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Abstract. Far Ultra Violet (FUV) signatures in the polar
ionosphere during a period of magnetopause reconnection
are compared with ionospheric flows measured in the cusp
‘throat’ and dusk cell by the CUTLASS Hankasalmi HF radar.
Regions of peak FUV emission in the 130.4 nm and 135.6 nm
range, observed by thePolar spacecraft’s VIS Earth Cam-
era, consistently lie at the turning point of the flows from the
dusk cell, poleward into the throat, and at the equatorward
edge of the region of high and varied radar spectral-width as-
sociated with the cusp. The Equator-S spacecraft was near
the magnetopause at the time of the ionospheric observations
and geomagnetically conjugate with the region of ionosphere
observed by the radar. Flux transfer events (FTEs), sugges-
tive of bursty reconnection between the IMF and geomag-
netic fields, were observed by Equator-S prior to and dur-
ing the periods of high FUV emission. Enhanced poleward
ionospheric flow velocities in the polar cusp region, previ-
ously shown to be associated with bursty reconnection, con-
sistently lie poleward of the enhanced FUV optical feature.
The enhanced optical feature is consistent with the expected
position of the largest upward region 1 field-aligned current,
associated with electron precipitation, on the dusk edge of
the merging gap. The optical feature moves duskward and
equatorward during the course of the reconnection sequence,
consistent with expansion of the merging line and the polar
cap with newly added open magnetic flux by the FTEs. The
DMSP F14 spacecraft passed through the enhanced FUV re-
gion and measured strong, structured electron precipitation
far greater than in the adjacent regions.
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1 Introduction

The effect of transient dayside reconnection of the interplan-
etary and geomagnetic fields on the polar ionosphere has
been a prominent theme in magnetosphere-ionosphere cou-
pling since its first observation by Elphic et al. (1990) (see
e.g. Kan et al., 1996; Provan et al., 1998; Milan et al., 2000).
Cowley et al. (1991) presented in detail the expected ef-
fects on ionospheric convection of both steady and transient
dayside reconnection. Cowley and Lockwood (1992) refined
predictions of the excitation and decay of ionospheric flows
induced by day- and nightside reconnection including the
azimuthal effects of IMFBy . Ultimately, such ionospheric
flows are driven by field-aligned-currents (FACs) (e.g. Iijima
and Potemra, 1978) which transmit energy and stress from
the magnetosheath to the polar ionosphere (e.g. Glassmeier
and Stellmacher, 1996; Wright, 1996; Cowley, 2000).

HF radars have observed high velocity flow channels in
the cusp ionosphere, termed flow channel events (FCEs), that
were assumed to be the response to transient reconnection
(Pinnock et al. 1993, 1995; Rodger and Pinnock 1997). Qua-
si-periodic sequences of such events have also been termed
pulsed ionospheric flows (PIFs), and the spatial extent of
these events, their flow orientation, MLT occurrence, depen-
dence on IMF orientation and repetition frequencies have
been extensively examined (Provan et al., 1998, 1999; Provan
and Yeoman, 1999; Milan et al., 1999; McWilliams et al.,
2000). Neudegg et al. (1999) presented a single case study
of a southward turning of the IMF, a coincident episode of
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flux transfer at the magnetopause (a flux transfer event or
FTE) observed by the Equator-S spacecraft, and the resul-
tant flow channel event observed in the conjugate ionosphere
by the CUTLASS Hankasalmi HF radar. A survey near the
magnetopause with Equator-S and in the polar ionosphere
with the network of northern hemisphere SuperDARN radars
showed the onset of enhanced velocity flow channels in the
cusp ionosphere to be associated with the occurrence of FTEs
at a high significance level (Neudegg et al., 2000).

Optical signatures associated with dayside reconnection
have been extensively investigated from the ground in the
visible wavelengths of 630.0 nm and 557.7 nm, associated
with auroral activity (e.g. Lockwood et al., 1989, 1993, 1995;
Sandholt et al., 1996; Øieroset et al., 1996; Mende et al.,
1998). Generally these studies show equatorward motion of
the cusp aurora during reconnection and a sequence of dis-
tinct poleward moving auroral forms (PMAFs), the motion of
which resembles the flows measured by HF radar. Indeed the
occurrence rates of FTEs, PMAFs and PIFs has been shown
to be very similar (McWilliams et al., 2000). The availability
of space-based measurements in the visible and UV wave-
lengths, from platforms such asPolar, has made available
global views of emissions not available from the ground and
the possibility of observing processes in wavelengths that are
screened from ground observation by atmospheric absorption
(e.g. Milan et al., 2000).

