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Abstract. Line-of-sight Doppler velocities from the
SuperDARN CUTLASS HF radar pair have been
combined to produce the ®rst two-dimensional vector
measurements of the convection pattern throughout the
ionospheric footprint of a ¯ux transfer event (a pulsed
ionospheric ¯ow, or PIF). Very stable and moderate
interplanetary magnetic ®eld conditions, along with a
preceding prolonged period of northward interplanetary
magnetic ®eld, allow a detailed study of the spatial and
the temporal evolution of the ionospheric response to
magnetic reconnection. The ¯ux tube footprint is
tracked for half an hour across six hours of local time
in the auroral zone, from magnetic local noon to dusk.
The motion of the footprint of the newly reconnected
¯ux tube is compared with the ionospheric convection
velocity. Two primary intervals in the PIF's evolution
have been determined. For the ®rst half of its lifetime in
the radar ®eld of view the phase speed of the PIF is
highly variable and the mean speed is nearly twice the
ionospheric convection speed. For the ®nal half of its
lifetime the phase velocity becomes much less variable
and slows down to the ionospheric convection velocity.
The evolution of the ¯ux tube in the magnetosphere has
been studied using magnetic ®eld, magnetopause and
magnetosheath models. The data are consistent with an
interval of azimuthally propagating magnetopause reconnection, in a manner consonant with a peeling of
magnetic ¯ux from the magnetopause, followed by an
interval of anti-sunward convection of reconnected ¯ux
tubes.
Key words: Magnetospheric physics (magnetosphere±
ionosphere interactions; plasma convection; solar wind±
magnetosphere interactions)

