter can
be diagnosed by radar data in situ: electric field or electron
density. Thus, for example, the appearance of a radar arc
in a previously quiescent ionosphere, where the ambient
electric field is evidently below the threshold, must be due
to an increase in the electric field strength near the visual
arc. Then, using simultaneous data from ground-based
magnetometers, the sign of the meridional component of
the ionospheric electric field can be inferred from the direc-
tion of the ionospheric Hall currents. Similar methods have
been tested earlier by Timofeev et al. (1980) in studying
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20° 28°
Fig. 1. The map of the observation region including the main Scan-
dinavian and Kola peninsula observatories used. The general field
of view of the ASCs limited by a zenith angle of 75° is shown
by the outermost dashed curve. Solid curves are the aspect angle
contours of the Essoyla radar, and the innermost dashed curves
show the radar field of view

Table 1. The Essoyla radar parameters

Transmitter peak power 75 kW
Transmitter frequency 88+ 5 MHz
Pulse width 8 ps
Horizontal beam width 9°
Antenna rotation period 72s

Pulse repetition frequency 50 Hz

the near-arc structure of the ionospheric currents in the
evening sector. The conclusions obtained there are sup-
ported by direct measurements (Burke et al., 1980; Von-
drak, 1981; Marklund et al., 1982; Baumjohann, 1983).

Experimental arrangements and data handling

The main part of the visual aurora data was obtained by
the Finnish all-sky camera (ASC) network [for a descrip-
tion, see Pellinen (1982)], supplemented by ASC pictures
from Loparskaya and Apatity, Kola peninsula. The posi-
tions of the main observatories are shown in Fig. 1. In addi-
tion, data from the Scandinavian Magnetometer Array
(SMA), balloon and rocket measurements (e.g. SAMBO,
SBARMO and Substorm-GEOS experiments) were used in
several events. Observations of the radar aurorae were per-
formed in the azimuth scan mode of the 90 MHz short-
pulse radar located in Essoyla (61°N, 33°E), Karelia,
USSR. The main technical parameters of the radar are giv-
en in Table 1.

The selected events with radar and visual auroral arcs
and with direct ionospheric electric field measurements in
the vicinity of a radar arc are from the period 1975-1982,



124

and mainly from midnight and morning sectors. Since the
radar arc is, in general, more often associated with bright
than with faint visual arcs, the selection is somewhat biased.
The data set used consists of 15, 19 and 7 events in the
morning, near-midnight and evening sectors, respectively.
The well-studied evening sector part contains the cases of
direct measurements or the most illustrative examples only.
All events were selected to satisfy the following require-
ments:

1) the auroral arc is observed near the zenith of some
ASC for at least 2 min

2) the meridional drift velocity of the arc does not ex-
ceed 200 m/s

3) the magnetometer data of the Kola peninsula chain
from Rybatchy (RYB) to Umba (UMB) are available for
this interval.

There are two exceptions to the first requirement. In
these cases, the zenith angle was about 45°. For these two
events, the projections of the lower edge of the arc on the
map were estimated by first plotting the curves for the two
extreme cases of arc altitudes, 90 and 120 km. The band
between the two curves was then compared with the loca-
tion of the corresponding radar arc. This procedure is the
same as in the Radar — All-Sky Camera procedure (RASC)
of Fremouw and Fang (1975).

In order to determine the minimum distances between
the radar and visual arcs along the meridian, the morpho-
logical differences between evening and morning arcs have
to be taken into account. Evening-type arcs are often rela-
tively distinct with sharp boundaries, especially on the equa-
torward side, and relatively narrow in the latitudinal direc-
tion. The morning-type arcs are, on the other hand, wider
and have more diffuse boundaries. Since the radar arcs
appear equatorward of the evening arcs but poleward of
the morning arcs, the minimum distance along the meridian
is relatively easy to determine for evening arcs. For morning
arcs, we selected out of the 19 cases available those 10
in which the auroral arcs were observed constantly in the
zenith of some ASC, so that the distance determination
was, in our opinion, as reliable as possible.

Observations and their interpretation

The evening sector

We shall present below two cases as illustrative examples
of auroral arcs and associated magnetic variations, and two
cases of direct measurements of the ionospheric parameters.
We shall call the radar arcs appearing below “evening radar
arcs’.

Event 1. The ionospheric situation at 17.35 UT on March
3, 1976 is shown in Fig. 2. At that moment, the eastward
electrojet suddenly intensified and reappeared for 1-2 min
south of the Loparskaya station. The value of the H-com-
ponent variation at the Lovozero station, under the south-
ernmost auroral arc, was about 70 nT. It was a single arc
accompanied by a radar arc located equatorward of the
visual arc. It is to be noted that the radar arc was visible
for 2 min, viz. the time of the electrojet recovery. The values
of the H-component variations were negative north of Lo-
vozero. One can also see that the bright auroral arcs embed-
ded in the westward electrojet were not accompanied by
radar arcs.

MARCH 3, 19786 17:35 UT

16 17 18 19 UT

Fig. 2. Auroral arc and radar aurora display seen by the Lopars-
kaya ASC (solid circle). Projections of auroral arcs are given by
the solid lines. The radar arc is denoted by a shaded band. Diffuse
luminosity is marked by points. The dashed vertical line on the
Kola magnetometer chain (/eft panel) marks the moment of the
radar arc appearance
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Fig. 3. The latitude-time diagram of the locations of auroral forms
on November 24, 1978

Event 2. Figure 3 shows the latitudinal development of the
electrojet boundary with radar and visual arcs between
17.10 and 17.20 UT on November 24, 1978. One can see
that there were up to five auroral arcs within the latitudes
from Rybatchy to Umba. The line 4H =0, constructed
from the data of the meridional magnetometer chain, di-
vides the auroral arcs into two groups: those with and those
without a radar arc. At first, only the southernmost auroral
arc, embedded in the eastward electrojet, had a radar arc.
Then at about 17.15 UT two auroral arcs appeared almost
simultaneously, but on different sides of the boundary. Only
the second southernmost auroral arc, located within the
region of northward ambient electric field, was accompa-
nied by a radar arc. According to the Kola peninsula mag-
netometer-chain data, the eastward electrojet intensified
suddenly between 17.10 and 17.15 UT south of Loparskaya,
within the region where the radar arcs appeared.

