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Abstract. The dynamics of the cusp region and post-
noon sector for an interval of predominantly IMF By, Bz

< 0 nT are studied with the CUTLASS Finland
coherent HF radar, a meridian-scanning photometer
located at Ny AÊ lesund, Svalbard, and a meridional
network of magnetometers. The scanning mode of the
radar is such that one beam is sampled every 14 s, and a
30° azimuthal sweep is completed every 2 minutes, all at
15 km range resolution. Both the radar backscatter and
red line (630 nm) optical observations are closely co-
located, especially at their equatorward boundary. The
optical and radar aurora reveal three di�erent behav-
iours which can interchange on the scale of minutes, and
which are believed to be related to the dynamic nature of
energy and momentum transfer from the solar wind to
the magnetosphere through transient dayside reconnec-
tion. Two interpretations of the observations are
presented, based upon the assumed location of the
open/closed ®eld line boundary (OCFLB). In the ®rst,
the OCFLB is co-located with equatorward boundary of
the optical and radar aurora, placing most of the
observations on open ®eld lines. In the second, the
observed aurora are interpreted as the ionospheric
footprint of the region 1 current system, and the
OCFLB is placed near the poleward edge of the radar
backscatter and visible aurora; in this interpretation,
most of the observations are placed on closed ®eld lines,
though transient brightenings of the optical aurora
occur on open ®eld lines. The observations reveal several
transient features, including poleward and equatorward
steps in the observed boundaries, ``braiding'' of the
backscatter power, and 2 minute quasi-periodic en-
hancements of the plasma drift and optical intensity,
predominantly on closed ®eld lines.

Key words. Ionosphere (auroral ionosphere; plasma
convection) á Magnetospheric physics (magnetopause,
cusp, and boundary layers).

1 Introduction

The cusp (see the review papers of Lockwood (1991) and
Smith and Lockwood (1996), and references therein) is
that region where entry of magnetosheath plasma into
the magnetosphere, and hence the transport of mass,
energy, and momentum from the solar wind into the
near-Earth environment, is facilitated by reconnection
at the dayside magnetopause. While the relative impor-
tance of quasi-continuous reconnection or more tran-
sient and intermittent ``¯ux transfer events'' (Russell and
Elphic, 1978; Haerendel et al., 1978; Paschmann et al.,
1982; Saunders et al., 1984; Lockwood, 1991) is as yet
unclear, there is a considerable body of evidence to
suggest that the auroral signature of the cusp and the
ionospheric convection excited by dayside reconnection
are pulsed (e.g. Feldstein and Starkov, 1967; Vorobjev
et al., 1975; Horwitz and Akasofu, 1977; van Eyken
et al., 1984; Goertz et al., 1985; Lockwood et al., 1989a,
1989b, 1993b, 1993c; Sandholt et al., 1985, 1986, 1989;
Sandholt, 1988; Elphic et al., 1990; Fasel et al., 1992;
Pinnock et al., 1993, 1995; Moen et al, 1995, 1996;
éieroset et al., 1996). Much theoretical work has been
published on the ionospheric convection response to
transient dayside reconnection (e.g. Southwood, 1985,
1987; Siscoe and Huang, 1985; Lee, 1986; Cowley, 1986;
Southwood et al., 1988; Scholer, 1988; Wei and Lee,
1990; Lockwood et al., 1990; Cowley et al., 1991;
Cowley and Lockwood, 1992; Cowley et al., 1992;
Lockwood and Cowley, 1992; Rodger and Pinnock,
1997). However, the dynamics of the cusp region are still
largely unclear.

The present study examines the ionospheric convec-
tion ¯ow measured by the CUTLASS Finland HF radar
in the vicinity of the cusp aurora observed by a
meridian-scanning photometer located at Ny AÊ lesund,
Svalbard. Supporting observations are provided by
IMAGE magnetometer stations from northern Scandi-
navia and interplanetary magnetic ®eld measurementsCorrespondence to: S. E. Milan
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from the WIND spacecraft. This study is interesting
from two perspectives, both in terms of cusp region
dynamics as well as in understanding the processes that
lead to irregularity formation, and hence coherent radar
backscatter, at the ionospheric footprint of the cusp.

2 Experimental arrangement

The SuperDARN coherent HF radars (Greenwald et al.,
1995) employ backscatter from high latitude ®eld-
aligned ionospheric plasma density irregularities (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 (CUT-
LASS) forms the eastern-most pair of radars of
SuperDARN, of which the Finland radar, located at
Hankasalmi (62.3°N, 26.6°E), is the focus of the present
study.