Correspondence to: K. A. McWilliams
e-mail: k.mcwilliams@ion.le.ac.uk

1 Introduction
The nature of reconnection at the dayside magnetopause
is fundamental to comprehending the primary means of
energy input into the terrestrial magnetosphere. For
more than 20 years spacecraft have been making
measurements at the magnetopause in the vicinity of
magnetic reconnection. Haerendel et al. (1978) published the ®rst observations of episodes of reconnection
at the magnetopause. The bipolar signature in the
normal component of the magnetic ®eld at the magnetopause is interpreted as that of a newly reconnected
¯ux tube passing very near to the spacecraft and has
been studied quite extensively (Haerendel et al., 1978;
Russell and Elphic, 1978, 1979; Lockwood and Wild,
1993; Kuo et al., 1995). These bursts of reconnection
have come to be known as ¯ux transfer events, or FTEs.
Goertz et al. (1985) ®rst suggested that measurements
in the ionosphere might be useful in the study of
magnetospheric reconnection. Goertz et al. (1985) used
the STARE radar (Greenwald et al., 1978) to study antisunward ¯ows poleward of the convection reversal
boundary; they observed an occasional poleward ¯ow
component, and bursts of ¯ow crossing the convection
reversal boundary with scale sizes of 50 to 300 km and
repetition rates of the order of minutes. These ¯ows are
the expected response to bursts of reconnection on the
dayside magnetopause. The ionosphere has since been
shown to respond to ¯ux transfer events (Elphic et al.,
1990; Moen et al., 1995; Yeoman et al., 1997; Neudegg
et al., 1999).
Poleward moving patches of high velocity plasma
seen in HF radar data have been suggested to be the
ionospheric footprint of ¯ux transfer events, supported
by particle data from DMSP satellites (Pinnock et al.,
1991, 1993). The unique comparison by Neudegg et al.
(1999) presented simultaneous measurements of a bipolar magnetic ®eld variation observed on board the
Equator-S spacecraft at the magnetopause and a poleward moving ionospheric ¯ow burst measured near the
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magnetically conjugate point in the ionosphere. McWilliams et al. (2000) showed statistically that there was
very good agreement between the periodicities of ¯ux
transfer events observed in space (Lockwood and Wild,
1993; Kuo et al., 1995), optically observed poleward
moving auroral forms (Fasel, 1995), and HF radar PIFs.
In the dayside auroral zone, there are several
characteristics which aect the measured HF radar
parameters. The strong backscattered power in the highvelocity PIF signature is typical of dayside cusp region
scatter (Milan et al., 1998; Yeoman et al., 1997). Polar
patches have been reported to have similar properties
(Weber et al., 1984). High spectral widths, indicative in
HF radar data of the ionospheric footprint of the
magnetospheric cusp (Baker et al., 1995), can be used as
an indicator of PIFs. Whilst wide spectra do indicate a
spread of velocities, it is primarily indicative of turbulence in the sampling volume (Andre et al., 1999). The
velocity ®tted to a wider spectrum represents the bulk
plasma drift in the measurement volume. The motion of
the equatorward boundary of the high spectral width
region in the ionosphere can be taken as a proxy of the
motion of the ionospheric footprint of the magnetopause reconnection X-line (Milan et al., 1999).
Radar studies have relied mainly on monostatic
measurements of PIFs. These studies have been limited
by the lack of knowledge of the full vector ionospheric
plasma convection velocity. The classic radar PIF
signature, a spatially localised patch of high-velocity
radar scatter moving anti-sunward, have been the
subject of several case studies (Pinnock et al., 1995;
Provan et al., 1998) and statistical surveys (Provan and
Yeoman, 1999; McWilliams et al., 2000) based on
measurements from a single radar. Chisham et al.
(2000) studied data from three high-time resolution
beams from two overlapping SuperDARN radars in the
Southern Hemisphere. They examined the large-scale
¯ows associated with PIF activity and their relationship
to the changing orientation of the interplanetary magnetic ®eld (IMF), focusing on convection velocities
measured by the overlapping high-time resolution
beams. Their measurements were obtained in the noon
sector in the region of the initial ionospheric response to
the ¯ux transfer events. Chisham et al. (2000) were
unable to determine the convection in the latter part of
the PIF trajectory. Radar studies of PIFs have been
limited even further in that they relied mainly on the
high-time resolution data measured along a single radar
beam. Provan et al. (1998) took advantage of a radar
scan mode which had two high-time resolution beams to
estimate the motion of the PIF across the radar ®eld of
view. The Fourier analysis method of McWilliams et al.
(2000) showed that both the normal and the high-time
resolution data were in excellent agreement. The substantial body of PIF radar research has demonstrated,
therefore, that HF radars are an excellent tool for
routine monitoring of dayside reconnection. Here we
present bistatic measurements, with complete radar
scans available at one-minute resolution, over the full
extent of a PIF, allowing a detailed analysis of the PIF
trajectory and of the convective ¯ows within the feature.
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2 Experiment
The data used in this study were obtained from the Cooperative UK Twin Located Auroral Sounding System
(CUTLASS) (Milan et al., 1997), a pair of pulsed
monostatic HF radars located at Hankasalmi, Finland
(62.32 N; 26.61 E) and at Pykkibaer, Iceland (63.86 N;
19.20 W). The radars are a part of the international
Super Dual Auroral Radar Network (SuperDARN)
(Greenwald et al., 1995), which covers a vast portion of
the northern and southern auroral zones and polar caps.
Throughout this study, the radars will be referred to as
``Finland'' and ``Iceland East''. (There are two SuperDARN radars on Iceland and the CUTLASS Iceland
radar is directed eastward.) The SuperDARN radars
measure high-latitude plasma convection, or equivalently the electric ®eld, in the Northern and Southern
Hemispheres at E-region and F-region altitudes. The
®eld-of-view of the CUTLASS radar pair at 11:00 UT is
shown in Fig. 1 in geomagnetic co-ordinates. The radars
cover nearly 6 h in magnetic local time at latitudes
between 75 and 80 , the region of interest for the current
study. The arrow in Fig. 1 is the approximate trajectory
of the feature of interest in the present study.
During the common mode of operation the SuperDARN radars step through a series of sixteen consecutive beam positions. The beam is produced by an array
of sixteen log-periodic antennas and an electronically
controlled phasing matrix, which steers the radar beam
through its sequential sixteen-position scan. The data
used in this study were measured during what is known
as the ``fast common mode'' of operation. In fast
common mode the dwell time along each beam is 3 s