Event 3. March 5, 1979 is an example of balloon electric
field measurements in the vicinity of an evening auroral
arc during the SAMBO experiment. Figure 4 shows the
electric field vectors measured by the three balloons plotted
on the map. One can see a discrete auroral arc accompanied
by a radar arc, situated near its equatorial edge. The electric
field value decreased from 60 to 10 mV/m when passing
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Fig. 4. The location of the aurora (dashed line) and the radar arc
(shaded band) relative to the three SAMBO balloons. The vectors
denote the electric field values measured by the balloons
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Fig. 5. The observation region during the GEOS-rocket launch.
The solid curve shows the visual arc projection on the map accord-
ing to the data from the three ASCs (circles), the broad band is
the radar arc as seen by the Essoyla radar, and the arrows denote
the ground equivalent current vectors. The projection of the rocket
trajectory on the ionosphere is shown by the thick arrow

southward of the radar arc to a distance of about 1° in
latitude. In agreement with the positive H-component varia-
tions registered by the ground magnetometers, the meri-
dional component of the ionospheric electric field was di-
rected northward according to all balloon data. The zonal,
westward component of the electric field was negligible ex-
cept in the vicinity of the auroral arc.

Event 4. January 27, 1979 gives an opportunity to study
the behaviour of not only the electric field but also of other
ionospheric parameters. The measurements were made by
a rocket payload launched from Esrange at 17.12 UT dur-
ing the Substorm-GEOS rocket experiment. The electron
density and ionospheric current data, taken from Marklund
et al. (1982), will be discussed later. The radar arc, appear-
ing one-quarter of an hour earlier, was related to the bright-
ening of the southernmost auroral arc. Both arcs are shown
in Fig. 5 for the moment about 1 min after the launch.
As is seen, a rather broad (up to 1° in latitude) radar arc
was located close to the equatorial edge of the visual arc.
Observations further to the west were impossible due to
the large aspect-angle values. The rocket-borne electrometer
registered the electric field north and east components with
maxima of 115 and 20 mV/m, respectively, just before the
equatorial edge of the visual arc. The measurements also
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showed the presence of a local electron density depression
by a factor of 3-4 near the equatorial edge of the auroral
arc [see Fig. 6 of Marklund et al. (1982)]. The maximum
of the ionospheric current density was located at the south-
ern edge of the auroral arc (Fig. 114, ibid.). In other words,
a current density enhancement was situated within the radar
arc.

Therefore, the radar arc was a region of a Hall current
located equatorward of the visual arc and propagating par-
allel with it, and the radar arc manifests itself in the evening
sector as a westward Hall-current enhancement flowing at
the equatorward side of the arc. The close spatial interrela-
tion between the radar arc and the local electron density
minimum mentioned is a typical feature of the evening arc.
The same minimum can be clearly seen in Fig. 2.

However, sometimes, but rather rarely, the opposite oc-
curs: the radar arc is situated right at the local ionization
maximum. Two such exceptions have been observed in the
evening sector, during growth phase conditions. The loca-
tion of the moving ionization band was in these cases de-
tected by riometer chain data. During the first event on
November 11, 1976 the ionization band maximum observed
at 17.06 UT near the Sodankyld zenith coincided with the
centre of a broad radar arc with a thickness of some 20 km.
During the second event on March 16, 1978 the absorption
band passed the Loparskaya zenith at about 17.20UT
practically simultaneously with the passage of the radar
arc. The absorption band location was determined in Star-
kov et al. (1980).

The morning sector (01-06 MLT)

In contrast to the evening, the appearance of a radar arc
in the morning sector is connected with the increase in the
westward electrojet intensity. Moreover, the radar arc shape
is dissimilar to the regularly broadening shape of the even-
ing radar arc, and it is observed on the poleward, opposite
side of the visual arc. This spatial interrelation persists in
this MLT sector independently of the location of other
auroral forms (diffuse luminosity and absorption band) rel-
ative to the auroral arc. We shall illustrate this by describing
three events, and we shall call the radar arcs appearing
below ‘morning radar arcs’.

Event 1. January 25, 1979. During this event, the auroral
activation began in the region of the Kevo observatory at
01.50 UT (about 04.50 MLT). Before this time, the iono-
spheric currents had been quiescent for 3 h. Auroral arcs
moved southward, brightening from time to time. One of
these brightenings took place near the zenith of the Lopars-
kaya observatory. Figure 6 shows the locations of the visual
and radar arcs for this moment, as well as the magnetometer
H-component record. As seen, the appearance of a radar
arc poleward of the visual arc was accompanied by a sudden
increase in the westward electrojet intensity. Diffuse, but
remarkably intense luminosity was observed at the same
side of the visual arc. The intensity of the backscattered
signal had a maximum at the western edge of the radar
arc and decreased in a regular manner towards the east
along the arc. The Murmansk ionosonde registered a
particle E-layer (E,) equatorward of the visual arc at
05.05 MLT, and r- and a-types of auroral ionization simul-
taneously poleward of the arc at 05.15 MLT. The electron
densities determined for both moments from the f; values
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Fig. 6a and b. a Positions of the visual arc (solid curve) and of
the radar arc (broad band). The dashed region is the region of
diffuse luminosity. The dashed circle shows the field of view of
the Loparskaya ASC. b The moment of interest on the Loparskaya
magnetometer record is shown by an arrow

for the particle E-layer were approximately the same, about
2.2x 10 m™3, The Loparskaya 32 MHz riometer directed
to the North Star registered increased auroral absorption
beginning at 04.45 MLT (01.45 UT). The maximum value
of absorption, about 0.6 dB, was observed at 05.07 MLT
when the riometer antenna beam pointed equatorward of
the visual arc.

The ionization value registered during the event was
well above the threshold of radar aurora appearance, which
is equal to 3x10'°-5x10'°m~3 (Tsunoda and Presnell,
1976). Therefore, the absence of a radar aurora everywhere
in the ionosphere, except in the narrow band poleward of
the visual arc, means that the background electric field was
less than the threshold electric field value. In our opinion,
the total ionospheric electric field (background plus arc-
associated) within the radar arc limits was already above
the same threshold. Inferring from the sign of the H-compo-
nent variation, both electric fields had southward meri-
dional components.

Event 2. January 27, 1979. The riometer data of the event
give an opportunity to detect accurately the meridional lo-
cation of the auroral absorption band relative to the radar
and visual arcs. The equatorward drift of the band and
both arcs began at 02.19 MLT with an average velocity
of about 200 m/s. The absorption maximum was registered
at the Kevo and Ivalo observatories about 10 min before
the radar arc crossed the zenith. Hence, the band maximum
should be located about 120 km south of the centre of the
radar arc at that time. According to the Murmansk iono-
sonde data (fg E;), the E-region ionization level in the event
was 1.8x 10" m~? at 02.15 MLT, and 1.4 x10" m~? at
02.45 MLT. At 02.30 the ionosonde registered a blackout.
Thus, during the whole time interval around the moments
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Fig. 7a—c. a Latitudinal profiles of the H- and Z-component varia-
tions at the moment of the auroral arc brightening. b The auroral
arc (solid line) and radar arc (broad band) within the Muonio ASC
field of view (large dashed circle) for the same moment. The intensi-
ty level of the radar arc is shown by the degree of darkening in
the broad band. The dashed region is the region of diffuse lumino-
sity. The dashed straight line shows the location of the centre of
the auroral absorption band. The solid circle represents the iono-
sonde antenna beam cross-section. ¢ The arrow on the panel marks
the moment of interest in the Loparskaya magnetometer record

06 UT

shown in Fig. 7, the ionization value was well above the
threshold within the region equatorward of the visual arc.
The backscatter signal intensity poleward of the arc in-
creased suddenly at 23.36 UT (02.36 MLT) simultaneously
with the brightening of the auroral arc. As seen from the
magnetogram in the lower panel, the intensity of the iono-
spheric currents was nearly maximum at that moment. The
profiles of the H- and Z-component variations constructed
almost along the geomagnetic meridian are shown in
Fig. 7a. One can see that the local maximum of the west-
ward ionospheric Hall currents was located near the Lo-
parskaya observatory, south of the visual arc. The radar
arc was situated on the poleward side of the visual arc,
and the backscatter intensity had a maximum at the western
edge of the radar arc as in the previous event.

