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Abstract. We used the TV auroral observations in Bar-
entsburg (78.05◦ N 14.12◦ E) in Spitsbergen archipelago, to-
gether with the data of the CUTLASS HF radars and the
POLAR satellite images to study azimuthal (in the east-west
direction) expansion of the high-latitude auroral arcs. It is
shown that the east or west edge of the arc moved in the
same direction as the convection flow, westward in the pre-
midnight sector and eastward in the post-midnight sector.
The velocity of arc expansion was of the order of 2.5 km/s,
which is 2–3 times larger than the convection velocity mea-
sured in the arc vicinity and 2–3 times smaller than the ve-
locity of the bright patches propagating along the arc. The
arc expanded from the active auroras seen from the POLAR
satellite around midnight as a region of enhanced luminos-
ity, which might be the auroral bulge or WTS. The pole- or
equatorward drift of the arcs occurred at the velocity of the
order of 100 m/s that was close to the convection velocity in
the same direction. These experimental results can be well
explained in terms of the interchange (or flute) instability.

Key words. Ionosphere (plasma convection) – Magneto-
spheric physics (auroral phenomena; magnetospheric config-
uration and dynamics)

1 Introduction

Auroral arcs are observed in the ionosphere as narrow lu-
minosity bands stretched along the azimuth. They are com-
monly regarded as visible manifestations of the complex pro-
cesses occurring in the magnetosphere-ionosphere system.
Thus, dynamics of the auroral arcs give us important infor-
mation on the magnetospheric physics.

Our knowledge on the nature and dynamics of the auroral
arcs was based mainly on the regular observations in the au-
roral zone, which is confined within a relatively narrow (of
the order of 200–500 km width) band surrounding the pole at
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65◦–70◦ MLAT. Another limitation is caused by low tempo-
ral resolution of the instruments used. However, those data
have allowed one to identify the most important morpholog-
ical features of the discrete auroras. For instance, the local
time distribution of the arcs has resulted in the concept of the
auroral oval (Feldstein and Starkov, 1967). The arc thickness
is now regarded as an important test for the numerous the-
ories of auroral arc formation (Borovsky, 1993). The pole-
ward motion of the arcs is assumed to be a signature of the
substorm expansion phase (Snyder and Akasofu, 1972), as
well as an indicator of the reconnection on the magnetopause
(Sandholt et el., 1990) or in the lobes (Moen et al., 1993).

When speaking about the arc dynamics, one implies
mainly the behaviour of the arc already existing in the sky.
Indeed, most studies concentrated on brightening and fading
of the arcs, as well as its north-south displacement, whereas
relatively small attention was paid to the process of the arc
bearing. Although many theories of auroral arc generation
have been proposed (Borovsky, 1993), practically none of
them take into account how the arc appears in the sky. In
particular, it is not clear whether the arc flares up as a whole
or “flows” along azimuth with finite velocity, gradually ap-
pearing in the camera’s field-of-view from the west or east
horizon. The manner of the arc appearance depends on the
arc generation mechanism. Thus, the arc expansion along its
stretching should be studied because it can provide a new un-
derstanding of the mechanisms of the auroral arc formation.

Usually, velocity of the arc drifting in the south-north
direction does not exceed 500 m/s at the ionosphere level
(Haerendel et al., 1993). Such a slow motion may still be ob-
served with low-resolution instruments like ASC. But prop-
agation of the luminosity along the east-west direction may
be much faster. For instance, a typical value of the velocity
of the bright patches propagating along the arc is of the order
of 10 km/s (Oguti, 1974; Opgenoorth et al., 1983). Investi-
gation of these fast processes requires observations with high
temporal resolution, which can be achieved using TV record-
ing. In this paper we use TV observations to study azimuthal
expansion of auroral arcs, that is the movement of the east or
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Fig. 1. An auroral arc edge observed above Barentsburg on 05 Dec 2000. Left panel: TV frame with profile A crossing the arc, profile B
located west of the arc edge (white arrows) and horizontal strip oriented along the arc (white rectangle). Middle panel: intensity of the sky
luminosity along the profiles A and B. Right panel: intensity of the sky luminosity between profiles A and B (along the horizontal strip).

west edges (“ends”) of the arcs. We compare the azimuthal
expansion of the arcs with the ionospheric plasma flows ob-
served by CUTLASS HF radars and with the propagation of
the bright patches along the arc. We also investigate the ap-
pearance of the arcs as related to the global auroral activity.
The results are interpreted in terms of the mechanisms for the
aurora formation.

