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Abstract. A poleward-progressing 630 nm optical fea-
ture is observed between approximately 0100 UT and
0230 UT (0400 MLT to 0530 MLT) by a meridian-
scanning photometer (MSP) located at Ny AÊ lesund,
Svalbard. Simultaneous coherent HF radar measure-
ments indicate a region of poleward-expanding back-
scatter with rapid sunward plasma ¯ow velocity along
the MSP meridian. Spatial maps of the backscatter
indicate a stationary backscatter feature aligned
obliquely with respect to the MSP meridian, which
produces an impression of poleward-expansion as the
MSP progresses to later MLT. Two interpretations of
the observations are possible, depending on whether the
arc system is considered to move (time-dependent) or to
be stationary in time and apparent motion is produced
as the MSP meridian rotates underneath it (time-
independent). The ®rst interpretation is as a poleward
motion of an east-west aligned auroral arc. In this case
the appearance of the region of backscatter is not
associated with the optical feature, though the velocities
within it are enhanced when the two are co-located. The
second interpretation is as a polar arc or theta aurora,
common features of the polar cap under the prevailing
IMF northwards conditions. In this case the backscatter
appears as an approximately 150 km wide region
adjacent to the optical arc. In both interpretations the
luminosity of the optical feature appears related to the
magnitude of the plasma ¯ow velocity. The optical
features presented here do not generate appreciable HF
coherent backscatter, and are only identi®able in the
backscatter data as a modi®cation of the ¯ow by the arc
electrodynamics.

1 Introduction

The SuperDARN coherent HF radars (Greenwald et al.,
1995) are designed to employ backscatter from high-
latitude ®eld-aligned ionospheric plasma density irreg-
ularities (radar aurora) as tracers of the bulk plasma
motion under the in¯uence of the convection electric
®eld, and hence as a diagnostic tool for the investigation
of large-scale magnetospheric-ionospheric coupling. The
Co-operative UK Twin Located Auroral Sounding
System (CUTLASS) forms the eastern-most pair of
radars (named Finland and Iceland East) of Super-
DARN, and is the focus of the present study. The
ionospheric irregularities are formed by plasma insta-
bilities, the generating mechanism being dependent on
altitude. At E region altitudes the ion-neutral collision
frequency is su�ciently high to constrain the ion
population to the neutral ¯ow speed, whereas the
electrons move under the in¯uence of the convection
electric ®eld with an E ´ B drift. This di�erential ¯ow
between ions and electrons gives rise to the two-stream
(or Farley-Buneman) instability (Farley, 1963;
Buneman, 1963). At F region altitudes the ion-neutral
collision frequency is low, so both ions and electrons
move with the E ´ B drift and the two-stream instability
is not generated. At these altitudes the gradient-drift
instability (Ossakow and Chaturvedi, 1979) is the
predominant small-scale irregularity generating mecha-
nism. Such irregularities are produced in the electron
density gradients at the edges of large (�10±100 km)
scale F region irregularities, which may be produced by
structured soft particle precipitation (Tsunoda, 1988).

Auroral arcs are the optical manifestation of particle
precipitation and hence a comparison of optical obser-
vations and HF radar backscatter observations is of
interest, not only as a multi-instrument investigation
of large-scale geophysical processes, but also as a study
of possible irregularity generating mechanisms. Optical
arcs within the auroral zone are, in general, alignedCorrespondence to: S. E. Milan
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along the plasma ¯ow direction at auroral latitudes, i.e.
east-west or L-shell aligned. Two types of arc have been
proposed (Marklund, 1984). In both, the luminous
feature of an arc is the optical manifestation of an
upward ®eld-aligned current (FAC) sheet carried by
precipitating electrons, enhancing the ionospheric con-
ductivity along its length. In the ®rst arc type, the
polarisation or anti-correlation (so named due to the
anti-correlation between electron precipitation and
electric ®eld, De la Beaujardiere et al., 1977) type arc,
the FAC is small as a polarisation electric ®eld is created
across the high conductivity region, suppressing the
convection electric ®eld. In this case, current ¯ow in the
ionosphere is along the arc. In the second arc type,
Pedersen currents provide current closure between the
upward FAC and an adjacent downward FAC sheet,
carried by up-going cold ionospheric electrons
(Opgenoorth et al., 1990). In the post-midnight sector,
a region of southward convection electric ®eld at auroral
latitudes, the downward FAC sheet forms poleward of
the upward FAC, and leads to a narrow (10±100 km)
region of enhanced southward electric ®eld and hence
eastward plasma ¯ow.