Hence, we can conclude that the riometer absorption
and the energetic (20-30 keV) electron precipitation had
a maximum equatorward of the arc. Since the ionization
level was well above the threshold in this region, the pres-
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Fig. 8a—c. a The Loparskaya magnetometer record. b The cor-
rected geomagnetic latitudes of the auroral forms versus UT of
the riometer absorption band (iriangles), the radar arc (vertical
segments) and the visual arc (solid circle). Dashed straight vertical
segments show the latitudinal size and location of the Murmansk
ionosonde antenna beam cross-section. ¢ Locations of all auroral
forms at the moment of the arc brightening. The radar arc, visual
arc and the riometer absorption band position are denoted by
the broad band, solid thick line and the dashed line, respectively

ence of a backscatter band at the opposite side of the visual
arc means that the ionospheric electric field there was strong
and above threshold. Altogether, this means that the arc-
associated electric field was southward and had a maximum
within the radar arc, poleward of the visual arc.

Event 3. October 20, 1975. A weak, scattered arc was ob-
served during the growth phase of an isolated substorm
from 22.15 until 22.25 UT (01.15-01.25 MLT). The pre-
substorm conditions can be clearly seen after 22.00 UT in
the Loparskaya magnetometer data shown in Fig. 8a. This
is in complete agreement with the IMP-§ satellite data (not
shown here), according to which B, (the z-component of
the interplanetary magnetic field in the GSM-coordinate
system) was positive (northward) for about 1h before
22 UT and became negative right after that moment. The
radar arc and the auroral absorption band drifted equator-
ward during the time interval considered here. The locafion
of the absorption band was detected by the riometers at
Kevo, Ivalo, Sodankyld and Loparskaya observatories. Be-
fore 22.27 UT, no aurora could be registered since the
weather was cloudy. At 22.27 UT, an auroral arc poleward
of the Muonio station brightened simultaneously with a
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Fig. 9. The distribution of the minimum meridional distances be-
tween the radar and visual arcs in the morning. The median is
marked by the arrow

sudden increase of the radar arc backscatter intensity. As
seen in the magnetogram in Fig. 8a, the intensity of the
ionospheric currents increased at the same moment, marked
by the arrow. The locations of the radar and visual arcs
and of the absorption band are shown in Fig. 8c for the
same moment. The Murmansk ionosonde registered a parti-
cle E-layer at 22.15 plus simultaneously a- and r-types of
sporadic ionization (Eg-layers at 22.30 UT (01.30 MLT).
The electron density values derived from fzFE, were
5.0x10'% and 4.9 x 10'! m ™3, respectively. Both ionosonde
measurement regions are located equatorward of the visual
arc. The backscatter intensity distribution along the radar
arc was similar to both previous events.

The specific peculiarity of this last event is the extreme

‘quiescence of the ionosphere before the moment of the sub-

storm onset. Indeed, B, was positive for more than 1 h.
The auroral absorption, sporadic ionization and ionospher-
ic currents were practically absent for almost 10 h. Thus,
the value of the background electric field was probably
small and below threshold around the auroral arc. As in
the previous examples, the electron density maximum (out-
side the arc) and the backscatter signal intensity maximum
were registered at opposite sides of the visual arc. Besides,
the electron density equatorward of the auroral arc was
equal to or much higher than the ionization threshold for
the appearance of a radar aurora. Therefore, the electric
field was below threshold everywhere except in the region
within the radar arc itself. As in the previous events, the
signs of the H-component variations accompanying the in-
crease in the backscatter intensity show that the total iono-
spheric electric field (convection plus arc-associated) as well
as the large-scale convection electric field were predomi-
nantly southward.

The southward arc-associated electric field increases the
density of the ionospheric current. Thus, in the morning,
the radar arc manifests itself as a westward Hall-current
enhancement flowing along the poleward edge of the
auroral arc.

The histogram of the minimum distances between the
radar and visual arcs along the meridian in the morning
sector is shown in Fig. 9. It was constructed from the data
of ten events where the auroral arcs were constantly ob-
served in the zenith of the ASC (KEV, IVA, MUO and
LPY), as mentioned in the previous section. The values
of the distances, presented in Table 2, range from about
5 km to about 50 km. The mean value is about 25 km, and
the median about 15 km.
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Table 2. List of morning radar arcs with well-defined properties

Date Year UT MLT ASC Distance Width
October 20 1975 2227 0130 MUO 15+10 50
March 2 1976 2134 0030 KEV 8+ 5 25
March 2 1976  21.57 01.00 IVA 40+ 5 45
March 15 1978  20.25 2330 LPY 20+ 5 55
March 15 1978 21.24 0030 KEV 50+ 5 100
March 18 1978  00.55 04.00 KEV 5+ 5 45
November 26 1978  00.06 03.00 IVA 45+ 5 40
January 25 1979  02.11 05.15 IVA 10+ 5 30
January 27 1979 2336 0230 MUO 254 5 50
March 5 1979 0218 0515 KEV 545 70

The near-midnight sector

The events studied here are observed after the convection
reversal, which in our case takes place at about 18 UT,
and before local magnetic midnight within the westward
electrojet region. The short lifetime of the auroral arcs and
their dynamical development is a characteristic feature of
this sector. The time scale is an order of magnitude less
than the corresponding times in the evening or morning
sectors, 1-3 min only. It may be expected on general
grounds that in this sector there are analogues of both the
evening- and morning-type situations near the auroral arcs
under different physical conditions. If the radar arc is lo-
cated equatorward (poleward) of the visual arc, it should
be of the evening (morning) type. Later on, we shall show
that the physical conditions which prevail in either type
of cases are rather different. For instance, the evening type
is associated with the preceding recovery of the H-compo-
nent variation almost up to its undisturbed level. The morn-
ing type is, on the contrary, associated with a sharp increase
of the value of the negative H-component variation regis-
tered by ground-based magnetometers situated under the
auroral arc considered.