Fig. 1. The CUTLASS radar ®elds-of-view in the geomagnetic
Northern Hemisphere. The pulsed ionospheric ¯ow burst, whose
approximate trajectory is marked by an arrow, lasted for half an hour
and was tracked through 6 h of local time
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and the radars in the network are synchronised to
perform a full 52 -azimuth scan every minute. A total of
75 range gates are measured along each beam and the
range to the ®rst gate is 180 km. The gate length is
45 km and the typical angular resolution is 4 , or a halfpower beam width of about 100 km at the half-range
mark of 1500 km. The radars were operating at a
frequency of about 12 MHz, thereby sampling irregularities with wavelengths of approximately 13 m.
For each radar beam a seven-pulse sequence is
transmitted. The autocorrelation function of the return
signal is analysed to determine several parameters,
which form the basis of the data analysed in this study.
The backscattered power, the mean Doppler velocity, an
estimate of the line-of-sight (LOS) plasma drift velocity,
and the width of the Doppler spectrum are determined
for each radar range gate.
3 Observations: 24 November 1998
3.1 Upstream solar wind conditions
At 10:30 UT, the WIND spacecraft was located at (50,
5, 25) RE (GSE). The IMF values from the Magnetic
Field Instrument (Lepping et al., 1995) and plasma
parameters from the Solar Wind Experiment (Ogilvie
et al., 1995) were steady during the preceding several
hours. The solar wind speed was approximately
460 km s 1 and the proton number density was stable
between about 7 and 8 cm 3 throughout the day.
The GSM components of the IMF measured at
WIND between 04:00 and 12:00 UT are shown in Fig. 2.
The magnitude of the IMF was moderate and very

steady. The GSM x-component of the IMF is strongly
positive and steady from about 06:00 UT onwards, with
a very brief negative excursion at about 07:15 UT.
Between 10:45 and 11:15 UT Bx is +5 nT. The GSM ycomponent of the IMF was steadily negative at about
5 nT for about 2 h before 10:45 UT when, over the
next half hour, it crept up to zero. The GSM zcomponent of the IMF was strongly northward at
+5 nT for 50 min until, at 10:45 UT, it turned sharply
southward and remained at 5 nT for 50 min. Before
the Bz discontinuity at 10:45, the IMF was mainly
northward for 6 h. This led to very quiet magnetospheric conditions at the time of the southward turning,
as evidenced by the quiet Dst index, which was within
8 nT of zero for the preceding 24 h. By 13:00 UT, the
Dst index had dropped to approximately 30 nT. The
Kp index between 06:00 UT and 11:00 UT was between
2° and 2+, after which time it gradually increased to 4
by 15:00 UT.
We are particularly interested in the southward
turning which occurred at 10:45 UT (the vertical dashed
line in Fig. 2). The time delay of the southward turning
from the spacecraft to the magnetopause was determined using the method of Khan and Cowley (1999).
The plane of the discontinuity in the IMF at 10:45 UT
was projected back to the GSE x axis, and from there
the time delay to the subsolar point on the magnetopause was calculated, using the solar wind plasma
parameters. The IMF conditions measured by WIND
resulted in a calculated delay of 12 min to the subsolar
magnetopause and 2 min were added to account for
propagation to the ionosphere (Khan and Cowley,
1999). Therefore the IMF delay to the ionosphere is
estimated to be 14  1 min.
3.2 CUTLASS ionospheric convection velocities

Fig. 2. The magnitude and the GSM components of the IMF
measured by WIND, which was located 50 RE upstream and 25 RE
below the ecliptic plane. The time delay from the spacecraft to the
ionosphere of the IMF discontinuity measured at 10:45 UT (dashed
line) is estimated to be 14  1 min