The CUTLASS Finland radar usually sounds se-
quentially along 16 beams separated by approximately
3.2° of azimuth, distributed symmetrically about the
radar boresite of )12° (i.e. west of geographic north). In
the present study, the radar scanned through beams 12
to 5 in descending order, returning to beam 9 between
each (i.e. beams 12, 9, 11, 9, 10, 9, 9, 9, 8, 9, 7, 9, 6, 9, 5,
9), with a dwell time of 7 s, producing a ®eld-of-view
map of backscatter every 2 minutes. Beam 9 had a
sampling time resolution of 14 s. 75 range gates were
sampled for each beam, with a pulse length of 100 ls,

corresponding to a gate length of 15 km, and a lag to the
®rst gate of 8700 ls (1305 km). Fig. 1 illustrates the
location of the ®eld-of-view of the CUTLASS Finland
radar for this experiment. The statistical location of the
auroral oval (Feldstein and Starkov, 1967; Holzworth
and Meng, 1975) at 0930 UT is also shown in Fig. 1 for
quiet geomagnetic conditions (Kp = 1). A 7 pulse
scheme is transmitted, and analysis of the auto-correla-
tion function (ACF) of the returned signals yields
backscatter Doppler spectra, from which the spectral
characteristics of power, line-of-sight Doppler velocity
and spectral width can be derived. The Doppler velocity
gives an estimate of the radar line-of-sight component of
the plasma convection velocity.

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. The
meridian closely follows beam 9 of the CUTLASS
Finland radar (see Fig. 1). The line-of-sight intensities of
630 nm (red line) auroral emissions are measured,
corresponding to transitions from the 1D metastable
state of atomic oxygen (OI). These auroral emissions
can have an altitude of peak emission intensity between
250 km and 550 km, excited by electrons of energies of
order 100 eV. In the present study, an emission altitude
of 250 km is assumed.

Seven IMAGE magnetometer stations are also
included in the study. The stations NAL, HOR, BJN,
SOR, MAS, and MUO form a meridional chain, and the
station HOP is located between HOR and BJN in

Fig. 1. The locations of the ®eld-of-view of the
CUTLASS Finland radar (beam 9 is explicitly in-
dicated) and the meridian of the Ny AÊ lesund
MSP, projected to 250 km altitude. Numbers to
the right of the MSP meridian indicate the
location of the projection of zenith angles 0°, 65°
and 80°. The locations of the IMAGE magne-
tometer sites at NAL, HOR, HOP, BJN, SOR,
MAS, and MUO are indicated. Also illustrated
for reference is the statistical location of the quiet
(Kp = 1) auroral oval at 0930 UT
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latitude and approximately 250 km to the east of the
chain (see Fig. 1).

3 Observations

During the interval considered in the present study, 0840
UT to 1030 UT on 17 December 1995, the Ny AÊ lesund
MSP, the CUTLASS Finland radar, and the IMAGE
magnetometers were located near local noon and in the
early post-noon sector, and provided information re-
garding the ionospheric footprint of the magnetospheric
cusp. Solar wind and interplanetary magnetic ®eld
(IMF) observations from the WIND spacecraft provide
a context within which the behaviour of the ionospheric
cusp region can be investigated.

3.1 Solar wind and IMF observations

During the interval of study the WIND spacecraft was
located upstream of the magnetosphere at (XGSM,
YGSM, ZGSM) � (59 Re, 32 Re, 0 Re). WIND measure-
ments of the solar wind dynamic pressure and the three
GSM components of the IMF, Bx, By, and Bz, are

illustrated in Fig. 2 for the interval 0824 UT to 1014
UT. A rotation of the IMF was observed near 0845 UT,
associated with a 40% increase in the solar wind
dynamic pressure. Subsequently, the southward compo-
nent of the IMF, Bz, remained predominantly negative,
though decreasing in magnitude; By remained negative
for the rest of the interval of study.

An approximate solar wind velocity of 420 km s)1

measured by the spacecraft during this interval gives a
delay of some 12 minutes between the observation of
IMF features by WIND and their incidence on the
Earth's bow-shock. Various assumptions can be made
regarding the subsequent travel-time of the shocked
solar wind across the magnetosheath and the AlfveÂ n
travel-time for occurrences at the magnetopause to be
transmitted to the ionospheric footprint of the cusp,
giving an overall estimated delay of some 16 to 24
minutes.

3.2 Radar and MSP observations

The MSP observations of the red line intensity for the
study interval are illustrated in Fig. 3, as a function of
zenith angle and time, from 0800 UT to 1100 UT.

Fig. 2. Time series of the solar wind dynamic pressure
and the GSM components of the IMF, Bx, By, and
Bz, observed by the WIND spacecraft for 0824 UT to
1014 UT, 17 December 1995
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Throughout the interval, a persistent or continuous arc
is observed near 45° zenith angle, though this moves
poleward after 1000 UT. The intensity of this arc,
initially 1.5 kR, increases to 2.5 kR near 0900 UT and
again to 5 kR after 0915 UT, after which the intensity
varies considerably between 2.5 kR and 5 kR. In
addition to the continuous arc, very faint poleward-
moving forms are observed between 0800 UT and 0900
UT; three such features are indicated by arrows in panel
a of Fig. 3. After 0915 UT, these forms appear more as

stationary auroral brightenings near the poleward edge
of the main optical arc; three such features are indicated
in panel b of Fig. 3.