Event 1. February 18, 1979. The locations of the radar and
visual arcs at 20.27 UT (23.30 MLT), when the visual arc
suddenly brightened considerably, are shown in Fig. 10a.
The breakup started right after this moment. The meri-
dional profiles of the H- and Z-component variations dur-
ing the growth phase and just before the breakup are shown
in Fig. 10b and Fig. 10c; also, the meridional locations of
the visual and radar arcs are shown. It is seen that the
westward electrojet intensity increased suddenly near the
breakup moment in the region poleward of the visual arc.
According to the riometer chain and ASC network data
(not presented here), the main high-energy particle precipi-
tation area was situated equatorward of the visual arc (Ser-
geev et al., 1983). Therefore, the strengthening of the west-
ward electrojet intensity observed at 20.27 UT might be
associated with the increase in the value of the southward
component of the ionospheric electric field within the region
poleward of the visual arc. According to the ASC data,
no auroral bulge was formed at that moment, but rather
2 or 3 min later. It seems reasonable to associate the electric
field value increase in the vicinity of the auroral arc with
an additional contribution of the arc-associated electric
field, which strengthened during the brightening of the arc.
If the latter had a southward meridional component having
a maximum at the poleward side of the arc, the resulting
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Fig. 10a—c. a The relative locations of the radar arc (broad band)
and visual arc (dashed lines). The intensity level of the radar arc
is shown by the degree of darkening in the band. b, ¢ Open rectan-
gles show the location of the visual arc as seen by the Ivalo ASC.
The dotted rectangle shows the meridional location of the radar
arc

electric field could become large enough to exceed the
threshold for the appearance of a radar aurora in the region
near the visual arc (and within the radar arc).

Event 2. November 24, 1978. Several examples of evening
and morning types, based mainly on the Loparskaya ASC
data and the Loparskaya H-component magnetometer re-
cord, are shown in Fig. 11. In the first example, the auroral
arc at the southern edge of the auroral bulge brightened
suddenly at 17.59 UT at the same time as the H-component
recovered almost to its undisturbed level. The visual arc
was accompanied by a radar arc of the evening type. Similar
behaviour could be observed at 19.24 UT and 21.26 UT
(00.10 MLT). The relative locations of the radar and visual
arcs for the last moment are shown to the right in the
figure, which was constructed from the Ivalo ASC film.
The corresponding radar arc is of the evening type. The
first example of the morning-type situation is illustrated
in the figure at 18.14 UT. From the Loparskaya ASC film
it is seen that this auroral arc was situated at the northern
edge of the auroral bulge. In all similar situations, marked
by downward arrows, sudden increases in the westward
electrojet intensity were registered by the magnetometers
nearest to the arc.

We have collected data from 19 events in the near-mid-
night sector in Table 3. In Fig. 12, we present the 4 H varia-
tions for these events. The distribution of AH variations
shows consistently almost zero values for the evening type
(dots) and large negative values for the morning type (cross-
es.
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Fig. 11. Loparskaya ASC films (top and bottom rectangles) and the observatory magnetometer record showing the differences of the
morning (downward arrows) and evening types (upward arrows). The map of the relative locations of the radar and visual arcs is
constructed from the Essoyla radar and Ivalo ASC data. The distribution of the AH variations as registered by the ground-based
magnetometer located under the arc is shown near the left margin. The evening-type events are denoted by points, and the morning

types by crosses

Table 3. Near-midnight events

Fig. 12. The distribution of the AH variations registered by the
ground-based magnetometer located under the arc for the 19 near-
midnight events. Points mark the evening-type events, crosses the
morning types

Date Year uT MLT ASC AH Magnetometer Type

November 24 1978 17.59 20.45 LPY — 43 LOZ evening
November 24 1978 18.25 21.10 LPY + 10 LOZ evening
November 24 1978 19.24 22.10 LPY — 17 LPY evening
November 24 1978 21.26 00.10 IVA — 34 LPY evening
March 3 1976 17.34 20.35 LPY — 30 LOZ evening
March 15 1978 19.08 23.10 KEV 0 RYB evening
November 25 1978 18.11 20.55 IVA —260 RYB morning
November 24 1978 18.14 21.00 LPY —220 RYB morning
March 2 1976 19.50 22.50 IVA —140 LPY morning
November 24 1978 20.10 22.55 LPY —330 RYB morning
November 24 1978 20.20 23.05 LPY —350 UMB morning
February 27 1976 20.10 23.10 MUO —165 LPY morning
March 2 1976 20.10 23.10 MUO,KEV —200 LPY morning
February 18 1979 20.28 23.30 IVA —175 LOZ morning
March 15 1978 20.25 23.30 LPY —110 LPY morning
March 15 1978 21.24 00.25 KEV —145 RYB morning
March 15 1978 21.27 00.30 KEV —190 RYB morning
April 19 1982 22.07 01.07 LPY —246 LPY morning
September 8 1982 22.35 01.35 LPY - 22 LPY evening

aH ! ! T T T Event 3. March 6, 1979 is an example of a direct measure-

(nT) = 22 28 - 21 MLT ment in this MLT sector in the vicinity of an auroral arc

200 | e (from Petrov et al.,, 1984) during the SAMBO campaign.

The meridional component of the ionospheric electric field

ok . - % turned from south to north within the region equatorward

* ° of the westward-travelling auroral bulge. The balloon elec-

+ :‘: T -_|;_ trometer data gave a value of about 5 mV/m for the north-

RO 4 + ward component. The evening radar arc appeared and

41 lasted for 2 min in the region equatorward of the most

southward auroral arc near the moment of the surge pas-
sage. This was observed at 20.58 UT, i.e. practically at local
magnetic midnight. The small, near-zero meridional com-
ponent of the ambient ionospheric electric field in the vicin-
ity of an auroral arc was observed at the southern edge
of the auroral bulge.
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Fig. 13. The balloon positions relative to the radar arc at the mo-
ment of its appearance (upper panel). Geographic and corrected
geomagnetic latitudes are given on the left- and right-hand sides,
respectively. The lower panel contains the ionospheric electric field
as measured by the balloons near the moment of interest, denoted
by the arrow. The third balloon, So0623, could only register auroral
precipitation