In Fig. 3a the backscattered power, (Fig. 3b) LOS
velocity, and (Fig. 3c) the spectral width measured by
beam 4 of the Iceland East radar are plotted as a
function of UT and range in km from the radar. The
backscattered power at a range of approximately
2000 km in Fig. 3a is less than 20 dB prior to 10:58
UT. Between 10:58 and 10:59 UT the power increases to
nearly 30 dB. The timing of this initial response agrees
extremely well with the expected response time of 10:59
UT deduced from the solar wind data. The maximum
power is observed in the centre of the PIF and is about
40 dB. The power drops below 35 dB at approximately
11:10 UT and then drops further to 20 dB by approximately 11:15 UT. There is evidence of a series of 3 PIFs
following the southward turning of the IMF with onset
times of 10:59, 11:10, and 11:20 UT in Fig. 3a.
The high-velocity anti-sunward ¯ows in Fig. 3b are
typical of HF radar PIFs. Negative LOS velocities
signify motion away from the radar. The high LOS
velocities, in excess of 800 m s 1 away from the radar,
begin at about 11:06 UT. Because the bistatic vector
velocities within the PIF, which will be discussed in
detail in Sect. 4.2, have relatively constant magnitudes
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between 11:00 and 11:30 UT, the lack of PIF signature
in the LOS velocity data between 10:59 and 11:06 UT is
interpreted as a result of radar geometry eects. The PIF
propagates away from the radar at a velocity of
approximately 800 m s 1 along beam 4. The second
PIF started at a slightly closer range of approximately
1800 km, and it propagated away from the radar at
similar phase and convection velocities as the ®rst PIF.
It is not as distinct as the ®rst PIF, however, and it is
only found in the Iceland East data. The third PIF,
which appears at approximately 11:20 UT, is very small
compared with the previous two and is present in the
Iceland East data for only a few minutes.
The lower boundary of the high spectral width region
in Fig. 3 decreases in range from approximately
1800 km to 1400 km in 15 min. This corresponds to a
southward motion of the boundary of the order of 2±3
in magnetic latitude with respect to a statistical quiet-

Fig. 3. a Backscattered power, b line-of-sight velocities, and c spectral
widths measured between 10:50 and 11:40 UT by Iceland East beam
4. Negative velocities (red) signify motion away from the radar. The
PIF motion was predominantly along Iceland East's western-most
beams. The signature of the PIF is therefore much stronger and more
well-de®ned in the Iceland East data
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time auroral oval. There is evidence of a slight decrease
in spectral width within the PIF with increasing range
from the radar.
Only the ®rst PIF, which appears at 10:59 UT, is
measured by both CUTLASS radars. The PIFs are far
less obvious in the Finland data (Fig. 4), because the
motion of the PIFs have a much smaller component along
the Finland beams. The trajectory of the ®rst PIF, the
arrow in Fig. 1, is generally across the Finland beams and
in the direction of Iceland East's northernmost beams. In
the Finland LOS data in Fig. 4b the PIF is visible as the
700 m s 1 LOS velocity patch centred on approximately 2500 km range and 11:17 UT. The backscattered
power in Fig. 4a is higher than in the surrounding points,
but it is only about 20 dB, not as strong as the Iceland
East power. The increase with time of range along the
beam of the PIF is consistent with a motion of the PIF
away from the radar. At approximately 11:00 UT there is
a slight reduction in the range of the lower boundary of
the higher spectral width region in Fig. 4c.