The CUTLASS Finland radar observations from
beam 9, the high time-resolution beam, for the study
interval are presented in Fig. 4. The top three panels
indicate the radar backscatter power (signal-to-noise
ratio), line-of-sight velocity and spectral width. Positive
(negative) line-of-sight velocities are towards (away
from) the radar. Vertical power drop-outs, especially

Fig. 3. The Ny AÊ lesund MSP
630 nm (red line) optical emis-
sion intensity as a function of
zenith angle ()90° to the north,
90° to the south) and UT, be-
tween 08 UT and 11 UT, 17
December 1995. Vertical tick
marks are equivalent to 1.5 kR
emission intensity. Arrows in
panel a indicate the times of
three poleward-moving auroral
forms. Arrows in panel b indicate
the times of three transient
brightenings of the aurora pole-
ward of the continuous arc (see
Fig. 4 for the identi®cation of
other transient brightenings)

162 S. E. Milan et al.: Meridian-scanning photometer, coherent HF radar, and magnetometer observations of the cusp



after 1000 UT, are associated with HF interference. Low
power, low velocity and low spectral width backscatter
observed at the very nearest ranges between 0840 UT to
0915 UT and 1000 UT to 1020 UT is ground backscatter
and can be ignored. Similar backscatter observed above
79°N between 0925 UT and 1020 UT is shown by
interferometric techniques (see Milan et al., 1997) to
have a di�erent elevation angle distribution from the
rest of the observations and is almost certainly ground
backscatter also; this backscatter region will not be
considered further. The bottom panel of Fig. 4 illus-
trates the red line optical emission intensity along the
MSP meridian (i.e. the same data as presented in Fig. 3),
projected to an emission altitude of 250 km. Superim-
posed on the radar observations is the latitude of the
peak red line emission intensity and the latitudes at
which the red line emission intensity falls to 1.5 kR
poleward and equatorward of the peak. Vertical dashed
lines in Fig. 4 indicate times at which the behaviour of
the observations appears to change markedly. The
intervals between dashed lines have been numbered I
to VII to aid description in the following discussion. The
occurrences of transient brightenings of the optical
aurora poleward of the continuous arc are marked in the
bottom panel by white arrows.

During interval I only sporadic radar backscatter and
low intensity optical emission is observed. The amount
of backscatter observed by the radar and the intensity of
the optical emission increases signi®cantly at the start of
interval II, 0900 UT; signi®cant radar and optical
aurora continue to be observed until after 1100 UT.
During this period there is a general poleward migration
of the aurora, from near 74° to 77° geomagnetic
latitude. In general there is excellent correspondence
between the locations of the radar and optical cusp
aurora, in particular at their equatorward boundary,
and especially during intervals II to V. To illustrate the
degree of co-location of the equatorward boundaries of
the optical emission and radar backscatter, Fig. 5
presents the latitudinal variation in the equatorward
iso-contours of 1.5 kR red line emission intensity and 10
dB backscatter power, between 0855 UT and 1000 UT.
Even during intervals when the contours are separated
in latitude (in general by no more than 0.5°) their
motions are in tandem. A correlation coe�cient of 0.90
is found between the locations of the two boundaries, as
illustrated in the inset panel of Fig. 5, in which the
dotted line is a least squares ®t to the distribution, with a
gradient of 1.01. The separation in latitude of the
contours appears to increase somewhat throughout the
interval presented, perhaps as a consequence of a
gradual variation in the peak emission altitude of the
aurora or of a change in the propagation environment of
the radar.

In the period of most interest to the present study,
intervals II to VI, the observations cycle through two
modes of behaviour, which will hereafter be refered to as
states 1 and 2. State 1, intervals III and V, is charac-
terised by high red line optical intensities, a peak
intensity above 3.5 kR, and radar line-of-sight velocities
which are positive at lower latitudes and negative at

higher latitudes. State 2, intervals II, IV and VI, is
characterised by lower red line optical intensity, a peak
intensity in general below 3.5 kR, and radar line-of-sight
velocities which are negative at all latitudes. These two
states will be described in more detail below.

3.2.1 State 1 (intervals III and V)

The high time resolution radar observations (Fig. 4)
indicate that in state 1 the radar backscatter is contained
almost entirely within the higher and lower latitude 1.5
kR red line contours. The radar line-of-sight velocities
are structured in latitude, generally positive at lower
latitudes and negative at higher latitudes. Spatial maps
of the line-of-sight velocity from these intervals indicate
that the ¯ow is predominantly azimuthal during these
intervals, and that a ¯ow reversal is present, ¯ow being
directed westward at lower latitudes and eastward at
higher latitudes. Fluctuations in the sign of the line-of-
sight velocities observed in Fig. 4 during these intervals
are caused by small variations in the angle of ¯ow
relative to the nearly polewards-directed beam 9.