2 Instruments and methods of the investigation

The main instrument of this study was the TV camera lo-
cated in Barentsburg (BAB, 78.05◦ N 14.12◦ E; MLT≈UT +
3 h) in Spitsbergen archipelago, where the Polar Geophysical
Institute (PGI) has resumed observations in November 2000.
The TV camera was pointed towards the geographic zenith,
where the fish-eye lens gave a circular field-of-view of 180◦.
Auroras were observed in the visible light. Global ultravi-
olet images from the POLAR satellite, the Defence Mete-
orological Satellite Program (DMSP) satellite data, and the
keograms obtained from the ground-based all-sky cameras
of the Finnish Meteorological Institute (FMI) were used to
monitor auroral activity in the larger area around the BAB
TV camera’s field-of-view.

Ionospheric convection above Spitsbergen is observed
by two HF-radars located in Hankasalmi (HANK) and
Pykkvibaer (PYKK). The HF-radars are sensitive to F-region
plasma density irregularities with scale sizes of 10–15 m. At
the F-region heights, such irregularities move with the con-
vection velocity (E×B drift), so that the Doppler shift of the
received signal gives the line-of-sight component of the con-
vection velocity. Due to its geographical position, the PYKK
radar is a suitable instrument for investigation of azimuthal
plasma drift. But numerous gaps in its data forced us to use
the HANK radar data, in which case the azimuthal compo-
nent of the ionospheric convection velocity was derived from
a single azimuth scan by using the “beam-swinging” method
(algorithm of Ruohoniemi et al., 1989). Our data shows that

this method gives a value close to the line-of-sight measure-
ments.

The definition of the arc edge in optical data is explained
in Fig. 1. Two vertical arrows and a horizontal rectangle in
the TV frame indicate two profiles and the strip along which
the intensity of luminosity was calculated (middle and right
panels in Fig. 1). One can see that:

– An arc edge can be easily detected both in the TV frame
(left panel) and in the right panel of the figure, where
the mean value of the sky luminosity along the strip is
shown;

– the arc intensity exceeds 20 units above the background
level (profile A);

– the luminosity of the sky area west of the arc edge does
not exceed 3 units above the background level, which is
8–10 times less than the arc intensity (profile B).

We used these qualitative and quantitative criteria for the arc
edge definition. Note that the rather faint band of the dif-
fuse luminosity that sometimes was seen east or west of the
arc edge was assumed to be of another nature. The wave-
particle interaction is a possible mechanism for the diffuse
aurora, whereas brighter, discrete auroras are associated with
the field-aligned acceleration in a region of upward field-
aligned current (Kamide and Rostoker, 1977; Swift, 1981).

Auroral dynamics can be clearly traced from the keograms
made by extracting split-like fragments from individual
frames and putting the fragments side by side. To study the
aurora expansion in the east-west direction, we used three
parallel (in pixel sense) splits with a central one passing
through the zenith (centre in TV frame) and oriented along
the meridian. We selected either the geographic or geomag-
netic meridian for the central split orientation, depending on
whether the arc was elongated along the geographic or ge-
omagnetic latitude, respectively. Thus, expansion of the arc
along its stretching in, for example, the westward direction
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would be manifested as an appearance of the arc edge at first
in the east split, then in the central split, and finally in the
west split. The expansion velocity can be determined from
the propagation time of the edge between any two profiles
(splits). To decrease errors, the side profiles were selected
far away from the east and west borders of the frames, and
the events were excluded from the analysis if the arc was far
from the camera zenith to north or south. As a result, the
main errors may be explained by the non-sharp edge of the
arc (see Fig. 1, right panel, where the intensity of the arc
luminosity falls up to the background level at the distance
∼50 km) or (and) the erratic character of the arc expansion.
As there are three possible combinations of the pairs of pro-
files, an average of the three velocities was regarded as the
velocity of the azimuthal expansion of the arc. The velocity
of the bright patches propagating along the arcs was calcu-
lated in a similar way.

3 A case study: westward expansion of the arcs during
a multiple arc event on 5 December 2000

3.1 Geomagnetic and auroral background

For illustration, we selected the event for which data of all
the instruments listed in the previous section were avail-
able. Figure 2 presents geomagnetic and optical background.
In Fig. 2a, a magnetogram from the observations at Dixon
Island (DIK, 73.54◦ N 80.56◦ E; MLT = UT + 5 h) shows
two negative bays of more than 250 nT in intensity. At
the same time, rather weak variations were observed at the
high-latitude observations at Longyearbyen (LYR, 78.20◦ N
11.95◦ E), located near BAB. Such a situation corresponds to
a series of substorms that occurred close to midnight. The
interval of interest is marked with an open arrow on the mag-
netograms and relates to a small negative excursion of the
H -component, starting near 17:30 UT, which might be one
more rather weak substorm onset. In this case, the aurora en-
hancement east from the observation point (Fig. 2b, top), in
combination with faint luminosity seen equatorward, looks
like an auroral bulge. The black circle on the POLAR im-
ages indicates the TV camera’s field-of-view. The fragments
of the DMSP satellite trajectories shown in the images will
be discussed later.