Within the polar cap, sun-aligned optical arcs are
observed, generally during periods when IMF Bz > 0 nT
(Ismail et al., 1977; Gussenhoven, 1982; Valladares and
Carlson, 1991; Carlson, 1994). Such arcs are sometimes
termed theta aurora due to their distinctive shape
(Frank et al., 1986). The upward FAC sheets of polar,
or high latitude, arcs are associated with non-zero
divergence in the convection electric ®eld, and hence
¯ow-shears in the convection pattern (Burch et al., 1979;
Burke et al., 1982; Carlson et al., 1988; Hones et al.,
1989). As such, polar arcs often represent the bound-
aries between di�erent magnetospheric regions and
hence facilitate the investigation of the as-yet poorly
understood magnetospheric processes obtaining during
IMF northward conditions.

The present study examines the observations of
ionospheric convection ¯ow measured by the CUT-
LASS Finland HF radar in the vicinity of a poleward-
progressing optical luminosity feature observed by a
meridian-scanning photometer located at Ny AÊ lesund,
Svalbard. The comparison of both observational tech-
niques allows possible interpretations of the observa-
tions that would not have been possible with either data
set independently.

2 The CUTLASS radars and the Svalbard
meridian-scanning photometer

The two CUTLASS radars, located at Hankasalmi
(62.3°N, 26.6°E) in Finland and Pykkvibñr (63.8°N,
20.5°W) in Iceland, each comprise two arrays of log-
periodic antennas, a main array of 16 antennas, with
both transmit and receive capability, and an interfer-
ometer array of four antennas with receive capability
only. The radars can operate in the HF band between
8 MHz and 20 MHz, though during the present study
they were operating near 10 MHz. The antennas in each

array are phased in relation to one another to form an
antenna pattern in which the maximum gain (beam
position) has one of 16 azimuthal pointing directions
separated by approximately 3.2°, distributed symmetri-
cally about the radar boresites of )12° (i.e. west of
north) and 30° (east of north) for the Finland and
Iceland radars respectively. In the normal scan mode of
the radars, the 16 beams are sounded with a dwell time
of 7 s, producing ®eld-of-view maps of backscatter, with
an azimuthal coverage of over 50°, every 2 min.
Typically, 75 range gates are sampled for each beam,
with a pulse length of 300 ls, corresponding to a gate
length of 45 km, and a lag to the ®rst gate of 1200 ls
(180 km). In this con®guration the maximum range of
the radars is approximately 3555 km, with each ®eld-of-
view containing 1200 cells. Figure 1 illustrates the
locations of the ®elds-of-view of the two radars. The
statistical location of the auroral oval (Feldstein and
Starkov, 1967; Holzworth and Meng, 1975) at 01 UT is
also shown in Fig. 1 for quiet geomagnetic conditions
�Kp � 1�. A 7 pulse scheme is transmitted and analysis
of the auto-correlation function (ACF) of the returned
signals yields backscatter Doppler spectra, from which
can be derived the spectral characteristics of power, line-
of-sight Doppler velocity, mlos, and spectral width, Dm
(Hanuise et al., 1993). The Doppler velocity gives an
estimate of the radar line-of-sight component of the

Fig. 1. The locations of the ®elds-of-view of the CUTLASS radars
and the meridian of the Ny AÊ lesund MSP, projected to 250 km
altitude.Numbers to the right ofMSPmeridian indicate the location of
the projection of zenith angles 0°, 65° and 80°. Also illustrated is the
statistical location of the quiet �Kp � 1� auroral oval at 01 UT. The
IMAGE magnetometer site at Bjùrnùya is indicated as well as the
EISCAT sites Tromsù and Longyearbyen for reference. The inset
panel indicates the mapping of the MSP meridian into the beam/gate
coordinates of the Finland radar ®eld-of-view; this information is
employed for the mapping of radar backscatter onto the MSP
meridian in Fig. 3
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plasma convection velocity (Villain et al., 1985;
Ruohoniemi et al., 1987).