Fig. 4. a Backscattered power, b line-of-sight velocities, and c spectral
widths measured by Finland beam 11 between 10:50 and 11:40 UT.
Negative velocities (red) signify motion away from the radar. The PIF
motion was predominantly across the Finland ®eld of view
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The motion of the PIF through the polar cap is much
easier to visualise when examined in the context of both
radar ®elds of view. This is a new capability as there
exist co-located data from two full radar ®elds of view.
A subset of the radar scans made during the PIF
traversal of the Finland and the Iceland East ®elds of
view are shown in Figs. 5 and 6, respectively. The
backscattered velocities (colour coded LOS velocities
from Finland and Iceland East, and merged vector
velocities) are plotted on an MLT versus geomagnetic
latitude grid with 12:00 MLT to the top of the plots. To
aid the eye, a quiet-time statistical auroral oval has been
plotted. Each ®gure includes four one-minute scans
taken at 11:01 UT, 11:06 UT, 11:11 UT, and 11:16 UT.
The red patch corresponds to the signature that has been
identi®ed as the PIF in the line-of-sight data, e.g. those
presented in Fig. 3b. In Figs. 5 and 6 the patch moves
from near magnetic local noon towards dusk through
the polar cap. The (blue) ¯ows towards the radar
between 72 and 75 near 1300 MLT in Fig. 6 are
consistent with low-latitude sunward return ¯ow of a
large-scale convection cell.
The arrows plotted over the LOS data in Figs. 5 and
6 are the merged velocities obtained by reconstructing
the 2-dimensional ¯ow vectors from the overlapping

single-scan LOS velocities. The merged vectors within
the PIF are generally pointed anti-sunward and tend to
be located on the leading edge of the PIF. There exist
sunward pointing merged velocities between 72 and 75
near 1300 MLT, as expected for sunward return ¯ow.
It is useful to examine average merged maps to gain
insight into the large-scale ¯ows which are occurring in
conjunction with the PIF evolution. The convection
maps in Fig. 7 have been produced by averaging LOS
velocities both spatially and temporally. Each map
shows a 10-min averaged convection map. The grey
circles show the location and approximate extent of the
PIF measured during the 10 averaged scans. The
position and extent of the PIF has been determined
from both the backscattered power and the LOS
velocity enhancements measured by the CUTLASS
radars, like those shown in Fig. 5. The centroid of the
region of enhanced power and velocity has been used as
the reference point in the study of the PIF motion. The
edges of the PIF can be aected by instrumental eects
which introduce more uncertainty to the PIF motion.
For example, the backscattered power within the PIF
decays while the velocity remains high, and therefore
choosing a power threshold to de®ne the PIF is not
practicable. The sensitivity of the convection velocity to
the look direction of the radars makes a velocity
threshold impracticable as well. Furthermore towards

Fig. 5. The progression of the PIF through the Finland radar ®eld of
view from the scan taken at 11:01 UT to the scan taken at 11:16 UT at
5-min intervals. The co-ordinates are geomagnetic latitude and MLT
with 12:00 MLT toward the top of the plots. The PIF is identi®ed as

the red patch which moves anti-sunward from very near magnetic
local noon. The arrows represent the merged ionospheric convection
velocity vectors obtained by reconstructing the 2-D vector from the
line-of-sight measurements from Iceland East and Finland

3.3 Two-dimensional convection patterns

Fig. 6. The progression of the PIF through the Iceland East radar ®eld-of-view in the same format as Fig. 5
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Fig. 7. Plots of 10-min averages of the convection excited in the
ionosphere in response to a southward turning of the IMF at 10:59.
The arrows are the two-dimensional measured convection velocities

averaged over ten one-minute radar scans. The grey circles represent
the approximate locations and extents of the PIF during each 10 min
interval

the end of the interval the position of the leading edge of
the PIF suers from very long propagation paths and
therefore higher uncertainty in position. More events of
this type will need to be examined in order to determine
more precisely the details of the PIF motion. In general,
the PIF is located on the poleward edge of the measured
convection pattern, which appears to expand azimuthally in concert with the motion of the PIF (Fig. 7). There
is evidence of a convection reversal boundary on the
southern part of the convection patterns near approximately 73 magnetic latitude.

itor an isolated ionospheric response to the southward
turning of the IMF, which is expected to aect the
ionosphere at 10:59 UT. We have studied the trajectory
of an HF radar PIF and the development of convective
¯ows in the ionosphere that arise subsequent to the
southward IMF turning. These measurements of ionospheric convection throughout the PIF signature oer a
hitherto unique perspective on the ionospheric response
to magnetopause reconnection.