3.2 Velocity of the westward expansion of the aurora

Development of the event in both space and time is shown
in Fig. 3 as a sequence of TV frames. The upper series cor-
responds to the moment of the first arc appearance. Earlier,
no auroras were seen in the sky. The west edge of the arc
is clearly seen in all frames, indicating that the arc appeared
from the east and expanded westward. Like the first one, the
second arc appeared from the east (the middle series). By
this time the first arc had shifted southward and its intensity
decreased. The lower series shows that the first arc almost
faded, the second arc followed the first one to the west and

(a)

(b)

Fig. 2. Geomagnetic activity on DIK and LYR observatories(a)
and POLAR images of the auroral oval showing the aurora devel-
opment(b). Open arrow marks the interval of interest. Black circle
indicates the BAB TV camera’s field-of-view, bold lines correspond
to the fragments of satellite DMSP trajectories, for which the parti-
cle data were analysed.
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Fig. 3. The westward expansion of three auroral arcs during the multiple arc event on 05 Dec 2000. In each frame the geographic north and
west are on top and on the right, respectively.

Fig. 4. Estimation of the propagation time of the arc edge from keograms.Z◦ means the zenith angle (positive to north).
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was also fading, and a new arc appeared from the east. Dur-
ing this time interval, the three arcs were seen in the sky si-
multaneously. Such an auroral configuration is often referred
to as multiple arcs. Note also, that the direction of expansion
of the arcs corresponds to the arcs as “flowing” from the area
of enhanced luminosity seen in the POLAR images east of
Spitsbergen (Fig. 2b).

Two keograms in Fig. 4 illustrate how the estimation of
propagation time of the arc edge was done. The keogram
indicated as “profile Z” shows the auroral dynamics along
the geographic meridian crossing the zenith, so the vertical
axis is labelled in zenith angles. The lower keogram was ob-
tained along the split shifted westward at the distance of sev-
eral pixels, which corresponds to∼40 km at the ionosphere
level near the zenith. In this example we used two of three
profiles because of some nebulosity east of Barentsburg. The
more intense auroras correspond to the more dark areas. The
arc edge can be easily defined in both keograms as an en-
hancement of the aurora intensity. The propagation time of
the edge from east to west,1t , is a time delay between the
aurora enhancement at Z and W profiles. The geographic
location of the edge was calculated from the upper (zenith)
keogram. Lower edge of the auroral luminosity was assumed
at an altitude of 120 km (e.g. Starkov, 1968).

The upper keogram shows that the meridional (in the
north-south direction) displacement of the arc was negligi-
ble. The arcs were stretched along about the geographic lat-
itude, so that the measured velocities correspond to the ve-
locities of the expansion of the arcs along their stretching.
The first and second arcs expanded westward at a velocity
of about 2000 ms−1. The third arc expanded westward two
times slower.

3.3 Characteristics of the ionospheric convection in the
vicinity of the arc

For the 1-min interval near 17:36 UT the values of the con-
vection velocity measured by the both methods mentioned in
Sect. 2 were available in several points inside the TV cam-
era’s field-of-view.

The spatial distribution of the line-of-sight velocity is pre-
sented in Fig. 5a. It is seen that poleward and equatorward
of the BAB local zenith the ionospheric plasma moved away
from the PYKK radar (red and yellow cells), whereas the
blue cell just near the zenith indicates the drift in the oppo-
site direction. In Fig. 5b the convection velocity is shown
as related to the auroral arcs presented in Fig. 3. Here, the
mapping of the auroras into the geographic grid was per-
formed for the TV frame taken at 17:36:40 (central frame
in Fig. 3). Figure 5b uses negative representation for the au-
roras, so that the arcs look like thin black bands. The moon-
highlighted clouds covering the east-south part of the frame
are not shown in the figure. North and south from the arcs,
the convection appears to be away from the radar (the red and
yellow arrows, respectively). Closer to the arcs, the plasma
drifts toward the radar at the velocityVlos ∼1000 ms−1 (blue
arrow). We can use this value to calculate the component