The meridian-scanning photometer (MSP) located at
Ny AÊ lesund (78.9°N, 11.9°E), Svalbard, scans roughly
along the magnetic meridian, 35° west of geographic
north, to 10° above the northern and southern horizons,
with a scan period of 18 s. In the following text, the
convention that positive (negative) zenith angles refer to
north (south) of the MSP is followed. The line-of-sight
intensities of 630.0 nm (red) and 557.7 nm (green)
auroral emissions are measured, corresponding to tran-
sitions from the ID and IS metastable states of atomic
oxygen (OI). The present study concentrates on the red
line observations, associated with F region emissions,
often assumed to originate from an altitude of 250 km.
The meridian of the MSP, projected to 250 km altitude
is included in Fig. 1. An inaccuracy in the assumed
emission altitude produces errors in the latitude map-
ping of the MSP observations at the extremes of the
meridian; at 0° zenith angle the mapping is independent
of emission altitude. Varying the emission altitude by
�50 km (i.e. to 200 km or 300 km) changes the mapping
of the �65° and �80° zenith angle points by �0.5° and
�1° of latitude respectively. Such variations are not
signi®cant for the interpretation of data presented in this
study. The green line observations are consistent with
the red line observations when a projection altitude of
approximately 110 km is assumed.

3 Observations

The interval considered in the present study is 00 UT to
03 UT on 25 November 1995. This interval was geomag-
netically quiet, with Kp � 1 and

P
Kp for the previous

24 h of 2+, and with a weakly northward IMF �Bx � 3
nT to 4 nT, By � ÿ1 nT, Bz � 1 nT to 2 nT) as measured
by the WIND spacecraft. Data from the IMAGE
magnetometer chain were examined for evidence of
substorm activity. A 100 nT X-component negative bay
was observed at Bjùrnùya (the location of which is
indicated in Fig. 1) between 0000 UT and 0045 UT,
indicating a weak and localised westward electrojet, with
lower latitude stations suggesting a weaker eastward
electrojet. No Pi2 activity was detected and no substorm
signatures were observed in geosynchronous satellite
data. If weak substorm activity did occur at � 00 UT
then the interval of most interest in this study, 0045 UT
to 0130 UT, occurred during the substorm recovery
phase.

3.1 Comparison of observations along the MSP meridian

The observations of the Ny AÊ lesund meridian scanning
photometer from the interval of study are illustrated in
Fig. 2. Between 00 UT and 03 UT the MSP progressed
from 03 MLT to 06 MLT. Between 0000 UT and 0050
UT the MSP observed a series of auroral arcs towards
the south with peak intensity at a zenith angle equator-
ward of ÿ50� and the poleward border near a zenith

angle of ÿ30�. The most poleward feature decreased in
intensity such that at 0050 UT the poleward border was
associated with the most intense feature at approxi-
mately ÿ50�. Thereafter this feature moved poleward in
a fairly steady manner, reaching a zenith angle of 50° to
the north by 0125 UT. During this poleward progression
the observed intensity of the red emissions fell from
approximately 6 kR to 1 kR. After 0135 UT the arc
stepped equatorward brie¯y, to 40°N zenith angle,
brightening to approximately 2 kR, before continuing
its poleward motion to 70°N zenith angle and dimming

Fig. 2. The Ny AÊ lesund MSP red line (630 nm) emission observa-
tions for the period 00 UT to 03 UT on 25 November 1995

1390 S. E. Milan et al.: A comparison of optical and coherent HF radar



to 1 kR by 0200 UT. The arc remained at the northern-
most extreme of the meridian until 0230 UT after which
it disappeared. From approximately 01 UT onwards, a
second arc was observed at the southern-most extreme
of the meridian, which varied in brightness from 3 kR at
0100 UT to 8 kR at 0210 UT. Between the poleward-
progressing and southern-most arcs faint luminosities
(�1 kR) were observed between 0110 UT and 0140 UT
and brighter features (3 kR to 8 kR) after 0205 UT. The
zenith angles of peaks in the luminosity observed on the
MSP scan between 00 UT and 03 UT are illustrated in
Fig. 3. The middle panel includes the poleward-pro-
gressing arc between 01 UT and 02 UT.

The Finland radar line-of-sight velocity measure-
ments for the same interval are also presented in Fig. 3,
projected onto the meridian scanned by the MSP at an
altitude of 250 km. The mapping of the MSP meridian
onto the cells of the Finland radar ®eld-of-view is
illustrated in the inset panel of Fig. 1; the zenith angle
variation in the size of the Finland cells in Fig. 3 is a
function of this mapping. Between 00 UT and 01 UT