Event 4. June 23, 1979. In this case, the direct measurements
of electric fields and particle precipitations were obtained
simultaneously on three balloon flights close to magnetic
midnight during a SBARMO experiment (Tanskanen et al.,
1982). Figure 13 shows the positions of the radar arc and
the electric field data. The radar arc appeared in a quiescent
ionosphere at 00.05 MLT. According to the Kola magnet-
ometer-chain data, the radar arc was observed within the
westward electrojet region with an intensity of about
150 nT. The four riometers in Kevo, Ivalo, Sodankyléd and
Loparskaya detected the auroral absorption band during
the whole growth phase interval, from 20.30 to the breakup
at 21.02 UT. The band was located approximately at the
equatorial edge of the radar arc appearing at 20.51 UT.
The orientation of both forms was practically the same.
As shown in the two previous sections, this is typical of
the evening type of forms only. The marked eastward thick-
ening of the radar arc also means that it was of the evening
type. As already mentioned in the Introduction and shown
for individual events (Tsunoda et al., 1976; Timofeev et al.,
1980), such radar arcs are located close to and equatorward
of the visual arcs. In this case, the visual arc could not
be detected in midsummer. The lower panel of the figure
shows that the ionospheric electric field components were
directed westward and southward during the growth phase
before the appearance of the radar arc. As in the previous
event, the meridional component of the field passed through
zero and remained northward for a few minutes near the

moment of the radar arc appearance according to the data
of both northern balloons. The great similarity of the elec-
tric-field variations registered on the two rather remote bal-
loons shows that the spatial scale of variations is large.
The third, southernmost balloon measured the intensity of
auroral fluxes in several energy channels. According to
these and the riometer chain data, no increase in the fluxes
could be detected near the moment of the radar arc appear-
ance. The Murmansk ionosonde data showed that the ioni-
zation density was well above the threshold for the radar
aurora appearance both equatorward (at 20.45 UT) and
poleward (at 21.00 UT) of the arc. The zonal component
of the electric field surrounding the radar arc was constantly
westward in accordance with the equatorward drift of the
auroral forms.

Since the radar arc appeared in spite of the smallness
of the background electric field, we have to conclude that
a northward electric field with a value of about 15-20 mV/m
is associated with the auroral arc on the southern edge
of the bulge. We have no direct data on electric fields for
the opposite side of the bulge, but inferring from the ex-
istence of the radar aurora in this region, we see that a
southward electric field with a maximum poleward of the
arc was associated with the auroral arc. The existence of
such arc-associated electric fields has been proven for the
event on February 18, 1979 (Fig. 10) for the active auroral
arc situated within the region of southward ambient electric
field. In our opinion, it is the ambient electric field which
is the physical reason determining the differences in the
orientation and location of the maximum of the arc electric
field at the opposite edges of the bulge. The essential differ-
ence of these features is, in turn, reflected in the non-sym-
metrical behaviour of the 4H variations discussed above.

Discussion

Introduction

Previous papers have usually described single examples of
direct measurements of the parameters near an auroral arc
(Casserly and Cloutier, 1975; Cloutier and Anderson, 1975;
Cahill et al., 1978; Stiles et al., 1980; Robinson et al., 1981;
for a list of references, see Marklund, 1984). Attempts to
construct a classification scheme of the electric field pat-
terns in the vicinity of an auroral arc were first made during
the past few years (de la Beaujardicére et al., 1981; Yasu-
hara, 1981; Baumjohann, 1983; Marklund, 1984).

De la Beaujardiére et al. (1981) constructed a morpho-
logical scheme; their data set was practically empty of after-
midnight sector events. Also, the account of the east-west
electric-field components was very crude, the accuracy be-
ing of the order of 100% according to Marklund (1984).
Yasuhara (1981) has applied the same morphological ap-
proach to rocket measurements. Baumjohann’s review
(1983) noted the remarkable difference in the spatial scales
of the arc-associated electric field patterns registered by
rockets (about 10 km) and by means of incoherent scatter
facilities (up to about 100 km), but it was based on a few
events only. The evening-to-morning asymmetry of the elec-
tric field patterns was shown in one case by comparing
the data from two rocket flights. Marklund’s scheme has
a clear physical foundation at ionospheric level, and it dis-
tinguishes two physically different types of auroral arcs:
polarization arcs and Birkeland current arcs. These types
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Fig. 14. A schematic representation of the relative locations of
radar and visual arcs for different MLT values. Radar arcs are
denoted by the shading, visual arcs by the solid lines. The arc-
associated electric field must be above the level of RA appearance
(15-30 mV/m). The letters O, B and A refer to convection, auroral
bulge and auroral arc, respectively

differ in their mechanisms to satisfy the current continuity
requirements across the arc. The distinction is made by
comparing the electric fields and conductivities away from
the arc (ambient parameters) and within the visual arc lim-
its. Conclusions about the behaviour of electric fields in
the intermediate region are not possible without additional
assumptions. Alternatively, electric field pattern measure-
ments in the vicinity of the auroral arc are necessary.

General

In this paper we have been able to draw conclusions about
the electric field patterns in the vicinity of an auroral arc
in different MLT sectors and under different ionospheric
conditions on the basis of radar aurora data. In this sense,
the method itself is a further development of Tsunoda et al.
(1976), where the authors considered the sudden appear-
ance of the radar arc during the visual arc brightening as
being due to the increase in the electric field value in a
previously quiescent ionosphere. The results obtained here
are in agreement with their results in the evening sector,
in spite of the large difference in the radar frequencies,
398 and 88 MHz. We have also been able to determine
the minimum meridional distances between the visual and
radar arcs.

It should be stressed that our data selection criterion,
the presence of a radar arc in the close vicinity of an auroral
arc, induces a bias. In fact, in such a way only brightening
or bright auroral arcs are selected (Tsunoda et al., 1976;
Timofeev and Yahnin, 1982). It probably means that we
have selected the rather general asymmetrical type of the
arc-associated electric field patterns (de la Beaujardiére
et al., 1981).

The electric field patterns

We do not claim that some of our results about the electric
field patterns in the evening and morning sectors are partic-
ularly new; the same cannot be said about the near-mid-
night sector.

The results described in the previous sections are sum-
marized in Fig. 14, where the spatial interrelations of the
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radar and visual arcs are shown. The meridional scale of
the arc-associated electric field, the width of the radar arc,
is about 100 km at ionospheric level for all MLT values.
The orientation of the field in the evening and morning
sectors is similar to that of the convection electric field.
The regions of the electric field maxima are shifted equator-
ward or poleward of the visual arc in the evening- or morn-
ing-type situations, respectively. Near midnight, the charac-
teristics of the electric field depend on which side of the
auroral bulge the visual arc is situated.

For the evening sector, the arc-associated electric field
patterns presented in Fig. 14 are in good agreement with
the direct measurements quoted in the Introduction and
with, for example, the review of Baumjohann (1983). Sum-
marizing, the typical features of the evening radar arcs
found in the previous section were:

1) The evening radar arc appears near the corresponding
visual arc, always on its equatorward side. The arcs have
practically the same spatial orientation and temporal devel-
opment.

2) In the case of several discrete homogeneous auroral
arcs, only the most southward arcs near the boundary divid-
ing the eastward and westward electrojet regions, i.e. the
convection reversal boundary, are accompanied by a radar
arc.