Fig. 5. (a) the PYKK radar line-of-sight measurements. The pos-
itive values indicate motion toward the radar.(b) Ionospheric con-
vection in the arc vicinity. Line-of-sight velocity is indicated with
colour arrows. Also shown is the possible location and direction of
fast plasma flow (gray arrow).

of the drift velocity along latitude, required for the observed
line-of-sight velocity, through the relationVlos = Varc cosθ .
Taking into account that in our case the angle between the
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Table 1. Characteristics of propagating events

No. Date UT Varc(E) Vcon(E) Varc(N) Vcon(N) Arc Conv. |Vwave| Auroral
(hrs) (kms−1) (kms−1) (ms−1) (ms−1) lat lat (kms−1) activity

1 2 3 4 5 6 7 8 9 10 11

1 05.12.00 17:36 -2.0 -1.0* -100 -210 77.8 78.7 - Polar
2 17:38 -1.3 -1.0* -50 -180 78.0 78.2 - Polar
3 28.12.00 16:53 -0.4 -0.2* ∼0 - 77.8 77.7 - -
4 19.01.01 23:32 2.3 0.8* ∼0 - 76.7 77.1 3.5 -

5 05.12.00 18:02 -2.3 -0.5 ∼0 100 76.7 75.1 - Polar
6 31.12.00 00:22 2.3 0.9 100 160 76.5 76.1 3.5 -
7 06.01.01 02:00 2.4 0.5 100 200 77.8 77.4 5.5 -
8 27.01.01 02:11 2.6 1.6 -200 90 77.1 75.7 3.6 Polar

9 22.12.00 16:08 -1.5 -100 76.7 - -
10 29.12.00 14:44 -2.3 150 77.8 - -
11 14:53 -2.3 ∼0 76.5 - -
12 17:05 -1.0 ∼0 76.8 Polar
13 17:17 -1.0 100 77.8 2.0 Polar
14 06.01.01 03:08 1.6 -50 76.7 5.5 F15
15 03:10 1.6 50 76.7
16 27.01.01 02:46 2.3 150 77.8 5.5 ASC
17 03:19 3.1 60 77.8 F15
18 03:23 1.5 400 77.8
19 26.02.01 02:16 0.8 -150 77.9 3.7 ASC

radar beam and the arcθ ∼30◦, the relation yieldsVarc ∼

0.7–1.0 kms−1, that is∼2 times smaller than the speed of the
arc expansion.

We suggest that such a distribution of the plasma convec-
tion corresponded to the westward convection flow channel,
within which the arcs appear expanding from the east to the
west. (In Fig. 5b this flow channel is indicated as a large grey
arrow.) A similar model was proposed by Kan et al. (1996)
for the post-noon early evening sector auroras. The observed
convection speed in the enhanced channel ranged from∼0.5
to ∼3 kms−1 (Kan et al., 1996; Nilsson et al., 1997).

At the point marked with a black circle in Fig. 5a the
azimuthal component of the convection velocity was both
measured by PYKK radar (along the line-of-sight), and de-
rived from the HANK data (using the “beam-swinging” al-
gorithm of Ruohoniemi et al., 1989). The values obtained by
these two methods are 1125 ms−1 and 1085 ms−1, respec-
tively. This difference is remarkably small. In the cases
when data from PYKK radar were not available, we used
the azimuthal velocity component obtained by the algorithm
of Ruohoniemi et al. (1989).

3.4 Characteristics of the precipitating particles

Two DMSP satellites crossed the TV camera’s field-of-view
in ten minutes after the ground-based observations reported
above (Fig. 2b). Spectrograms of precipitating particles ob-
tained from the satellite are shown in Fig. 6. The F15 satellite
was within the TV camera’s field-of-view for a few tens of

seconds (Fig. 2b), however the clouds above the BAB hin-
dered a detailed comparison of the precipitation data with
the auroral distribution. Nevertheless, by analysing the spec-
trograms we can conclude the following:

1. The arc was associated with the most poleward region
of precipitating electrons of the “inverted-U” shape.

2. The arc was located poleward of the main auroral oval
at the distance increasing with longitude (or MLT) away
from the auroral bulge. The poleward boundary of the
main auroral oval was determined as b5e (Newell et al.,
1996), and the distance from this boundary to the arc
increased to the west, from∼100 to∼200 km for MLT
from ∼20:30 to∼19:40, respectively.

3. The spectrum of precipitating electrons indicates that
they underwent field-aligned acceleration.

4. The peak energy of the precipitating electrons decreased
away from the bulge, from 1 to 0.6 kV (for MLT from
∼20:30 to∼19:40, respectively).