backscatter with near-zero velocity was observed at
MSP zenith angles of ÿ50� to ÿ80�. After 0104 UT this
region of backscatter expanded polewards reaching an
MSP zenith angle of 0° by 0110 UT. Associated with this
expanding region were negative (polewards) line-of-sight
plasma drift velocities of 400 m s)1 to 1000 m s)1. These
velocities persisted until 0115 UT after which they
decreased to between 0 m s)1 and 400 m s)1. Backscat-
ter continued to be observed between MSP zenith angles
of ÿ10� to ÿ70� until 0156 UT, and a region of
backscatter was observed between MSP zenith angles of
10° to 50° north of Svalbard between 0130 UT and
0145 UT associated with near-zero velocities. A narrow
region of backscatter was observed at the MSP zenith
angle of approximately ÿ70� between 0150 UT and
0216 UT and later, 0222 UT to 0238 UT, predominantly
between zenith angles ÿ50� to ÿ60�, again with low
velocities. The spectral widths measured by the radar
tended to be low, less than 150 m s)1, though this
increased to 250 m s)1 at the leading edge of the
poleward-progressing region of backscatter. Limited
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Fig. 3. The variation in zenith angle of
optical features along the MSP meridian
during the interval 00 UT and 03 UT (dark
lines); the poleward progressing feature is
predominantly seen between 0100 UT and
0230 UT. Also superimposed on these axes is
the projection of line-of-sight backscatter
velocities measured by the CUTLASS Fin-
land radar along the MSP meridian for a
projection altitude of 250 km
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and sporadic backscatter was observed along the MSP
meridian in the Iceland radar ®eld-of-view. This back-
scatter tended to be of near-zero velocity.

There is no clear one-to-one relationship between the
optical and HF radar observations, though common
features can be found in both data sets. Between 00 UT
and 01 UT both backscatter and luminosity are
observed at the southern-most extreme of the MSP
meridian, followed between 0100 UT and 0120 UT by a
poleward motion of the arc and a poleward expansion of
the region of backscatter. The motion of the arc
continues to zenith angles of 60° and above, though
the expansion of the region of backscatter extends only
to overhead the MSP. The most equatorward optical
arc, visible until 0220 UT, continues to produce radar
backscatter until 0216 UT, and backscatter appears
during the period 0215 UT to 0239 UT between MSP
zenith angles of ÿ50� and ÿ60�, possibly corresponding
to a bright arc observed optically. Conversely, periods
occur when the correlation between the optical and
backscatter observations is poor. During the period
0120 UT to 0205 UT, between the poleward-moving and
equatorward-most optical arcs is a region of low
luminosity. This region, up to zenith angles of ÿ10�, is
®lled with radar backscatter. After 0200 UT very little
radar backscatter is observed, despite the appearance of
many bright arcs along theMSP meridian after 0205 UT.

3.2 Spatial comparison of observations

Maps of the HF backscatter within the whole ®eld-of-
view of the Finland radar, and not just along the MSP
meridian, put the optical observations in a spatial
context. Figure 4 illustrates the radar backscatter from
six scans between 0046 UT and 0124 UT, projected on
AACGM (based on Baker and Wing 1989) geomagnetic
latitude (GMLAT) and magnetic local time (MLT)
coordinates. Also indicated is the location of Ny
AÊ lesund MSP meridian, projected to 250 km altitude,
and the statistical location of the auroral oval for
Kp � 1. The same backscatter feature is present
throughout most of the interval 0036 UT and 0124 UT,
with no apparent variation in its location within the
GMLAT/MLT frame. Between 67° to 72° GMLAT
backscatter extends from 0230 MLT to 0400 MLT,
whilst above 72° GMLAT the backscatter extends to
between 78° and 80° GMLAT and from 0400 MLT to
0500 MLT. The velocities of the backscatter are
consistent with westward zonal ¯ow between 72° and
70° GMLAT, eastward zonal ¯ow below 70° GMLAT,
and rapid sunward ¯ow (along the line-of-sight of the
radar) poleward of this. The zonal ¯ow region is
consistent with the IMAGE magnetometer observations
described above. Sporadic near-zero velocity backscat-
ter observed by the Iceland radar, coincident with the
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poleward sunward-¯ow region, suggests that ¯ow is
generally along the line-of-sight of the Finland radar.
The spectral width (not shown) of the sunward-¯ow
backscatter is high, 250 m s)1 to 500 m s)1, and of the
zonal-¯ow region is low, less that 100 m s)1. At 0046 UT
the MSP meridian is located to the west of the sunward-
¯ow backscatter, though cuts through the region of
zonal ¯ow. Later, as the MSP meridian moves to later
magnetic local time, it becomes coincident with the
sunward-¯ow region at approximately 0102 UT and cuts
through several degrees of latitude of the sunward ¯ow
at 0112 UT. The orientation of this region of backscatter
with respect to the MSP meridian causes an apparent
rapid poleward motion of the backscatter along the
meridian, as seen in Fig. 3 between 0104 UT and 0112
UT. Equatorward of the region of rapid ¯ow observed
along the MSP meridian is slower ¯ow, below ÿ60�
zenith angle, corresponding to the region of zonal ¯ow.