In this paper, we will examine the relationship between
a region of enhanced UV emission observed by thePolar
VIS Earth Camera in a wavelength range not often employed
in dayside reconnection studies, and the geometry of po-
lar ionospheric flows in the dusk cell and cusp throat, as
observed by the Hankasalmi SuperDARN HF radar in Fin-
land. The enhanced UV region occurs during a period of day-
side reconnection in the interval 1015–1050 UT on 4 January
1998 when the Equator-S spacecraft observed FTEs near the
magnetopause and was geomagnetically conjugate with the
radar field-of-view (Neudegg et al., 1999).

2 Instrumentation

2.1 Polar ionosphere: SuperDARN Hankasalmi HF radar

Details of the SuperDARN HF radars are given in Green-
wald et al. (1995) and the CUTLASS systems at Hankasalmi
in Finland and Þykkvibær in Iceland by Milan et al. (1997).
During the Equator-S geomagnetic conjunction with CUT-
LASS on 4 January 1998, a special high space- and time-
resolution scan mode was run with 30 km range gates and a
2 s dwell time for each beam, resulting in a 32 s sweep over
the 16 beams (from beam 15 on the east of the field-of-view
(f-o-v) to beam 0 on the west for the Hankasalmi radar). The
geomagnetic field lines from Equator-S have been mapped
to the ionosphere using the Tsyganenko 89a model for the
actualKp value of 0. This model predicts the spacecraft to
have been on open field lines during the interval 0900–1300
UT. The magnetometer data show that Equator-S was located

on magnetospheric field lines until∼1034 UT, when it en-
tered the magnetosheath. The continuation of the predicted
geomagnetically conjugate ionospheric point from 0900 UT
along a smooth arc places the footprint of Equator-S dur-
ing the FTE observations near the far ranges of the radar in
beams 0–6 on the western side of the f-o-v. The altitude of
the radar backscatter is assumed to be between 300 and 350
km. During this interval, Hankasalmi was the only Super-
DARN radar to observe ionospheric scatter in either hemi-
sphere.

2.2 Polar ionosphere:Polar VIS Earth camera

The Visible Imaging System (VIS) (Frank et al., 1995) on
thePolar spacecraft comprises three camera systems, one of
which is the Earth Camera. The VIS Earth Camera has a
sufficiently large field-of-view to provide images of an en-
tire hemisphere during much of the spacecraft’s orbit and is
used as a global survey instrument for the other higher reso-
lution cameras in the VIS suite. The Earth Camera operates
in the 124–149 nm range and mainly registers the electron
precipitation induced O I auroral transitions at 130.4 nm and
135.6 nm in the far ultraviolet (FUV) range (e.g. Feldman
and Gentieu, 1982; Meier et al., 1982; Meier and Strickland,
1991). The emissions are excited by electron precipitation
in the 1–5 keV range, but the intensities observed above the
ionosphere at 5 keV precipitation energies may be signifi-
cantly less than those from 1 keV due to scattering and re-
absorption of the emissions. The peak intensity for 130.4 nm
and 135.6 nm emissions are in the 140–180 km altitude range
and production rates peak at 100–130km, determined by in
situ rocket measurements (Meier et al., 1982). Each VIS ex-
posure is 32.5 seconds and the time between exposures is 4
minutes. The spatial resolution of the camera in the data pre-
sented here, when the spacecraft was at 8.4RE , near apogee,
was∼75 km (twice that of the radar range gates).Polar was
also located on the nightside so the dayside features suffered
from some limb stretching effects which further reduced the
spatial resolution.