3) The average meridional radar arc width is about 1°
in latitude. The minimum meridional distance between the
visual and radar arc is consistent with zero, i.e. of the order
of the measurement accuracy, about 5 km.

4) The radar arcs are located within the eastward elec-
trojet, where the electric field is northward. Sometimes dur-
ing growth-phase conditions, the radar arcs are situated
near the auroral absorption maximum.

In the evening sector, practically the same value of the
meridional scale of the arc-associated electric field at iono-
spheric level has been measured by an incoherent scatter
radar (Vondrak, 1981). In the morning sector, our results
agree with the few known examples (Horwitz et al., 1978;
Ziesolleck et al., 1983; Briining et al., 1985). Summarizing,
the typical features of the morning radar arcs were:

1) The morning radar arcs appear at the poleward side
of the visual arc at a distance of about 10-20 km, and have
the same orientation and development as the visual arc.

2) The morning radar arcs appear, or their intensity in-
creases suddenly, at the same time as the westward electrojet
intensifies (registered by ground-based magnetometers) or
the visual arcs start brightening.

3) The radar arcs and the auroral absorption bands are
located on opposite sides of the visual arcs, the radar arc
being poleward and the absorption band equatorward of
the visual arc. The relative distance between these two forms
is about 100 km.

4) In most cases, the backscatter intensity maximum is
located at the western edge of the radar arc in spite of
the differences in aspect angle and flow angle conditions.
The meridional width of the radar arc remains constant
along the arc within the limits of the radar field of view.
Frequently, the backscatter intensity distribution along the
radar arc agress qualitatively with the luminosity distribu-
tion of the visual arc.

A point to be noted is the systematical difference in
the radar diagnostic features between the evening and
morning sectors. In the morning sector, the smallness of
the flow angle dependence of the radar echo with respect
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to the evening radar arc auroral echo may not be connected
with any systematical difference of the electric field patterns
in these MLT sectors. The difference in the flow angle de-
pendences between the morning and evening hours was also
noted by André (1983). Timofeev (1985) made a systemati-
cal study and suggested that this phenomenon is a result
of the inner granular structure of the diffuse backscatter
in the morning sector reported by Greenwald (1979) and
Vasilyev (1981), and concluded that the morning radar arc
is a narrow meridional band of the normal diffuse granular
morning backscatter, in the same way as the evening radar
arc is a narrow meridional band of the usual evening diffuse
backscatter (Tsunoda et al., 1976). This would then mean
that all nightside auroral oval radar arcs are narrow meri-
dional bands of diffuse backscatter generated mainly by
the enhancement in the level of the ionospheric electric
fields in the vicinity of the auroral arc. The difference may
also be due to the difference in the spatial forms of the
auroral irregularities when looked at by a radar parallel
or antiparallel to the current flow direction in the eastward
or westward electrojet regions (Sverdlov, 1986; Sverdlov
et al., 1986).

Summarizing, the typical situation in the vicinity of an
auroral arc in the midnight sector was found to be the
following:

1) The type is determined by the location of the auroral
arc relative to the auroral bulge and/or the sign of the
AH variation under the arc.

2) The morning-type situation, with the radar arc lo-
cated poleward of the visual arc, occurs at the poleward
edge of the auroral bulge and is associated with rather large
negative values of the 4H variations, about —200 nT.

3) The evening-type situation, with the radar arc located
equatorward of the visual arc, occurs at the equatorward
edge of the auroral bulge and is associated with the H-
component recovery up to its undisturbed level. The aver-
age values of the corresponding 4H variations are about
—20 nT and the value of the meridional component of the
ambient electric field is small and positive, about +5 mV/m.
An electric field of 10-25 mV/m is associated with the visual
arc near the southern edge of the bulge.

Isaev et al. (1985) give a direct test of the above ground-
based results by comparing simultaneous particle and elec-
tric field measurements on board the IK-BULGARIA-1300
satellite. The radar arc was observed poleward of the visual
arc, as expected in the morning-type case. The southward
component of the measured electric field had a maximum
poleward of the visual arc. The particle flux corresponding
to diffuse auroral luminosity had a maximum equatorward
of the visual arc.

The conductivity profiles, ionospheric and field-aligned
currents

The aim of the present paper is to construct a scheme of
the full three-dimensional current system associated with
the visual and radar arcs. As we have seen earlier, the radar
arc can be considered as a Hall-current enhancement; al-
ready Baumjohann et al. (1978) have noted that the maxi-
mum of the backscatter intensity coincided with the region
of the Hall-current maximum. The field-aligned currents
in the vicinity of an auroral arc may be obtained from
the divergence of the horizontal height-integrated iono-

spheric currents. There, we need to know the electron den-
sity or conductivity profiles. Since we are interested in the
general three-dimensional patterns of the currents, the aver-
age E-layer ionization profiles are sufficient. For a rough
modelling of the profiles, we use optical and riometer data.

In our estimates of the FAC directions we use three
different conductivity (electron density) profiles:

— the asymmetric triangle model (Fig. 15a, d) based on very
accurate scanning photometer data (Velichko et al., 1981)
with uniquely large statistics of brightening auroral arc
measurements (about 100 events from nearly 10 years of
observations)

— the constant conductivity model (Fig. 15b, e) based on
incoherent scatter radar data (de la Beaujardiére et al.,
1977, Stiles et al., 1980; de la Beaujardiére et al., 1981)

— the gap-like conductivity model (Fig. 15c¢) (Lui et al.,
1977; Robinson et al., 1981; Marklund et al., 1982) for the
evening type.

The results of the qualitative analysis on the basis of
these three profiles are presented in Fig. 15. As one can
see, the auroral-arc-radar-arc system is part of a Birkeland
current sheet loop. The downward FACs are located equa-
torward of the visual arc in the evening and poleward in
the morning, and the upward FACs. Similar FAC configu-
rations near the arc have been found by direct measure-
ments (Casserley and Cloutier, 1975; Robinson et al., 1981;
de la Beaujardiére and Vondrak, 1982; Theile and Wilhelm,
1980). In these experiments, the spatial scales along the
meridian vary from a few tens to about one hundred kilo-
metres. This range of values is in good agreement with
the average meridional width of the radar arc or the arc-
associated electric field obtained in this paper (Table 2).

It follows from our scheme that the region of upward
FACs is wider than the visual arc and that additional small-
scale FAC loops (denoted by dashed lines in Fig. 15) appear
in some situations. These features are sometimes detected
in rocket experiments (Robinson et al., 1981; Marklund
et al., 1982; Ziesolleck et al., 1983). The current flow direc-
tions in the small-scale loops, either deduced from direct
measurements or derived from the divergence of the iono-
spheric horizontal currents, are the same: counterclockwise
in the evening (Robinson et al., 1981; Marklund et al.,
1982) and clockwise in the morning (Ziesolleck et al., 1983).
These findings support the view that the asymmetric type
of the arc-associated electric field is rather general, and
practically all known experimental features of the three-
dimensional current systems associated with an auroral arc
can be explained.