At 0112 UT the region of sunward ¯ow extends to
78° GMLAT, though is only coincident with the MSP
meridian as far poleward as 75° GMLAT (approxi-
mately MSP zenith angle 0°, the maximum poleward
extent of this backscatter in Fig. 3). If this situation
remained static then, as the MSP meridian moved to
later local times, the backscatter feature would extend
along the MSP meridian up to zenith angles of approx-
imately 60°. However, after 0112 UT the velocities
observed in the sunward-¯ow region decrease (see 0116
UT and 0120 UT in Fig. 4) before the backscatter fades
away (0124 UT). This slowing of the ¯ow and dis-
appearance of the backscatter is observed along the MSP
meridian between 0115 UT and 0120 UT in Fig. 3. This
region of zonal ¯ow equatorwards of the sunward-¯ow
region continues to be observed by the radar until 0344
UT, and it is this backscatter that is observed along the
MSP meridian between 0120 UT and 0157 UT (Fig. 3).

The line-of-sight ¯ow velocity within the sunward-
¯ow region is not constant with latitude, but has velocity
enhancements which move with time (see Fig. 4). A
stack-plot of velocity as a function of range gate along
beams 10 and 11 for times between 0104 UT and
0122 UT (Fig. 5) indicates a poleward progression of
one such ¯ow enhancement, the thick dashed line
representing a ®t-by-eye to this motion. In this diagram
range gates 25 and 50 map to geomagnetic latitudes of
approximately 68°N and 79°N respectively, the vertical
dashed line at range gate 30 demarcating the zonal and
meridional ¯ow regimes at 72°N. Before 0114 UT this
¯ow enhancement has velocities of up to 1 km s)1,
though later these velocities decrease in line with the
overall decrease in ¯ow velocity mentioned above.

4 Two opposing interpretations of the data

Depending on whether the motions of optical features
along the MSP meridian are considered to be due to
temporal or spatial variations, essentially whether the
arc system is time-dependent or time-independent, leads
to two possible interpretations of the observations. Each
interpretation will be presented in turn and the geo-

physical conditions under which either interpretation
would be expected is discussed.

4.1 Temporal variations: poleward expansion
in response to substorm

The leading edge of the poleward expanding region of
backscatter between 0104 UT and 0114 UT has
associated with it line-of-sight plasma drift velocities
of the order of 400 m s )1 to 1000 m s)1. The rate of
motion of this leading edge, and of the optical poleward-
progressing arc when projected to 250 km altitude,
however, have a velocity of the order 200 m s)1 to
250 m s)1 . If the arc is L-shell aligned then there must
be a considerable zonal component of the plasma ¯ow

Fig. 5. Stack plots of line-of-sight backscatter velocity as a function
of range gate of beams 10 and 11 between 0104 UT and 0122 UT.
Range gates 25 and 50 correspond to approximately 68°N GMLAT
and 79°NGMLAT. The vertical dashed line indicates the demarcation
of zonal and meridional ¯ow at 72°N. A poleward-progressing
velocity enhancement is observed, the thick dashed line being a ®t-by-
eye to this poleward motion
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associated with the arc, the line-of-sight velocities
observed by the radar being the meridional component
of this ¯ow, accounting for the discrepancy between
plasma ¯ow and arc velocity (see Sect. 1). Exact
estimates of the zonal component of the ¯ow are
di�cult to make, however, as arcs have been observed
for which a signi®cant plasma ¯ow tangential to the arc
is present (Gazey et al., 1995; Frey et al., 1996). A
schematic of this situation is presented in Fig. 6. As the
MSP meridian is to the west of the region of backscatter,
it must be assumed that the arc has constant geomag-
netic latitude along its length to allow the location of the
optical feature to be compared with the observed ¯ows.
If such a projection is made, the poleward progressing
optical feature moves poleward at a rate similar to the
poleward motion of the ¯ow enhancement observed in
the radar backscatter (see Fig. 5), though an optical
emission altitude of 350 km has to be assumed for the
best correspondence. The arc observed between 0040 UT
and 0050 UT at approximately ÿ30� zenith angle is also
possibly associated with a ¯ow enhancement. If the
equatorward edge of the velocity enhancement was co-
located with the optical feature, these observations
would be consistent with an enhanced-E arc as described
in Sect. 1. However, the mapping is not considered
su�ciently accurate to verify this possibility.