The onset of state 1 ¯ow behaviour, the beginning of
intervals III and V, is accompanied by the appearance of
a new peak in the backscatter power at a latitude below
that of the pre-existing peak (see 0914 UT and 0950 UT,
Fig. 4). This occurs also at 0921 UT, during on-going
state 1 behaviour. This feature will hereafter be termed
``braiding'' as in some cases the pre-existing peak in the
backscatter power migrates poleward prior to the
appearance of the second peak, as at 0914 UT and
0921 UT. During state 1, when two backscatter intensity
peaks are present, the central minimum appears at the
latitude of the ¯ow reversal, also close to the latitude of
the peak in the red line optical intensity. A similar
latitudinal structure is observed in the spectral width
measurements during state 1, higher spectral widths
being co-located with the peaks in backscatter intensity
(see esp. interval III).

3.2.2 State 2 (intervals II and IV)

During state 2, the line-of-sight velocities in the high
time resolution observations become exclusively nega-
tive. Spatial maps from these intervals suggest that the
plasma drift continues to display a general azimuthal
¯ow, eastward and westward at higher and lower
latitudes, respectively. However, the state 2 plasma drift
velocity is signi®cantly structured in time, with recurrent
velocity enhancements moving rapidly poleward (see
esp. interval IV, Fig. 4). These velocity enhancements
are quasi-periodic in nature, with a recurrence period
comparable with the radar scan period and hence the
radar scan has insu�cient temporal resolution to
properly resolve these features. Transient enhancements
are also present in the red line emission intensities
during state 2 (esp. intervals IV and VI). To investigate
the relationship between these optical and plasma drift
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transients, Fig. 6 presents a more detailed comparison
of the velocity and optical measurements. The top panel
of Fig. 6 illustrates the line-of-sight radar velocities, on a
scale from 0 m s)1 to )1000 m s)1 (i.e. away from the
radar only). The bottom panel indicates the optical
emission intensity of the red line, projected to an
assumed emission altitude of 250 km. Superimposed
on both panels are 10 diagonal dashed lines, indicating a
®t-by-eye to the poleward-moving features, based pri-
marily on the optical observations. In most of the 10
cases there is an excellent agreement between the
location and motion of the poleward-moving optical
features and the poleward-moving velocity enhance-
ments. The lower-latitude boundary of the velocity
enhancements matches well the lowest latitudes at which
the intensi®cations in the red line emission are observed.
However, the transients are observed to continue to
higher latitudes in the radar data than in the optical
measurements. The velocity and optical intensity en-
hancement features have a lifetime and recurrence
period of approximately 2 minutes.

3.3 Magnetometer observations

Fig. 7 illustrates magnetograms (X and Y components)
for the study interval from the 7 IMAGE stations. The

magnetograms for the interval 0855 UT to 0910 UT (i.e.
spanning the transition from interval I to interval II)
from the stations NAL, HOR, HOP, and BJN indicate a
positive (negative) bay in the X component of stations
equatorward (poleward) of HOP and a negative-then-
positive bipolar signature in the Y component of all the
stations. Such signatures have been identi®ed with
``travelling convection vortices'' or TCVs (Friis-Chris-
tensen et al., 1988), but this signature is also consistent
with a variation in the intensity of a FAC sheet located
near the latitude of HOP (approximately 76°N). The
transition from interval III to interval IV (approximate-
ly 0926 UT to 0930 UT) is again marked a similar,
though less intense, magnetic signature, the centre being
located this time between the latitudes of NAL and
HOR (78°N).

4 Discussion

4.1 General morphology and IMF dependence
of the dayside aurora

The degree of co-location of the optical red line and
radar aurora is impressive (see also Rodger et al., 1995),
especially at their equatorward boundary. This co-
location suggests that the precipitation responsible for
the excitation of the optical aurora is also a major
source of the energy leading to the generation of the
ionospheric irregularities from which the radar scatters.
The source of this precipitation, however, has to be
considered carefully.

Red line aurora are often observed poleward of the
dayside auroral oval (Whalen et al., 1971; Murphree
et al., 1980; Elphinstone et al., 1992), such emissions
being excited by low energy (of order 100 eV) electrons ±
consistent with the energy characteristics of unacceler-
ated magnetosheath plasma of cusp/cleft origin ± on
newly-opened ®eld lines (Lockwood et al., 1993a;
Sandholt et al., 1996). Hence, the equatorwards boun-
dary of the red line aurora could be related to the

Fig. 5. The locations of the equatorward
boundaries of the red line optical emission
(solid line) and radar backscatter (dashed
line) between 0855 UT and 1000 UT, as
determined from the 1.5 kR and 10 dB iso-
contours, respectively. The dotted line indi-
cates an approximate ®t-by-eye to the motion
of these boundaries. Also included is the
location of the peak in the red line optical
emission (dot-dashed line). Arrows indicate
the approximate times of the occurrence of
equatorward steps of the radar and optical
aurora. The inset panel indicates the corre-
spondence between the latitudes of the
equatorward boundaries of the radar and
optical aurora, for the period illustrated

Fig. 4. The backscatter power (top panel), line-of-sight velocity
(second panel), and spectral width (third panel) observations along
beam 9 of the CUTLASS Finland radar for the period 0840 UT to
1030 UT. Positive (negative) velocities indicate motion towards (away
from) the radar. Also illustrated for the same period is the 630 nm
(red line) optical emission intensity observed by the Ny AÊ lesundMSP,
projected to an assumed emission altitude of 250 km. White arrows
indicate the times of transient brightenings of the aurora poleward of
the continuous arc. Superimposed on the radar data are, in order of
increasing latitude, the locations of the equatorwards 1.5 kR iso-
contour, the peak intensity, and the polewards 1.5 kR iso-contour of
the red line emission. The latitude range of the panels, 75°N to 81°N,
corresponds to the geomagnetic latitude range 72.6° to 78.5°
CGMLAT

b
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location of the open/closed ®eld line boundary or
OCFLB.