It must be noted that the conclusion about the loop
character of the three-dimensional currents associated with
the visual-arc—auroral-arc system depends to a certain de-
gree on the ratio of the characteristic scales of both the
electron density and electric field profiles used. The same
conclusion may be supported by an independent argument.
As noted earlier in this section, the radar arc may be consid-
ered as a band of zonal Hall current enhancements. Since
the ratio of Hall and Pedersen conductivities, Xy/Xp, is
constant outside the visual arc, the meridional current is
stronger within the radar arc limits. Since there is an up-
ward FAC within the visual arc, we may conclude from
current conservation that there is also a downward FAC
within (or near) the radar arc limits, which shows the ex-
istence of a Birkeland current loop with a meridional scale
of about the size of the system, i.e. a few tens of kilometres.
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Fig. 15a—e. Sketch of near-arc electric field and three-dimensional
current patterns for various types of conductivity profiles. Shaded
vertical strips denote the visual arcs. The top figures show the arc-
associated electric fields E,, the middle ones the electron density
profiles and the bottom figures the meridional current profiles. The
field-aligned currents are denoted by I and shown by the thick
arrows, the arc-associated closing currents by I, and denoted by
the smaller horizontal arrows. Also, additional small field-aligned
current loops denoted by dashed lines are shown

The auroral bulge

The scheme proposed here may be stated: away from mid-
night, the direction of the arc-associated electric field in
the radar arc region is the same as that of the large-scale
convection electric field, i.e. northward in the evening,
southward in the morning. In general, and especially near
midnight, this must be phrased as follows: the meridional
lonospheric closing currents of the three-dimensional cur-
rent systems of the auroral-arc-radar-arc system and of
the large-scale convection field are approximately parallel.
We choose the x-axis towards the magnetic north and
the y-axis eastward. Then the meridional component I, of
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the closing current of the convection field near midnight
is determined by both the meridional and zonal components
of the convection electric field (E, and E,) by the usual
Ohm’s law:

I.=2pE,—2yE,, 1)

where the 2p and X'y are the height-integrated Pedersen
and Hall conductivities.

Near the southern edge of the auroral bulge, the meri-
dional component of the convection electric field is approxi-
mately zero. This is due to the compensation of the small
southward convection electric field by the electric field asso-
ciated with the bulge (see Fig. 14). The bulge has its own
electric field created by the negative charge located within
the head of the bulge (Inhester et al., 1981; Opgenoorth
et al., 1983; Petrov et al., 1984). The compensation is dem-
onstrated, e.g., in Tanskanen et al. (1982); Petrov et al.
(1984), and may be confirmed by a comparison of the statis-
tics on ground-based magnetic variations and ionospheric
electric fields (Kamide and Vickrey, 1983). According to
these data, the average value of the H-component variations
obtained here for the southern edge of the bulge corre-
sponds to a value of the meridional component of the total
ionospheric electric field of not more than +5 mV/m.

The zonal component of the electric field at the southern
edge of the auroral bulge is systematically observed to be
westward near midnight (Mozer and Lucht, 1974; Zi and
Nielsen, 1981; Baumjohann et al., 1981). Hence, according
to Eq. (1), the meridional convection current is northward,
since the meridional electric field is almost zero and the
zonal component is westward: I, >0, since E,~0 and E, <
0. In the model proposed here (see Fig. 15), the meridional
current of the Birkeland current loop of an auroral arc
is also northward in this region.

The reverse happens when one goes to the opposite edge
of the auroral bulge. There, the bulge-associated field and
the convection electric field add up. Inferring from the sign
and the average value of the H-component variations
(—200 nT) on the ground, the total southward electric field
provides the large values of the westward and southward
ionospheric currents in this region. In the model proposed
here (see Fig. 15), the meridional current associated with
an auroral arc is likewise southward.

If the H-component variations are considerably smaller
than the average value —200 nT, the value of the total
ionospheric convection current is probably nearly zero. The
absence of radar arcs in similar situations shows that the
currents and electric fields associated with such auroral arcs
are also small. Then an enhancement in the circuit, in the
value of the meridional closing current, is possible if the
westward component becomes unusually large. This hap-
pens in the data on March 21, 1973 [see Fig. 5c, d and
Fig. 2 in Tsunoda et al. (1976)]: at about 07.20 UT an even-
ing-type situation was encountered. The radar arc was de-
tected on the equatorward side of the most southward arc,
the H-component variation was about —100 nT, and the
ionospheric electric field was westward and had an un-
usually large value of 40 mV/m.

The current systems

We have seen that the meridional closing currents of the
Birkeland current loops associated with an individual auro-
ral arc and those of the large-scale convection currents are
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analogous, i.e. the three-dimensional current system asso-
ciated with an auroral arc is similar to the current circuit
associated with the large-scale convection in the whole
nightside auroral oval.

Also, control of the direction of the inverted-V-asso-
ciated electric fields by the convection electric field sur-
rounding the structure has been described in Heelis et al.
(1981). The similarity in the behaviour of the two electro-
dynamical systems, the auroral arc and the inverted-V, with
respect to the convection electric field patterns is striking.
We may speculate that the direction of the current flows
of the three-dimensional current systems coupling the ion-
osphere and the magnetosphere does not depend on the
spatial scale of the structure, but only on the character
of the convection flow around the structure (Kaufmann,
1984). In other words, as electrodynamical systems, both
the auroral arcs and the inverted-V events are cells of en-
hanced convection having only different spatial scales, 10
and 100 km at ionospheric level, respectively. Recent AUR-
EOL-3 satellite observations together with radar data sup-
port this view (Timofeev et al., 1985a). Also, it has been
noted by Fennel et al. (1981) that the visual arcs have a
tendency to be observed at the edges of the inverted-V struc-
tures.

The electron density depression

As noted in Baumjohann (1983), the region of the maxi-
mum of the arc-associated electric field is located farther
away from the visual arc in the morning (Ziesolleck et al.,
1983) than in the evening (Marklund et al., 1982). Our data
shows that this is indeed so, systematically: the minimum
distance between the visual arc and the region of the arc-
associated electric field enhancement, the radar arc, is on
average about 15 km in the morning and consistent with
zero (with an accuracy of 5 km) in the evening. The reason
for this systematic difference is, in our opinion, connected
with the gap-like character of the conductivity profile often
observed in the evening auroral arc (Robinson et al., 1981;
Marklund et al.,, 1982). The electron density depression
(gap) is located equatorward of the auroral arc, which is
within the limits of the arc-associated Birkeland current
loop in the evening, but outside in the morning. Therefore,
its influence on the current system must be taken into ac-
count in the evening sector only. The meridional size of
this gap is, according to the direct measurements quoted,
10-20 km, which is about one-tenth of the meridional scale
of the arc-associated Birkeland current loop. By current
conservation, the arc-associated electric field within the
density depression region should increase, and the electric
field maximum should therefore be located in general closer
to the visual arc than in the gapless case. A rough estimate
of this shift is half the size of the gap in the ionosphere,
i.e. 5-10 km, which is not too far from the observed median
(or average) based on much larger statistics.