5. Three others “inverted-U” signatures suggest discrete
auroras equatorward of the considered arc.

Items 2 and 4 allow us to suggest that the magnetospheric
sources of the arc were associated with the narrow plasma
tongue developing from the region of the bulge at a small
angle to the plasma-sheet boundary associated with the pole-
ward boundary of the main auroral oval.
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Fig. 6. Spectrograms along the fragments of satellite trajectories shown with bold lines in Fig. 2b.

4 Statistics

Due to its geographic position, round-the-clock observations
of auroras are possible in Barentsburg during the winter
months. In our data, most of the dayside auroras were the
rayed arcs that did not allow us to investigate their azimuthal
expansion, both by naked eyes and the method described in
Sect. 2. Rather homogeneous arcs might be observed in the
night- and evening-side. But as a rule, the midnight auroras
were located between the Scandinavian peninsula and Spits-
bergen, so the arcs were seen from BAB at large zenith an-
gles, which decreases the accuracy of the data analysis.

Among the nightside auroras reaching Barentsburg, there
were many cases when the arc started as an enhancement of
the pre-existing faint arc. However, for our analysis we se-
lected the events when the pre-existing auroras were diffuse,
and the intensity of the appearing arc exceeded the diffuse
background by a factor of ten or more in the intensity. The
diffuse and discrete auroras have a different nature, so that
we regard the selected cases as an appearance of a new arc
rather than as the brightening of the pre-existing one.

We left out of consideration the intervals of the high au-
roral activity occurring just above BAB. In such cases the

auroral displays were very complicated and highly variable.

Thus, for our study we selected the cases (further referred
to as expanding events) when the east- or westward moving
edge of the high-latitude arc was identified clearly in the TV
records. The optical data from nine winter nights were ex-
amined, and 19 propagating events have been selected. Due
to the above-mentioned reasons, most of the events occurred
in the evening pre-midnight and post-midnight morning sec-
tors. Herewith, multiple arcs came to∼90% of the events
selected. The results are summarised in Table 1. Dates of the
events are placed in columns 2 and 3. The velocity of the arc
expansion along the east-west direction (positive to east) and
the arc drift velocity in the south-north direction (positive to
north) are indicated in the fourth and sixth columns, respec-
tively. The components of the convection velocity are shown
in columns 5 and 7. TheVcon(N) component was obtained
from the HANK radar data. For the events 1–4 we inferred
theVcon(E) from the line-of-sight measurement, whereas for
the next four events this component was calculated using the
algorithm by Ruohoniemi et al. (1989). Latitudes of the arcs
and the points of the convection measurements are presented
in the eighth and ninth columns, respectively. The|Vwave|
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Fig. 7. Direction of azimuthal expansion of the high-latitude arcs as
a function of local time.

is the velocity of bright patches propagating along the arc
(column 10). In the last column, the instruments are listed
that provided information on the larger scale auroral activ-
ity in the vicinity of BAB. The POLAR and DMSP satellites
provided images of the auroral oval, and the all-sky cameras
(ASC) of FMI displayed the auroral activity southward of
Spitsbergen. All coordinates are geographic.

The diagram in Fig. 7 presents the considered events in
the frame of MLT and geomagnetic latitude. Arrows indi-
cate directions of the arc expansion along the azimuth. Fig-
ure 7 shows that the arcs propagate away from the local
midnight, which corresponds to the eastward and westward
arc expansions in the post- and pre-midnight sectors, respec-
tively. Comparison with the POLAR and DMSP images has
shown that the arcs propagated away from a localized area of
enhanced luminosity (auroral bulge or WTS).

The ionospheric plasma flow data might be available from
a large latitude range including the TV camera’s field-of-
view. However, the ionospheric disturbances associated with
the auroral arcs caused problems for the radar measurements
in the region adjacent to the arc. In particular, the plasma
flow has not been studied in the regions between the multi-
ple arcs. In addition, the auroral enhancement should cause
reconfiguration of the local electric field via modification of
the ionospheric conductivity in the arc vicinity, so that, in Ta-
ble 1 we compare the arc motion to the convection measured
at some distance from the arc (from 50 to 100 km as seen
from columns 7 and 8 in the table), which means that we
study the auroral dynamics in the frame of the background
convection. In total, eight arcs have been observed simulta-
neously with the ionospheric convection. Figure 8a shows
the velocity of the arc versus the ionospheric plasma veloc-

ity measured in the arc vicinity. It allows us to conclude that
the arcs expanded east- or westward in the same direction
as the ionospheric plasma flowed. Velocity of the azimuthal
expansion was of the order of 1–3 kms−1, and the arc expan-
sion was 1–2 kms−1 faster than the convection velocity in the
same direction. Note that in the PYKK radar data one might
also see the convection reversal poleward or equatorward of
the arc. In Table 1 these events are indicated with a “*” sym-
bol.