2.3 Magnetopause: Equator-S spacecraft

The Equator-S spacecraft was launched on 2 December 1997
into an initial geostationary transfer orbit, and was then boos-
ted to an elliptical orbit with apogee close to the magne-
topause on 11 December 1997. The mission is described in
detail by Haerendel et al. (1999). The FTE sequence de-
scribed in this paper was observed by the magnetometer ex-
periment (Fornacon et al., 1999) near apogee at∼1020 UT
(∼0910 MLT) on 4 January 1998, when the spacecraft was
∼11.3RE from Earth at GSM(X, Y, Z) = (8, 7, 4)RE . This
occurred during the instrument’s commissioning phase when
only the magnetometer was continuously operating, at a 64
Hz sampling rate, although spin-averaged 1.5 s resolution
data is used here. The spacecraft trajectory for this period
is described in Neudegg et al. (1999).
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Figure 1

Fig. 1. (a) The Wind upstream IMF
GSM Bx , By and Bz component data
during the interval under study. The
data is timelagged by 77 min relative to
the panels presented below(b) Equator-
S boundary normal component mag-
netic field from the magnetopause re-
gion (c) Colour-coded (positive (blue)
velocities are toward the radar, negative
(red) velocities away from the radar)
CUTLASS Hankasalmi beam 5 line-of-
sight velocity data as a function of mag-
netic latitude(d) Colour-coded CUT-
LASS Hankasalmi beam 5 backscat-
tered power data as a function of mag-
netic latitude. Times of FTE-associated
enhanced ionospheric flow onsets are
marked with dashed vertical lines in
panels c and d.

2.4 DMSP spacecraft particle signatures

The DMSP (Defense Meteorological Satellite Program) is
a series of spacecraft with upward looking charged particle
flux and energy detectors amongst its complement of instru-
ments. The particle spectra from these instruments have been
used to determine the location and statistical time variation of
high latitude plasma regions of the magnetosphere near 830
km altitude (e.g. Newell and Meng, 1992). In this study, the
DMSP F14 spacecraft was used as it passed along the equa-
torward edge of the region of high FUV intensity, observed
by thePolar VIS Earth Camera. The spacecraft is three-axis
stabilised with the particle detectors pointing towards the lo-
cal zenith, directly away from the Earth, and having a fairly
narrow field of view of 8◦. Electrostatic analysers measure
electron and ion energies and fluxes from 32 eV to 30 keV in
20 logarithmically based steps (Hardy et al., 1985).

3 Results

3.1 Reconnection sequence overview

The reconnection sequence occured during the period 1000–
1100 UT on 4 January 1998, and is summarised in Fig. 1.
Figure 1a presents the IMF measured by theWind space-
craft magnetometer (Lepping et al., 1995), time lagged at
the solar wind velocity to the bow-shock and through the
magnetosheath to the sub-solar magnetopause using mod-
elled bow shock and magnetopause positions, as described

by Neudegg et al. (1999) for the same data sequence. The
estimated time delay is 77 minutes with an uncertainty of the
order of 5 minutes. The reference point for this timing is
the sub-solar magnetopause as a first approximation for the
reconnection site. A slight southward IMF turning to near
1 nT from a low northward (< +2 nT) configuration, ob-
served byWind, is estimated to reach the magnetopause at
∼1008 UT. A sharp southward excursion to 2 nT reached the
magnetopause at∼1020 UT. This period of extended IMF
southward configuration with a positiveBy of 5 nT contin-
ued until a sharp excursion towardsBz = 0 reached the
magnetopause at∼1039 UT, and then another sharp excur-
sion to+4 nT at∼1042 UT. Equator-S (Fig. 1b) was in the
magnetosphere at the start of the sequence and observed a
large (∼40 nT peak-to-peak amplitude) FTE onset at 1018
UT; the reconnection bulge having presumably propagated
around the magnetopause to Equator-S from the azimuthally
expanding reconnection point. The effects of reconnection
also propagate to the polar ionosphere from the reconnection
site along geomagnetic field lines at the Alfvén speed. Both
propagation delays are of the order of 2–3 minutes. The first
FTE is followed by a second of only slightly less magnitude
at 1026 UT, just before the spacecraft enters the boundary
layer at∼1027 UT, and then the magnetosheath at 1034 UT.
Subsequent to this a number of possible magnetosphere re-
entries occured (Neudegg et al., 1999).