The decrease in the background ¯ow velocity and the
¯ow enhancement, and the subsequent disappearance of
the backscatter after 0112 UT are possibly linked to the
decrease in optical luminosity observed during the
poleward motion of the poleward-most arc, speci®cally
between 0103 UT and 0125 UT (sec Sect. 3.1). In the
context of a simple Ohms law relationship, the lumi-

nosity of the arc should be related to the magnitude of
the upward FAC, a decrease in luminosity being caused
by a decrease in the number and/or speed (energy
spectrum shape) of the charge carriers (e.g. Carlson,
1994). The FAC magnitude is also related to the electric
®eld enhancement and hence the ¯ow velocity enhance-
ment. Such a relationship between optical luminosity
and ¯ow velocity has previously been observed by Aiko
et al. (1993). After 0125 UT, when backscatter associ-
ated with the sunward ¯ow is no longer observed, the
optical arc remains visible until approximately 0230 UT.

In this interpretation, the location of the backscatter
observed by the radar is independent of the electrody-
namics of the arc system. The mechanism by which
irregularities are generated or viewing conditions are
satis®ed in this region (see Milan et al., 1997) is
unknown, but provides a window through which the
plasma ¯ow associated with the arc system can be
observed.

4.2 Spatial variation: high latitude or polar arc system

It was shown in Sect. 3.2 that the region of backscatter
observed by the radar remained stationary throughout
the period 0036 UT to 0124 UT. This indicates a fairly
static ¯ow pattern (though with varying velocities),
producing an apparent rapid poleward expansion of
backscatter along the MSP meridian after 0104 UT as
the MSP location rotates underneath it. If the same
interpretation is applied to the optical observations, i.e.
that the luminosity features are static and that motion
along the MSP meridian is only apparent motion, then
the arcs can be projected onto the GMLAT/MLT
frame. This is illustrated in Fig. 7, superimposed on the
radar backscatter observations from 0112 UT (of
Fig. 4c). Figure 7, then, is a projection of temporally
varying one-dimensional optical observations into a
temporally static two-dimensional, or spatial, feature.
This is superimposed on an instantaneous backscatter
observation, which is taken to be representative of a
temporally static ¯ow pattern, due to its already
demonstrated longevity. In this scheme, the most
poleward optical arc is coincident with the western-
most edge of the backscatter feature, and continues to
higher latitudes, appearing to describe a sun-aligned
polar arc (Ismail et al., 1977; Gussenhoven, 1982;
Carlson, 1994), a characteristic feature of the polar
cap under IMF Bz > 0 nT conditions. The optical arc
and the region of sunward plasma ¯ow extend as far
anti-sunward as the night side auroral zone, a feature of
so-called theta aurora (Frank et al., 1986). The location
of the arc in the dawn sector agrees with the expected
location of high latitude sun-aligned luminosity features
for IMF By < 0 nT (Elphinstone et al., 1990).

The location of the arc can be placed in the context of
the general dawn-side auroral zone FAC structure of
Iijima and Potemra (1976), in which a downward FAC
region (region 1) is poleward of an upward FAC region
(region 2). The downward FAC, necessary for the
convection reversal between anti-sunward ¯ow in the

Fig. 6. A schematic representation of the relative locations of the
MSP meridian and the Sunward-¯ow region of backscatter under the
time dependent interpretation of the observations. To compare
backscatter velocities with the location of the optical features
observed along the MSP meridian, the arc and plasma ¯ow must
both be assumed to be L-shell aligned. In this interpretation, a
velocity enhancement might be observed adjacent to and poleward of
the optical arc.
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polar cap and sunward return ¯ow at lower latitudes, is
carried by upward-going thermal electrons �E < 100 eV)
and is associated with the poleward di�use auroral
region (Elphinstone et al., 1993). Embedded within this
region is structured electron precipitation (0.1 to 1 keV)
which produces sun-aligned polar arc phenomena
(Yamamoto et al., 1993; Elphinstone et al., 1993).