Panel (b) in Fig. 8 demonstrates that the arcs drifted north-
or southward following the convection. The difference be-
tween the arc and convection velocities was within the order
of 100 m/s or less. The arcs tend to drift slower than the
convection flow, but the velocity difference is of the same or-
der as the uncertainty in the convection velocity derived from
the radar measurements, that is∼100 m/s (Ruohoniemi et al.,
1989).

Except of one case, the propagating events were observed
during a substorm recovery. In some cases the auroras still
remained active and small patches of enhanced luminosity
were moving fast along the arc in various directions (see ex-
ample in the Fig. 9). Velocity of the propagating patches is
given in column 10 of Table 1. In all cases the velocity of the
patch was larger than the velocity of the arc edge.

In some cases the information about the auroral distribu-
tion outside the TV camera’s field-of-view could be inferred
from the POLAR or DMSP satellites and from all-sky cam-
eras located in the north of the Scandinavian peninsula (col-
umn 11). These additional optical data showed the presence
of auroras east or west, as well as south of the observational
point. We interpret the former ones as the auroral bulge or
WTS, whereas the auroras in the south horizon might be
the “pre-existing” arcs, from which the auroral breakup had
started and the WTS had developed.

5 Discussion

We examined several cases of the high-latitude nightside arcs
observed mainly during the substorm recovery phase east or
west of the nightside active region, like the WTS or auroral
bulge. Below we formulate the results of our investigation in
the order of their statistical reliability:

1. Our main finding is that these arcs expanded away from
the midnight meridian and looked like they were orig-
inating from the WTS or auroral bulge. In the papers
dealing with the substorm-associated auroras, at least
three categories of discrete arcs observed in the vicin-
ity of the WTS had been mentioned. Arcs from each
category are characterised by a specific orientation (see
Figs. 10 and 11). The first and second categories are
the discrete auroras developing from pre-existing arcs
during WTS formation. Away from the WTS, the arcs
remain to be stretched along the latitude and they were
classified as an auroral horn (Yahnin et al., 1983). At
the front of the WTS, the pre-existing arcs are warping
and becoming oriented along the meridian. Sometimes
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Fig. 8. Velocity of the arc versus the ionospheric plasma velocity measured in the arc vicinity. Solid line is bisector corresponding to equality
of the two velocities.

these arcs are referred to as N-S structures (Rostoker et
al., 1987). Arcs of the third category are connected with
the equatorial part of the WTS, oriented along the bi-
sector between the boundary of the auroral oval and the
front of the WTS, and expand westward and poleward.
Nielsen et al. (1993) reported a case of such multiple
arcs observed by the Viking satellite.

The BAB TV camera, together with the all-sky cameras
of the FMI and the instruments on board the Polar
and DMSP satellites have allowed us to investigate the
arcs in the context of large-scale auroral dynamics,
including the WTS. The following three features
inferred from those multi-instrument measurements
allow us to conclude that we investigated the arcs of the
third category.
(a) The orientation of all these arcs differed signifi-
cantly from the N-S orientation.
(b) In more than half of the expanding events the
auroras were also seen southward of Barentsburg. We
suggest that those arcs formed the auroral horn.
(c) In the case described in Sect. 3.4, the poleward
boundary of the auroral oval and the arc demonstrated
a divergence from 100 to 200 km when moving away
from the WTS.

2. Our second finding is that the velocity of the arc ex-
pansion along the latitude was larger than the azimuthal
component of convection velocity in the vicinity of the
arc, but smaller than the velocity of the bright patches
propagating along the arcs. Near the arc, the plasma
flowed in the direction of the arc expansion, whereas
no prevailing direction was found for the propagating
bright patches. One should emphasise the difference be-
tween the two phenomena, i.e. the arc expansion along