During the time sequence described above, the Hankasalmi
radar observed a series of three line-of-sight (l-o-s) plasma
velocity enhancements interpreted as flow channel events or
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Figure 2

Fig. 2. Left column (a, c, e, g)CUT-
LASS Hankasalmi line-of-sight veloc-
ity scans for four 32 s scans during the
interval 1014:31–1026:31 UT, in mag-
netic local time-magnetic latitude coor-
dinates, with noon at the top of the pan-
els and dusk to the left. Beamswung
velocity vector estimates are overlaid.
Right column (b, d, f, h) The corre-
sponding 32.5 sPolar VIS auroral im-
ages. The beamswung vectors from
panels (a, c, e, g) are overlaid for refer-
ence, as is the outline of the Hankasalmi
field-of-view. Each panel is marked
with the radar scan/image start time.

pulsed ionospheric flows (Pinnock et al., 1993, 1995; Rodger
and Pinnock, 1997; Provan et al., 1998, 1999; Provan and
Yeoman, 1999, Milan et al., 1999) in beams 3 to 7. L-o-
s velocity and backscattered power in beam 5 are shown as
functions of magnetic latitude and UT in Fig. 1c and d, re-
spectively. PIFs commenced at∼1020 UT, 1032 UT and
1040 UT, and these times are marked on Fig. 1 as dashed
vertical lines. The first flow channel has been shown to be
associated with the 1018 UT FTE at Equator-S by Neudegg
et al. (1999) and is particularly well defined in the radar
data. The strong statistical association between FTEs and
flow channels described in Neudegg et al. (2000) suggests

the second enhanced flow may be associated with the 1026
UT FTE. Equator-S does not observe a third FTE, but as it
is near apogee, the rapid entry to the sheath suggests an in-
ward moving magnetopause may have carried the reconnec-
tion bulge earthward, away from the spacecraft. Such in-
ferred magnetopause motion is due mainly to flux erosion as
a consequence of the southward directed IMF, but also par-
tially to solar wind dynamic pressure changes (see the dis-
cussion of Neudegg et al., 1999). The third flow channel
in the ionosphere commencing at 1040 UT suggests a third
FTE near 1036 UT at the magnetopause which was earth-
ward of Equator-S. The radar backscattered power exhibits
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Figure 3

Fig. 3. CUTLASS Hankasalmi line-of-
sight velocity scans andPolar VIS im-
ages for the interval 1030:43–1042:44
UT. Format as for Fig. 2. The footprint
of a DMSP overpass is also shown in
panels c and d.

enhancements co-located with the pulsed flows and of the
same duration, often with greater contrast between power
levels than between l-o-s velocities. The first event begins at
78.5◦ MLAT and the second two events begin close to 77.5◦

MLAT, so a general equatorward motion occurs, suggesting
polar cap expansion as new open flux is added by the FTEs
(Cowley and Lockwood, 1992). These flows were within
the region of high spectral width, which Baker et al. (1995)
associated with cusp precipitation, deduced from a study of
DMSP particle and radar spectra.

3.2 HF radar and POLAR FUV observations

The left hand side panels of Figs. 2–4 present maps of colour-
coded l-o-s velocity measured by the Hankasalmi radar for a
sequence of selected scans throughout the interval, in mag-
netic latitude-magnetic local time coordinates. Overlaid on
these scans are a number of estimates of the horizontal flow
vector, calculated using a beamswinging algorithm where
the flow component parallel to the L-shell is assumed con-
stant across the scan (Villain et al., 1987; Ruohoniemi et
al., 1989). The radar scans are chosen to correspond to the
times ofPolar VIS FUV emission images with intensities in
kilo-Raleigh, which are presented in corresponding panels on
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Fig. 4. CUTLASS Hankasalmi line-of-
sight velocity scans andPolar VIS im-
ages for the interval 1046:20–1058:20
UT. Format as for Fig. 2.