However, other sources of precipitation are also
present in the dayside high latitude ionosphere, espe-
cially in the pre- and post-noon sectors, for instance the
low latitude boundary layer (LLBL) and boundary
plasma sheet (BPS) precipitation on closed ®eld lines
which constitute the region 1 ®eld-aligned current
system (Potemra, 1994). In the post-noon sector, where
most of the present observations are made, the region 1
FAC is directed upwards. This LLBL/BPS precipitation,
as identi®ed by DMSP particle measurements, gives rise
to ``cleft aurora'', a persistant or continuous band of red
line emission, associated with sunward plasma drift
(Sandholt et al., 1993); such aurora were labeled ``type
7'' by Sandholt et al. (1998). Poleward of the cleft aurora
is observed mantle precipitation, associated with anti-
sunward plasma drift (Sandholt et al., 1993). This
mantle precipitation occurs on newly-opened ®eld lines
which are a few minutes old, and hence which have
convected some distance from the cusp region. It is this
precipitation which is associated with auroral brighten-
ings poleward of the cleft aurora. Hence an alternative
interpretation of the present observations, certainly after
0915 UT, is of continuous cleft aurora on closed ®eld
lines at the lower latitudes, and transient auroral
brightenings associated with precipitation on open ®eld
lines at higher latitudes; three such auroral brightenings
are indicated in panel b of Fig. 3. The OCFLB is, then,

placed near the poleward edge of the continuous red line
aurora, but equatorward of the transient brightenings.

It is possible that both of the above scenarios are
observed during the present interval. Prior to 0900 UT,
interval I, the red line aurora and radar backscatter are
perhaps associated with the cusp-proper, in a con®gu-
ration known as the ``midday gap'' ± low red line optical
intensity, sometimes associated with poleward-moving
auroral forms, as indicated in panel a of Fig. 3. After
this time, at the beginning of interval II, the appearance
of the region 1 current system equatorward of the cusp/
mantle precipitation gives rise to an increase in the
intensity and latitudinal extent of the optical and radar
aurora. The change in the auroral con®guration at the
beginning of interval II appears to be a consequence of
the rotation of the IMF direction observed by the
WIND spacecraft near 0840 UT. The Bz component of
the IMF remains southward or near-zero throughout
the interval, but there is a swap in the east-west
component from By > 0 nT to By < 0 nT. This change
impinges on the dayside magnetopause after a solar
wind delay from the WIND location of some 16 to 24
minutes, i.e. near 0900 UT. The ionospheric footprint of
the dayside merging line then moves from the post- to
pre-noon sector under the in¯uence of IMF By, and a
post-noon auroral con®guration is established overhead
the radar and MSP.

Also at this time, a sudden compression of the
magnetosphere is expected, due to step in the solar wind

Fig. 6. Radar and MSP obser-
vations of the period 0923 UT to
0947 UT (end of interval III and
interval IV). (a) Line-of-sight
plasma drift velocities along
beam 9 (note: the scale involves
negative velocities only). (b) Red
line optical emission intensities
projected to 250 km. The dashed
lines in both panels are ®ts-by-
eye to the optical poleward-
moving optical transients and the
radar ¯ow bursts
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dynamic pressure observed at 0843 UT, near the time of
the IMF rotation. Such pressure changes are known to
give rise to ``travelling convection vortices'' or TCVs
(e.g. Friis-Christensen et al., 1988), similar to that
observed in the magnetograms between 0855 UT and
0910 UT (see Sect. 3.3 and Fig. 7). It is just as

reasonable to suggest, however, that the observed
magnetic de¯ections are associated with the motion
and intensi®cation of the FAC systems associated with
the change in IMF By. As no other signi®cant pressure
variations were observed during the present study, all
subsequent variations in the auroral behaviour must be

Fig. 7. X and Y component
magnetograms from the IM-
AGE stations NAL, HOR,
HOP, BJN, SOR, MAS, and
MUO, for the period 0840 UT to
1030 UT on 17 December 1995

S. E. Milan et al.: Meridian-scanning photometer, coherent HF radar, and magnetometer observations of the cusp 167



produced by variations in the IMF, including the TCV-
like signature observed between intervals III and IV (see
Sect. 3.3).