Feldstein et al. (1995) employed Viking and DMSP
satellite data to illustrate the case of a theta aurora
associated with an overall downward FAC, but within
which were embedded small-scale upward FACs of
electron precipitation producing ®ne-structured optical
emissions. During IMF Bz > 0 nT conditions the
downward FAC region can extend to very high latitudes
to form the horse-collar auroral structure of Hones et al.,
(1989). Indeed, the location and alignment of the
observed arc is reminiscent of this horse-collar auroral
con®guration and a teardrop-shaped polar cap (Mu-
rphree et al., 1982; Elphinstone et al., 1993), illustrated
in Fig. 8a. Such an auroral con®guration is a conse-
quence of low-latitude boundary layer (LLBL) ®eld lines
becoming closed during Bx > 0 nT and By;Bz � 0 nT
conditions (Elphinstone et al., 1990), similar to the
prevailing conditions of the present study interval (see
Sect. 3). A similar model of the quiet-time polar cap,
which is again consistent with the observations, has been
discussed by Burch et al. (1992) and Henderson et al.
(1996), in which polar arcs and theta aurora mark
convection ¯ow reversals between merging and lobe cells
(see Fig. 8b), the latter a consequence of high-latitude
reconnection of open ®eld lines under Bz > 0 nT
conditions. The Henderson et al. (1996) model suggests
that the region of backscatter observed by the Finland
radar is coincident with a tongue of closed ®eld lines
extending across the polar cap, bounded on both sides
by open ®eld lines. Both models suggest that polar arcs
are associated with ¯ow reversals in the convection ¯ow.
This is consistent with the observations as sunward ¯ow
is observed to the dawn side of the arc and anti-sunward
¯ow, with line-of-sight velocities of the order of
400 m s)1, is observed in the midnight sector polar cap
by the Iceland West SuperDARN radar throughout this
period.

The ¯ow enhancement observed to progress pole-
wards in the backscatter is now not so directly
associated with the electrodynamics of the arc itself,
but is a burst in the convection ¯ow. This is perhaps,
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Fig. 7. The locations of optical features presented in FIGURE 3
projected into GMLAT/MLT coordinates for a projection altitude of
250 km, superimposed on a spatial plot of the CUTLASS Finland
backscatter velocities measured at 0112 UT. This projection is based
on the time-independent hypothesis described in the text. The location
of the MSP meridian is indicated for 00 UT, 01 UT, 02 UT, and 03
UT, as are the projection of zenith angles 0° and�80°. The location of
the Kp � 1 auroral oval is also indicated for 0112 UT. Optical arcs
indicated in grey are thought to be associated with an auroral
activation after 0205 UT, and as such time-dependent and not
appropriate for this mapping

Fig. 8. a The horse-collar auroral
con®guration (Hones et al., 1989)
and teardrop-shaped polar cap
(Elphinstone et al., 1993) proposed
for northward IMF conditions; b
Convection ¯ow (Burch et al.,
1992) and open and closed ®eld
regions (Henderson et al., 1996)
proposed for northward IMF con-
ditions. The tongues of closed ¯ux
extending across the ``polar cap''
are associated with convection re-
versals and hence polar cap aurora
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then, a manifestation of transient reconnection in the
magnetotail and even a bursty bulk ¯ow event (Ange-
lopoulos et al., 1992).

Polar arcs often have a dawn-dusk or dusk-dawn
motion, depending on the orientation of IMF By�By >
0 nT or By < 0 nT respectively). Too large a drift would
invalidate the projection of the arc into the GMLAT/
MLT frame. The stationary nature of the radar back-
scatter over the 40 min during which it was observed
suggests that in the present case the lateral motion of the
arc is negligible. The dusk side edge of the backscatter
feature moved less than 1° in latitude over 40 min
(a velocity of less than 50 m s)1), indicating that the arc
itself only moved a maximum of 2° in latitude, or
approximately 200 km during its 1.5 hour lifetime. The
projection of the arc into the GMLAT/MLT frame
extends over 10° in latitude.

In this interpretation, the region of backscatter is
more closely related to the location of the arc. It is
unclear if the electrodynamics of the arc are associated
with irregularity generation (as backscatter is observed
to the dawn side of the arc) or suppression (as no
backscatter is observed to the dusk side of the arc).

5 Discussion

Viewing meridionally scanned optical observations in
terms of a temporal variation or a spatial variation leads
to two very di�erent interpretations of the data. If only
temporal variations are considered then the assumption
that auroral arcs are L-shell aligned must be made. It is
seen, especially from satellite images, that this is often
not the case (e.g. Elphinstone et al., 1990). In this
interpretation of the data, the most poleward arc in this
MLT sector moves over 5° of latitude poleward in
45 min. If the motion of this arc is assumed to follow the
motion of open-closed ®eld line boundary of the polar
cap, then this would presumably be in response to a
substorm activation and the closure of open ¯ux. A
poleward motion of the open-closed ¯ux boundary from
approximately 74°N to 79°N GMLAT could represent
closure of over half of the open ¯ux in the polar cap. No
geomagnetic signature of such an event is observed.
Alternatively, the polar cap could be displaced towards
dusk under the in¯uence of IMF By, though By is small
�ÿ1 nT) during this interval. Over the following 45 min,
the poleward-most arc progresses to even higher lati-
tudes, indicating the creation of a very small polar cap
indeed.