the east-west direction (see Fig. 3) and the patches prop-
agating to the east or west along the existing arc (see
example in Fig. 9). The auroral patches have been re-
garded as an ionospheric manifestation of the MHD
waves propagating in the magnetosphere (see, for in-
stance, Safargaleev and Osipenko, 2001; Danielides and
Kozlovsky, 2003). Their velocity was of the order of
several km/s, which is too high to be explained by ac-
tual plasma flows. On the other hand, the arc expansion
manifests the “bearing” of the arc and, hence, should be
considered in terms of mechanisms for the formation of
fast plasma flows. Kan et al. (1996) suggested that such
flows are the ionospheric traces of the closed magnetic
lines convecting sunward in the magnetosphere, which
can be driven by the dayside patchy-intermittent recon-
nection. However, Kan et al. (1996) did not discuss
whether or not the reconnection might result in the gen-
eration of the arcs in the nightside, too. In our study the
expanding events are connected with the substorm ac-
tivity (namely with the development of the WTS or au-
roral bulge), so we suggest that the observed features of
the high-latitude auroral arcs can be explained in terms
of some substorm-associated instability that splits the
convection flow. The low spatial resolution of the con-
vection data did not allow us to perform a detailed anal-
ysis; however, sometimes the PYKK radar detected that
plasma flows just near the arc were opposite to the flows
observed north or south of the arcs. In the Table 1, these
events are indicated with a “*” symbol. One event was
discussed in Sect. 3.3. Such a convection pattern resem-
bles the plasma motion under the interchange (or flute)
instability.

3. One more important feature of the high-latitude arcs is
that they drift north- or southward at the same velocity
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Fig. 9. An example of the bright patches propagating along the arc
before the arc intensification.

as the ambient plasma. The relative motion of auro-
ral arcs with respect to the magnetosphere-ionosphere
convection is an important parameter which can help to
select the proper mechanism for the arcs (Kozlovsky et
al., 2001; Kozlovsky and Kangas, 2002). As we will
discuss below, the arcs generated due to the interchange
instability should drift across their stretching at the con-
vection velocity.

On the basis of our observation, we can suggest that the high-
latitude auroral arcs show the features that can be well ex-
plained in terms of the interchange (or flute) instability. The
interchange instability may develop if

dP/dU > γP/U, (1)

whereU is the volume of the magnetic flux tube with unit
magnetic flux,P is the plasma pressure, andγ is the adia-
batic exponent (e.g. Kadomtsev, 1988). In accordance with
Eq. (1), the outer boundary of any plasma volume is unstable
if the magnetic field is curved. In this case the centrifugal
force, F c, acting on the bouncing protons gives rise to the
plasma irregularities alongF c which is the radial direction
in the magnetosphere and N-S direction in the ionospheric
projection. Rezhenov (1995) regarded this instability as a
possible reason for theθ -aurora formation.

In accordance with Volkov and Maltsev (1986), condition
(1) may also be satisfied in the near-Earth plasmasheet if the
angle between∇P and∇U is non-zero, in which case the
force F = F c + ∇(PUγ ) gives rise to the structures with
the wave vectors directed alongF (along the bisector be-
tween∇U and ∇(PUγ )). The development of the insta-
bility is illustrated in Fig.10 in the ionospheric projection.
The forceF (shown with a black arrow) causes the electrons
and protons to move across the structures in opposite direc-
tions via theF × B drift (open arrow inside the structure),
which results in the appearance of the positive and negative
charges at the periphery of the structure. The charges gen-
erate the electric fieldE′, which causes further stretching of
the structure via theE′

× B drift (open arrow at the end of
the structure). Thus, the instability splits the plasma-sheet
plasma and the magnetospheric convection into the multi-
ple tongue-like jets of rapid plasma flow stretched at some
angle to theU = const lines. Between them, the plasma
may drift in opposite direction. The electric fields propagate
along the magnetic field lines to the magnetosphere forming
the field-aligned current sheets at the edge of each plasma
tongue: downward in the region of negative charge and up-
ward at the opposite edge. The field-aligned currents can be
associated with multiple auroral arcs. Finally, the distribu-
tion of the auroras will look like that shown in Fig. 11 or
discussed by Nielsen et al. (1993).

Although the scheme in Fig. 10 agrees with the hypothe-
sis of the multiple convection flow channels (Kan, 1996), the
low spatial resolution of the radar data did not allow us ei-
ther to confirm or confute this hypothesis. Figure 5a shows
that the size of the measurement volumes (colour cells) is
larger than the distance between the arcs, and the convec-
tion features might be interpreted as a single flow channel,
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Fig. 10. (From left to right) development of the interchange instability in the vicinity of the WTS (see text for more detail). Auroras are
black, plasma structures are grey.

only. Nilsson et al. (1997) discussed a single flow of the en-
hanced convection. Indeed, the interchange instability can
yield a single plasma tongue (Rezhenov, 1995). Later, the
single tongue can break down into multiple structures. In
such a case, the aurora dynamics would be similar to those
discussed in Sect. 3.2. The breaking of the tongue should
occur at a large distance from the origin (WTS) and/or at the
late (nonlinear) stage of the instability development.