The plasma ¯ow and optical behaviour observed
after 0900 UT appears to interchange between two
characteristic states. In both a ¯ow shear is evident near
the latitude of the peak of the optical intensity.
However, in state 2 there appears to be a signi®cant
poleward ¯ow component superimposed on this ¯ow
reversal pattern. Possibly, the switch between the two
states is due to the motion overhead of the convection
pattern as a whole, under the in¯uence of the orientation
of the IMF. In this case, the two states would, perhaps,
represent observations from two di�erent points within
the convection pattern, in state 2 a view near the throat
of the convection pattern where polewards ¯ow is
expected, and in state 1 a view further around the dusk
convection cell where a ¯ow reversal is expected.
However, a brief examination of the IMF clock angle
does not reveal any obvious precursors of the inter-
change between auroral states. Unfortunately, a more
detailed analysis of the cusp auroral response to changes
in the IMF is not possible due to the uncertainty in the
delay between WIND observations of the IMF and their
impact on the dayside ionosphere.

4.2 Motions of the open/closed ®eld line boundary

A knowledge of the location and motion of the
ionospheric footprint of the open/closed ®eld line
boundary is important for magnetospheric studies. In
general the OCFLB is ``adiaroic'' (Siscoe and Huang,
1985) and there is no plasma ¯ow across this boundary.
During periods of dayside reconnection, previously
closed ®eld lines are opened to form a region of
newly-opened ¯ux. At this time a portion of the
OCFLB, the ``merging line,'' becomes non-adiaroic
and plasma moves relative to the boundary due to the
reconnection electric ®eld. Determining the length of the
merging line and the magnitude of the reconnection
electric ®eld allows the contribution of dayside recon-
nection to the cross polar cap potential to be estimated
(e.g. Baker et al., 1997). In general, the true location of a
non-adiaroic OCFLB should lie equatorward of the
equatorward boundary of cusp precipitation. This is a
consequence of the non-zero travel-time of the most
energetic magnetosheath particles from the magneto-
pause reconnection site to the ionosphere, during which
time the newly-opened ¯ux tubes are convecting pole-
ward under the in¯uence of the reconnection electric
®eld (Rodger and Pinnock, 1997). However, if no
reconnection is taking place at the point of observation
± as is the case outside of the cusp region proper, i.e.
after the start of interval II ± the reconnection electric
®eld is zero and the boundary motion and ionospheric
¯ow are equal.

In the following discussion, the equatorward boun-
dary of the radar and optical aurora will be assumed to
be a proxy for the location of the OCFLB. The OCFLB
may be displaced some distance poleward of this auroral

boundary, esp. if the equatorward portion of the auroral
luminosity is the consequence of precipitation in the
region 1 current system on closed ®eld lines. It will be
assumed, however, that this o�set is approximately
constant. Short timescale motions of the dayside boun-
dary of the polar cap are assumed to be independent of
substorm processes occurring on the nightside. The
general polewards drift of the aurora observed between
0900 UT and 1030 UT is probably a consequence of a
decrease in the area of the polar cap due to a disparity
between the dayside and nightside reconnection rates,
but the velocity of this motion is small in comparison to
the localised perturbations produced by the dayside cusp
phenomena which will now be considered.

The location of the OCFLB, as determined from the
combined radar and optical observations, appears to
step equatorward and retreat poleward in a quasi-
periodic manner (Fig. 4 and 5). This motion is possibly
related to the transient nature of dayside reconnection.
A burst of reconnection ± a ¯ux transfer event or FTE ±
appends a new region of open ¯ux to the polar cap (e.g.
Cowley and Lockwood, 1992; Cowley et al., 1992;
Lockwood and Cowley, 1992), as indicated in Fig. 8(1).
During the period of creation of the new open ¯ux, the
OCFLB bounding this region ± the merging gap ±
expands equatorwards, by perhaps 0.5° of latitude or
some 50 km. Such equatorward motions of the OCFLB,
typically with a duration of 2 to 3 minutes, are observed
in the present study, for instance at 0900 UT, 0912 UT,
0921 UT, 0940 UT and 0949 UT (see Fig. 5, times
marked with full arrows); there is also some evidence for
an equatorward motion of the cusp aurora at 0927 UT
(time marked with an open arrow). During intervals of
state 1 behaviour (intervals III and V) these equator-
ward jumps of the OCFLB are accompanied by the
appearance of new low latitude peaks in the radar
backscatter ± ``braiding'' ± at 0913 UT, 0921 UT and
0950 UT.

Two forces act upon the new open ¯ux tube
(Southwood, 1985, 1987; Cowley, 1986), and hence the
ionospheric plasma at its footprint: one azimuthally due
to the By component of the IMF (Atkinson, 1972;
Jùrgensen et al., 1972) and the other poleward due to the
antisunward magnetosheath ¯ow (Saunders, 1989).
Initially, the poleward component is negligible as the
newly-opened ¯ux tube is draped across the front of the
magnetopause and slack, and the azimuthal component
of the ¯ow dominates, as in Fig. 8(2); the sense of By