If only spatial variations are considered then the
optical features must remain essentially static for up to
1.5 h. It is possible that elements of both interpretations
are present in the interval of study. Certainly, not all
optical features observed during the three hour period
are present at all times: after 0205 UT many bright arcs
appear in the optical data, simultaneously with large
¯ow enhancements in the midnight sector being ob-
served by SuperDARN radars to the west of CUT-
LASS. These arcs are presumed to appear in response to
an auroral activation and are not associated with the

long-lived poleward-progressing feature; hence they are
indicated in grey in the spatial mapping of Fig. 7. The
polar cap arc and the boundary of the teardrop-shaped
polar cap can be mapped to the ¯anks of the magne-
tosphere, the low latitude boundary layer (LLBL), while
the lower latitude transient arcs are more probably
associated with auroral activity originating in the
magnetospheric plasma sheet (Elphinstone et al., 1993).

It would appear that auroral or polar arcs do not
present a good target for HF coherent radars. This
indicates that precipitation is not necessarily associated
with ®eld-aligned irregularity generation, though this is
often cited as an important mechanism (e.g. Tsunoda,
1988). In the ®rst interpretation of the data, no
backscatter is produced by the arc, the plasma ¯ow
associated with the arc being revealed within a region of
pre-existing backscatter. In the second interpretation the
auroral arc is associated with the dusk-side edge of an
approximately 150 km wide region of backscatter,
though no backscatter is exactly co-located with the
arc. Valladares and Carlson (1991) indicate that an
approximately 100 km wide region of enhanced electric
®eld and Joule heating can exist adjacent to a polar arc,
a potential region for irregularity generation. However,
in the present case the electrodynamics of the arc would
suggest that such a region would be located on the dusk
side of the optical feature, whereas backscatter is
observed to the dawn-side.

6 Conclusions

This study presents a comparison of optical observa-
tions of a luminosity feature moving polewards along
the meridian of a meridian-scanning photometer and
measurements of ¯ow velocity within the convection
pattern associated with this feature by a coherent HF
radar. The results can be interpreted in two ways. The
®rst interpretation is of the rapid poleward motion of an
east-west aligned auroral arc. Such events do occur on
the nightside when the auroral bulge moves poleward at
the end of the substorm expansion phase. No supporting
evidence for signi®cant substorm activity can be found,
however. The second interpretation is in terms of a long-
lived (up to 1.5 h) sun-aligned polar arc or theta aurora,
located between 04 MLT to 05 MLT, a common feature
of the high-latitude ionosphere during IMF Bz > 0 nT
conditions. The arc is possibly associated with a ¯ow-
shear in the convection pattern, with sunward ¯ow on
the dawn side and anti-sunward ¯ow on the dusk side of
the arc. The association with sunward ¯ow is consistent
with previous observations of theta aurora (Frank et al.,
1986) and conceptual models of the quiet-time polar cap
(Burch et al., 1992; Henderson et al., 1996). The spectral
width of backscatter associated with the polar arc is
high. In both interpretations, the luminosity of the
optical feature appears to be related to the plasma ¯ow
velocity measured by the radar.

The addition of all-sky camera (ASC) observations to
the data set would easily identify which of the two
interpretations proposed was correct, though unfortu-
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nately no such observations are available for the period of
the present study. The polar arc hypothesis presented in
this study emphasises that care must be taken in deducing
arc motions fromMSP observations or ASC keyograms.

Optical arcs do not appear to have direct analogues
in HF radar backscatter. Arcs, however, as the visual
manifestation of boundaries between di�erent magne-
tospheric regions, can indicate the interface between
di�erent convection ¯ow regimes, which can be identi-
®ed in HF radar velocity maps. No backscatter (which is
not pre-existing) is observed co-located with the arc,
indicating that in this instance no signi®cant ®eld-
aligned irregularity generation is associated with the
particle precipitation producing the luminosity. That
precipitation does not necessarily give rise to irregular-
ities is further supported as little or no radar backscatter
is observed associated with the intense auroral arcs
observed after 0205 UT. Optical and HF radar obser-
vations are complementary techniques, and each
provides insight into the interpretation of the other.
On the one hand, the optical observations help delineate
the boundaries between di�erent ¯ow regimes within the
polar cap, and ultimately between di�erent regions
within the magnetosphere. On the other hand, the HF
radar observations allow the di�erentiation between
spatial and temporal variations within the optical data
and provide information concerning plasma ¯ow asso-
ciated with the electrodynamics of the ionosphere-
magnetosphere system.
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