A possible reason for the non-zero angle between∇P and
∇U may be the local reconfiguration of the magnetosphere
accompanying the formation of the auroral bulge. Another
possible reason may be the following. In the magnetotail,
∇(PUγ ) is pointed away from the Earth (Borovsky et al.,
1998) and∇U is also away from the Earth. The pressure
gradient can gain a normal component to∇U due to the
sunward convection in the plasma sheet, which is controlled
by IMF Bz. (Volkov and Maltsev, 1986; Yamamoto et al.,
1996). Also, the topology of the magnetospheric magnetic
field (and, hence,U ) depends on the solar wind pressure.
Thus, variations of the interplanetary parameters may also
control the instability growth rate through the global recon-
figuration of the magnetosphere. Note that the mechanism
by Kozlovsky and Lyatsky (1994) also gave rise to the N-S
oriented auroral forms. Earlier, Lyatsky (1992) suggested the
interchange instability for explanation of the WTS formation
and substorm development. Thus, the auroral forms men-
tioned in the beginning of this section as category 2 and 3,
as well as the WTS, may be explained by the similar mecha-
nisms implying the interchange instability.

It is well known that the high conductive ionosphere sup-
presses development of the interchange instability through
the “frozen-in” conditions for the magnetic field lines (Swift,
1967). However, the arc-associated parallel electric fields
can decouple the magnetosphere from the ionosphere (Atkin-
son, 2001), which allows the instability to develop. On the
other hand, the decoupling (associated with the field-aligned
potential difference) can explain some of the difference be-
tween the ionospheric convection velocity and the aurora ex-
pansion associated with the motion of the magnetospheric
plasma.

Fig. 11. Aurora distribution as seen from the DMSP F15 satellite.

In light of the above physical background, we can suggest
the following interpretations to our observations. The night-
side large-scale auroral activity indicated the changes in the
plasmasheet that created favourable conditions for the inter-
change instability. The instability produced the jets of faster
sunward plasma flow originated from the active region. The
high-latitude auroral arcs are the ionospheric signatures of
the fast plasma-sheet flows, so that the plasma velocity in
the arc region should be larger than the velocity measured by
the radar equatorward of the arc. Moreover, the arc is associ-
ated with a field-aligned potential drop, so even inside the arc
the ionospheric plasma flow can be slower than the plasma
flow just above the acceleration region. The dispersion equa-
tion for the interchange instability suggests the wave veloc-
ity (i.e. the arc velocity across its stretching) to be equal
to the convection velocity (Volkov and Maltsev, 1986). Due
to the magnetosphere-ionosphere interaction, the arc veloc-
ity should be somewhat slower than the convection velocity
(Kozlovsky and Lyatsky, 1994). Thus, the interchange in-
stability can explain well the observed characteristics of the
high-latitude arcs: originating from the region of nightside
activity, fast sunward propagation along the auroral oval, and
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the northward drift with the convection velocity.
The multiple arc events made up a significant part of our

data set. As mentioned above, the multiple arcs are a fea-
ture of the post-noon and pre-noon auroras (Sandholt et al.,
1998). It is interesting that one of the possible reasons for
“sun-aligned” arcs in the morning sector mentioned by Sh-
iokawa et al. (1997) is the substorm activity in the night. In
the view of our results, we can suppose that the interchange
instability starting in the nightside magnetosphere may give
rise to the arcs, which expand to dawn and/or dusk and are re-
ferred to as post-noon and pre-noon multiple auroras or “sun-
aligned” arcs.

6 Conclusions

The azimuthal expansion of the high-latitude auroral arcs
has been investigated, together with the ionospheric convec-
tion measurements and the auroral oval imaging. We con-
sidered the events, for which propagation of the westward
or eastward end of the arc was clearly identified in the TV
frames. The main findings of our study are the following:

1. The high-latitude arcs propagate westward in the pre-
midnight sector and eastward in the post-midnight sec-
tor. The arc expansion corresponds to their expansion
from the active auroras, like the auroral bulge or WTS
observed around the midnight.

2. The arcs propagate along their stretching in the same
direction as the background convection flow at the ve-
locity of 2–3 kms−1, which was 1–2 kms−1 faster than
the convection velocity measured in the arc vicinity.

3. The arcs drifted pole- or equatorward at the velocity of
the order of 100 m/s that was close to the convection
velocity in the same direction.

These experimental results can be well explained in terms of
the interchange (or flute) instability.
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