during the interval of study produces an eastward
azimuthal motion. After a delay of some 5 to 8 minutes
the slack in the newly-opened ¯ux tube is taken up, and
the poleward velocity component becomes increasingly
signi®cant (Cowley et al., 1992). This poleward motion
acts to assimilate the new region of open ¯ux with the
pre-existing open ¯ux of the polar cap, producing a
poleward retreat of the adiaroic OCFLB, returning the
system to quasi-equilibrium. This poleward motion of
the OCFLB has, in the present observations, a mean
velocity of order 125 m s)1. At this velocity, the OCFLB,
its location initially perturbed by some 50 km following
the burst of reconnection, can return to its equilibrium
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position in approximately 5 to 10 minutes. Once the FTE
¯ux tube is assimilated with the old open ¯ux of the polar
cap, Fig. 8(3), the forces acting on it become negligible
and the ¯ow decays. Outside of the moving FTE ¯ux
tube footprint, ionospheric ¯ow is produced primarily by
displacement of the surrounding (incompressible) open
and closed ¯ux tubes; it is this displacement that is
responsible for the excitation of convection within the
polar cap and return ¯ow at lower latitudes. The region 1
current system on closed ®eld lines equatorward of the
OCFLB will be displaced equatorward, and hence its
lower latitude boundary will act as a proxy for the
motion of the OCFLB; see Fig. 8(2).

The transient equatorward steps of the OCFLB are in
general accompanied by the appearance of transient
enhancements of the optical luminosity poleward of the

main continuous region 1 current arc, most obvious at
the times marked with arrows in the bottom panel of
Fig. 4. These are interpreted as luminosity associated
with precipitation within the region of newly opened ¯ux
as it convects eastwards across the MSP meridian. These
optical transients occur within the region of antisunward
(eastward) ¯ow observed by the radar.

4.3 Flux transfer events and shorter period
transient events

As discussed above, many of the observations of the
present study can be explained in terms of ¯ux transfer
events. Magnetopause FTEs ± the magnetic and particle
signature of transient dayside reconnection ± have a
recurrence period of 8 minutes (Berchem and Russell,
1984; Rijnbeek et al., 1984), though Lockwood and
Wild (1993) report an inter-FTE interval distribution
which extends to periods as short as 2 to 3 minutes.
Ground-based studies of the optical cusp aurora have
reported poleward-moving optical transients ± ``dayside
auroral breakups'' ± which propagate poleward from
the red line aurora with velocities of order 0.5 km s)1 to
1 km s)1 (Feldstein and Starkov, 1967; Vorobjev et al.,
1975; Horwitz and Akasofu, 1977; Sandholt et al., 1985;
Sandholt, 1988; Karlson et al., 1996), associated with
magnetopause FTEs (Sandholt et al., 1986; Elphic et al.,
1990). These transients are visible in the green line
(557.7 nm) as well as the red, indicating the precipitation
of electrons accelerated to keV energies, i.e. not of cusp-
proper energy characteristics as de®ned by Newell and
Meng (1988). Fasel (1995) determined that these events
had a mean recurrence period of 7 minutes, though the
inter-event interval distribution was highly skewed and
had a mode of 3 minutes. In the present study,
observations of exactly this nature are con®ned to
interval I, see panel a of Fig. 3. Previous HF radar
studies of the cusp region have indicated poleward-
moving velocity enhancements, major events having a
recurrence period of 7 minutes, and these also have been
associated with FTEs (Pinnock et al., 1995).

In the present study, the observations appear to be
made predominantly to the east of the cusp proper.
Equatorward steps of the low latitude boundary of the
radar and optical aurora, and transient brightenings of
the aurora poleward of the main persistent arc are
attributed to the eastward motion of regions of newly-
opened ¯ux ± each associated with an individual FTE ±
from the cusp region and into the radar ®eld-of-view.
These observations bear similarities to other studies
conducted in the post-noon sector, such as Moen et al.
(1995, 1996) and Provan et al. (1998). Nine transient
brightenings of the aurora are observed within the
interval 0920 UT to 1025 UT, giving an approximate
mean recurrence period of just over 8 minutes, close to
the recurrence periods of magnetopause FTEs (Bercham
and Russell, 1984; Rijnbeek et al., 1984), of optical
transients (Fasel, 1995), and of plasma drift velocity
bursts (Pinnock et al., 1995). Overall it is estimated that
the growth and decay of ionospheric convection ¯ow

Fig. 8. A schematic diagram indicating three stages in the assimila-
tion of a region of newly-opened ¯ux with the old open ¯ux of the
polar cap (inside semi-circle) for By < 0 nT. Local noon is at the top
of the diagram and the approximate location of the MSP meridian is
indicated in the post-noon sector. The solid line is the adiaroic open/
closed ®eld line boundary. Dashed lines indicate the boundary
between new and old open ¯ux. The light grey regions in the pre- and
post-noon sectors on closed ®eld lines indicate the region 1 current
location. (1) FTE footprint appended to front of polar cap at pre-
noon reconnection site. The dot-dashed line represents the merging
gap along which reconnection is on-going. This region subsequently
drifts eastwards. (2) Region of newly-opened ¯ux drifts into radar
®eld-of-view and an equatorward step of the equatorward boundary
of the aurora is observed. (3) Newly-opened ¯ux assimilated with
polar cap, OCFLB returned to quasi-equilibrium, drift velocity
becoming negligible

S. E. Milan et al.: Meridian-scanning photometer, coherent HF radar, and magnetometer observations of the cusp 169



associated with a single burst of reconnection has a time
scale of some 10 to 15 minutes (as discussed in Sect 4.2;
see also Cowley et al., 1992; Lockwood and Davis,
1996). As the recurrence rate of FTEs is of order 8
minutes, several ``active'' FTE footprints can exist in the
dayside ionosphere simultaneously, giving a ¯ow pattern
indistinguishable from the traditional two-cell convec-
tion pattern (Lockwood, 1991).