Comparison with other models

It is well known that the auroral arc results from the iono-
sphere-magnetosphere coupling (Atkinson, 1970; Sato and
Holzer, 1973; Maltsev et al., 1977; Mallincrodt and Carl-
son, 1978; Sato, 1978; Tverskoi, 1982). Leontyev and
Lyatsky (1982) give a detailed description of the effects
of ambient ionospheric electric field on the auroral arc elec-

trodynamics. Their model is in complete agreement with
the three-dimensional current system picture developed in
this paper. However, it only describes the visual part of
the auroral arc system. Thus, the meridional size of the
arc current loop system in this model is only about 10 km
at ionospheric level. The Sato (1978) model gives it approxi-
mately the same size as the present model, and the three-
dimensional current system constructed is also in full agree-
ment with the systematics of this paper for the whole night-
side auroral oval. Recently, Sato’s idea that the electrodyn-
amical system of the auroral arc is a cell of enhanced mag-
netospheric convection in the ionosphere-magnetosphere
coupling has been developed further by Trakhtengertz and
Feldstein (1984).

The model presented here is based on the idea that a
close connection exists between the convection electric field
pattern and the auroral arc electrodynamical system. The
model predicts the existence of an arc-associated electric
field beyond the limits of the visual arc. The location of
the maximum of the electric field is predicted to shift to
a distance of about 10 km towards the region of inflow
of the downward FAC current of the auroral arc current
loop. This value is in rough agreement with the data pre-
sented here. Moreover, the model can in principle explain
the systematic difference in the location of the arc-asso-
ciated electric field maximum relative to the visual arc be-
tween the morning and evening types of radar arcs. This
difference is, in the model, due to the electron density de-
pression in the vicinity of the evening arc. The model pro-
posed by Vondrak (1975) is in agreement with the data
far from midnight only. Near the midnight meridian, when
the westward component of the electric field dominates,
Vondrak’s model is in disagreement with our data.

Joule heating

According to our model (see Figs. 14 and 15), the work
per unit area done by the arc-associated electric forces,

Wi=E4 14 @)

where E, and I, are the arc-associated electric field and
current, respectively (see Figs. 14 and 15), is positive in
the vicinity of the arc and within the radar arc for all MLT
values. In the evening sector, this agrees with incoherent
scatter data (Stiles et al., 1980; Robinson et al., 1981; de
la Beaujardiére et al., 1981) showing the presence of an
increased Joule heating area with a meridional size of about
100 km located equatorward of the visual arc near its equa-
torial edge. Accurate rocket measurements of ionospheric
electric fields and conductivities during an auroral arc pas-
sage showed that the electric field meridional component
sometimes decreased down to zero under the influence of
the polarization electric field only (Marklund, 1984). In
such a case, the arc polarization electric field within the
visual arc and the arc-associated electric field within the
radar arc may be estimated to be approximately equal. To
the extent that the electric fields may be considered as uni-
form within the visual arc, the arc polarization electric field
and the ionospheric closing current of the arc current circuit
are antiparallel within the visual arc, meaning that the visu-
al arc acts like a generator. On the other hand, within the
radar arc the arc-associated electric field and the ionospher-
ic closing current are parallel, which means that the radar
arc acts like a load. Putting in characteristic values for the



meridional scales and Pedersen conductivities for the visual
arc, 10 km and 10 S, versus the numbers for the radar arc,
100 km and 1 S, we see that the total energy release within
the radar arc is at least one order of magnitude higher
than the energy input from the visual arc. Therefore, it
is important to recognize that the electric generator of the
three-dimensional current system associated with the auro-
ral arc is located outside the ionosphere, i.e. in the magne-
tosphere.

Conclusions

1) Discrete radar arcs of evening type are observed in the
evening sector and near midnight at the southern edge of
the auroral bulge; discrete radar arcs of morning type are
observed in the morning and at the northern edge of the
bulge. Radar arcs of evening type appear equatorward of
the corresponding visual arcs, those of the morning type
poleward. The radar and visual arcs have the same orienta-
tion and appear, brighten and move in harmony in all MLT
sectors. The arcs are manifestations of a common underly-
ing structure whose meridional size is about 1° in latitude,
i.e. 100 km at ionospheric level for all MLT values.

2) The radar arc is a Hall current band enhancement
caused by the presence of an arc-associated electric field
within the band. For the whole nightside oval, there are
two types of arc-associated electric field patterns corre-
sponding to the two types of radar arcs. Far from midnight,
the spatial orientation of the field and the orientation of
the ionospheric convection electric field are the same:
northward in the evening, southward in the morning.

3) The minimum meridional distance between the visual
arc and the radar arc, the manifestation of the arc-asso-
ciated electric field, is on average consistent with zero in
the evening and about 15 km in the morning. This differ-
ence is probably due to differences in the meridional con-
ductivity profiles through the arc in these MLT sectors,
in particular to the existence of an electron density depres-
sion in the arc current circuit in the evening.

4) The construction of the three-dimensional current
system associated with an auroral arc and a radar arc shows
that the arc, as an electrodynamical system, is a Birkeland
current sheet with an upward FAC within the visual arc
and a downward FAC within the radar arc. The meridional
size of the system is a few tens of kilometres at ionospheric
level.

5) The direction of the meridional closing current of
the arc Birkeland current loop is the same as that of the
meridional ionospheric convection current in the vicinity
of the visual arc. Around magnetic midnight, it is deter-
mined by both the meridional and zonal components of
the convection electric field.

6) The work done by the electric forces in the arc Birke-
land current loop is positive everywhere within the radar
arc for the whole nightside auroral oval. The total amount
of work done within the radar arc limits is probably at
least an order of magnitude larger than the total energy
input within the visual arc limits. Therefore, the generator
of the arc current circuit is most probably located outside
the ionosphere, i.e. in the magnetosphere.

7) From the similarity of the large-scale convection elec-
tric field patterns and those of the auroral arc, it follows
that the auroral arc as an electrodynamical system is a cell
in the large-scale convection structure. Recent coordinated
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satellite-ionosphere experiments show that the inverted-V-
events behave similarly (Isaev et al., 1985; Timofeev et al.,
1985a,1985b). Therefore, the radar-arc — visual-arc — in-
verted-V structure is a common electrodynamical pattern
in the magnetosphere-ionosphere system.
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