the right hand side of Figs. 2–4, and are also overlaid with
the same beamswung velocities. The nightside (not shown)
shows very little optical activity, suggesting that reconnec-
tion is confined to the dayside in the period 1000–1100 UT.
In Fig. 2a, in the scan starting at 1014:31 UT, before the
onset of the first reconnection-associated flow enhancement,
the radar observes sunward, return flow in its easternmost
beams, with some evidence of weak antisunward flow near
the noon meridian. The corresponding auroral image shows
only a weak oval, with intensities below 2 kR and confined
mainly to an arc along∼78◦ MLAT. As the first episode
of flux transfer develops between 1018:4–1026:31 UT, the

lower three rows of Fig. 2 show a strengthening auroral oval
with a region of enhanced FUV emission appearing at 12–
13 MLT, 77◦–79◦ MLAT (approximately 300 km× 300 km)
collocated with beams 5 and 6 of the radar, reaching inten-
sities of 3 kR. The flows enhance, in concert with the FUV
emissions, the brightest patch of which lies at the turning
point of the flow, which both strengthens and exhibits in-
creased curvature. Strong antisunward flows are seen near
magnetic local noon at high latitudes, and these correspond
to the poleward moving enhanced flow velocity presented in
Fig. 1 after 1020 UT. The pulsed flow begins at 79◦ MLAT
and moves poleward to 82◦ MLAT over 8 minutes until it lies



D. A. Neudegg et al.: The UV aurora and ionospheric flows during flux transfer events 185

poleward of the FUV feature. The convection evolves from
sunward, azimuthal flow to antisunward flow, across Han-
kasalmi beams 8 to 5, and this region of antisunward flow
moves eastward during the sequence of scans presented in
Fig. 2. The flow is generally westward as well as poleward,
in the ‘throat’ region of the convection pattern, which is con-
sistent with predictions by Cowley and Lockwood (1992) for
positive IMFBy .

Figure 3 presents a similar view of the developing flows
from 1030:43–1042:44 UT, corresponding to the second and
third intervals of reconnection-associated flows in Fig. 1.
These two flow events are not as clearly distinguished as
the first, but again, a strong area of enhanced FUV auroral
luminosity (now increasing to over 4 kR) is accompanied
by ionospheric flows with a strong clockwise-directed cur-
vature. The antisunward radar flow measurements lie west
and poleward of the centre of the auroral emissions. The
centre of the enhanced FUV emissions and the edge of the
antisunward flows have migrated duskward compared to the
images in Fig. 2, to 13–14 MLT. The footprint of a DMSP
spacecraft overpass is indicated in panels c and d, which will
be discussed later.

Figure 4 presents the last sequence of flow and auroral
maps during the interval from 1046:20–1058:20 UT, after the
IMF has turned northward. The dayside auroral zone evolves
back to a low level of FUV emissions during this time, and
the flows measured by the CUTLASS radar weaken dramat-
ically between panels a and g. The final panels of Fig. 4
(panels g and h) closely resemble the first two panels of Fig.
2, which were measured prior to the reconnection activity,
but with the auroral oval displaced slightly equatorward.

3.3 DMSP F14 overpass

Several DMSP passes through the radar field of view oc-
curred during the reconnection sequence described above,
but only one passed close to the region of enhanced FUV
intensity, the footprint shown in Fig. 3c, d. Fig. 3d indi-
cates that the spacecraft skirted just equatorward of the in-
tense FUV emission region, passing closest between 1033:10
and 1033:50 UT. The radar data reveals the overpass to be
through a region of sunward flows. This overpass is shown
in more detail in relation to the radar f-o-v in Fig. 5, which
presents l-o-s velocity, backscatter power and spectral width
for the three 32 s radar scans which encompass the overflight
of the radar data. The radar data can be seen as largely con-
sistent throughout the three scans, although the flow strength-
ens slightly between Figs. 5a and c. The DMSP spacecraft
traverses a region of sunward flow, just equatorward of a high
power region of radar backscatter, which lies at the eastern
and equatorward edge of the broad spectral width region.
The ‘cusp-like’ enhanced spectral widths (Baker et al., 1995)
generally cover both the cusp ‘throat’ on the western edge
and the flow turning point, but only part of the dusk return
cell flow. The electron and ion spectrograms associated with
the overflight are shown in Fig. 6. As the spacecraft enters
the radar field of view, it observes low energy electrons and

ions centred around 1 keV. As it passes equatorward of the
enhanced FUV region, intense, structured electron precipita-
tion is observed. This is the only region of the spectrogram
where the electron energy flux dominates that of the ions.
The electron precipitation is presumably associated with the
FUV aurora, although whether the structuring is temporal,
spatial or both is unclear from the data presented here. Sub-
sequently, the spacecraft moves to lower latitudes, and higher
energy electrons and ions predominate.