Other, shorter-period transients are observed in the
present study also. The high time resolution beam (beam
9) line-of-sight drift velocity of state 2 ¯ow, especially
during interval IV, is modulated by poleward-moving
¯ow bursts which have a lifetime and recurrence period
of approximately 2 minutes (see Fig. 6 and Sect. 3.2.2).
Co-located with these velocity transients, and moving in
tandem with them, are enhancements of the optical
emission intensity. Such optical transients are observed
during both intervals IV and VI, and are located within
the continuous low latitude optical arc, interpreted as
closed ®eld lines. The velocity enhancements are ob-
served within radar aurora associated with, and pole-
ward of, the continuous optical arc, i.e. the velocity
transients extend to higher latitudes than the optical
transients, perhaps into the open ®eld line region of the
polar cap. These transient events do not appear directly
related to the FTE signatures discussed above, though
they do bear some similarity with the cusp observations
of Pinnock et al. (1995), i.e. polewards-moving velocity
enhancements. The 2 minute recurrence period is shorter
than the timescales usually associated with FTEs. These
transients appear highly periodic in nature, suggesting
an association with magnetohydrodynamic wave phe-
nomena. There is some evidence for wave activity in the
X component magnetometer observations throughout
intervals III to VI, especially at the lower latitude
stations SOR, MAS, and MUO, located far equator-
ward of the cusp region. However, these waves have a
period of approximately 7 minutes, signi®cantly longer
than that of the transients, indeed commensurate with
that expected for high latitude ®eld line resonances.
Pulsations with these longer periods have previously
been observed on closed ®eld lines, equatorward of
eastwards propagating patches of backscatter associated
with FTEs (Walker et al., 1986).

5 Summary

Meridian-scanning photometer, coherent HF radar, and
magnetometer observations of the noon and post-noon
dayside auroral zone have been combined for an interval
of predominantly IMF By, Bz < 0 nT conditions. In the
cusp region proper, the red line optical observations are
consistent with a ``midday gap'' con®guration, with
occasional faint poleward-moving auroral forms, asso-
ciated with weak and sporadic radar backscatter. In the
post-noon sector, a much more intense continuous or
persistent auroral arc is present, interpreted as LLBL/
BPS precipitation, the upward region 1 current system,
on closed ®eld lines. Poleward of this, periodic enhance-
ments of the optical intensity are interpreted as the

eastward passage of regions of mantle precipitation on
®eld lines newly-opened in the cusp region, to the west
of the MSP meridian. These periodic enhancements
have a recurrence period of just over 8 minutes,
consistent with the reported mean recurrence period of
magnetopause ¯ux transfer events. In general, the lower
latitude boundary of the continuous arc steps equator-
ward and then recovers poleward with each passage of
an FTE footprint. This is interpreted as a proxy for the
motion of the open/closed ®eld line boundary at higher
latitudes, caused by the perturbation of the closed ®eld
lines at lower latitudes. The study reveals excellent co-
location of the radar and optical aurora, especially at
their equatorward boundary. The radar plasma drift
measurements indicate that a convection reversal boun-
dary exists between westward (sunward) ¯ow at lower
latitudes and eastward (antisunward) ¯ow at higher
latitudes, apparently near the peak in intensity of the
region 1 current optical arc, i.e. on closed ®eld lines. The
optical enhancements associated with FTEs occur
within the region of antisunward plasma drift.

The post-noon optical and radar aurora appear to
exist in two states. In the ®rst, the optical intensity of the
region 1 current arc is high and azimuthal shear ¯ow
associated with the convection reversal boundary dom-
inates the plasma drift pattern. In the second, this
optical intensity is lower, and the plasma drift is
modulated by polewards-propagating velocity enhance-
ments. Co-located with these velocity bursts are en-
hancements of the region 1 current arc optical intensity.
These modulations of drift velocity and optical intensity
appear highly periodic, reminiscent of magnetohydro-
dynamic ULF wave activity, with a recurrence period of
approximately 2 minutes. State 1 and state 2 auroral
behaviour interchange on timescales of 10 s of minutes,
with no obvious precursor in the IMF observations.

The present study has emphasised the power of the
HF radar technique for cusp region studies, especially
when combined with optical observations. It is clear,
however, that greater spatial coverage and a higher time
resolution is essential for future investigations of cusp
dynamics.
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Note added in proof Please note that the zenith angles
indicated in Fig. 1 are in the reverse sense to the zenith
angle scale of Fig. 3.
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