4 Discussion and conclusions

The peak FUV emissions above 3.0 kR are constrained to an
area less than 500 km by 500 km. They consistently lie in
the region, characterised by the narrow radar spectral widths
in Fig. 5, at the turning point of the flows from the dusk cell
into the poleward cusp ‘throat’ region, as measured by the
radar. The FUV region also lies equatorward of the region of
enhanced velocity flow channels in the cusp ‘throat’ which
are associated with FTEs observed at the magnetopause, and
are characterised by broad spectral width in the radar data
in Fig. 5. The location of peak FUV emissions is initially
centred near noon, but migrates to near 1400 MLT during
the interval. This region of bright FUV aurora is consistent
with the frequently occurring postnoon ‘hot spot’ (Liou et
al., 1999). The dayside cusp ionosphere connects to a com-
plex arrangement of FACs including upward region 1 (R1)
currents on the dusk side of noon, downward R1 currents
on the dawn side of noon and cusp/mantle (C/M) currents
slightly poleward of the R1 FACs (e.g. Lu et al., 1995). In
a model of polar cap inflation caused by unbalanced day-
side reconnection, Siscoe and Huang (1985) predicted that
the R1 FACs would maximise at the edge of the ‘flux gap’
or merging line. This maximum FAC thus lies at the point
where the flows turn from towards noon in the dayside por-
tion of the dusk and dawn return flow cells, to poleward into
the cusp ‘throat’ (e.g. Heelis et al. 1976; Weimer, 1995) of
the convection pattern as they cross the merging gap. The
location of the greatest dusk-side R1 FAC current density
was measured by Iijima and Potemra (1978), occurring at
14 MLT, and the FUV peak emission regions are consistent
with this. The highly localised and structured peak electron
precipitation measured by DMSP, coinciding with enhanced
FUV emission, also suggests an upward FAC. The observa-
tions presented in this paper thus indicate that the enhanced
optical emissions in the FUV range near 12–14 MLT are as-
sociated with the R1 FAC on the dusk edge of the merging
gap. This R1 FAC is strongly intensified during the dayside
reconnection sequence.

Siscoe and Huang (1985) also predicted a widening of the
merging gap during an extended dayside reconnection se-
quence, and this is observed in both the radar flows and the
FUV emissions. The eastward shift of the peak FUV region
from near 12 MLT to near 14 MLT, between 1026 UT and
1030 UT, is consistent with the widening of the merging gap,
if the peak FUV region is associated with the upward dusk
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Fig. 5. CUTLASS Hankasalmi scans for three 32 s scans centred on the DMSP overpass. Beamswung velocity vector estimates and the
spacecraft track footprint are overlaid.(a) 1031:55–1032:27 UT (i) line-of-sight velocity (ii) backscattered power (iii) spectral width;(b)
similarly for 1032:31–1033:03 UT;(c) similarly for 1033:07–1033:39 UT.

R1 FAC at the gap edge. The measured radar flows also show
the gap widening with the region of poleward and westward
flow into the polar cap, increasing in width over the 1026 UT
to 1030 UT period. As episodes of reconnection are ongoing,
the ionospheric plasma velocities rapidly increase in the dusk
cell and cusp ‘throat’. The merging gap has been observed
to expand during the reconnection sequence with the polar
cap also expanding, consistent with the predictions of Siscoe
and Huang (1985) and Cowley and Lockwood (1992). After
the IMF Bz turns northward toward the end of the interval,
the ionospheric flows decay and the FUV intensity subsides
to levels only slightly higher than those prevailing before the
Bz southward turning.
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Fig. 6. DMSP spectrogram for the spacecraft overpass in Fig 5. Ion and electron fluxes are presented. Note the inverted energy scale in the
ion panel.
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