4 Discussion
Because of the steadily northward IMF conditions and
the weak geomagnetic activity preceding the southward
turning at 10:45 UT, a quiet magnetosphere is expected.
The CUTLASS radars are therefore expected to mon-

We determined the PIF trajectory by estimating the
motion of the centre of the region of high-velocity and
high-power radar backscatter. Measurements from both
CUTLASS radars were used to determine the location
of the centre of the PIF. Figure 8a summarises the
motion of the PIF. The black dots mark the central

Fig. 8. a The PIF originates very close to magnetic local noon. The
small black dots mark the central PIF position, and the large grey
circles represent the approximate extent of the PIF as it moves from
noon to dusk. The white line is the best ®t geodesic curve to the PIF
central position. b The average merged convection velocity measured

within the PIF. The averaged position of the merged vectors in the
PIF (dierent than the estimated PIF centre) is represented by the
black dot and the direction and magnitude of the convection velocity
is represented by the line. The convection is generally anti-sunward
and eastward

4.1 PIF trajectory
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position of the PIF. The large circles are an estimation
of the location and extent of the PIF in the radar ®elds
of view. The PIF progresses in a very orderly manner
from noon to dusk. The ®rst clear evidence of the PIF in
the radar scans is found at 11:01 UT near magnetic local
noon with the centre shifted slightly postnoon. This was
unexpected since the eect of the negative y component
of the IMF is expected to shift the cusp footprint away
from noon into the morning sector (Cowley et al., 1991).
The PIF moves from noon to the dusk meridian where it
becomes less distinct and begins to move out of the
radar ®elds of view. After 11:26 UT, the central position
of the PIF can no longer be accurately determined. The
duskward motion of the PIF is consistent with its
following the ionospheric convection in¯uenced by the
negative IMF By orientation during this interval, which
tilts the anti-sunward ¯ow eastward in the Northern
Hemisphere. The PIF appears to follow the shortest
possible path through the ionosphere. The solid white
line in Fig. 8a is the best ®t geodesic curve at ionospheric altitudes to the trajectory of the PIF centre. The
trajectory of PIF 2 (not shown), as determined solely
from the Iceland East data, follows a similar path as PIF
1, starting near magnetic local noon, but approximately
2 equatorward of the PIF 1 trajectory.
4.2 Convection within the PIF
For each one-minute radar scan the merged velocity
vectors that fell within the PIF were averaged in order to
estimate the convection velocity within the PIF. Vectors
representing the mean plasma convection velocity are
plotted in Fig. 8b. The dots represent the centroid of the
averaged merged vectors within the PIF signature. This
is, in general, dierent from the estimated PIF centre as
the vectors tend to be in the leading portion of the PIF.
The lines represent the magnitude and the direction of
the averaged convection velocity. The mainly antisunward convection velocity initially has a poleward
component. The plasma convection then rotates
through eastward and ends up with a small southward
component. This is consistent with PIF motion in the
poleward part of a large-scale postnoon convection cell.
Previous radar studies of PIFs have relied on single
measurements from which convection velocities have
been inferred (e.g. Provan et al., 1998). The bistatic
measurements in this event allow us, for the ®rst time, to
compare the measured convection velocity within the
PIF to the phase motion of the PIF as it progresses
through the polar cap. The phase velocity is determined
by comparing the PIF centre positions for successive
scans.
In Fig. 9a we compare the magnitude of the convection velocity measured within the ®rst PIF with the
phase speed of the PIF itself. The phase speed errors
have been determined assuming an error in the determination of the central PIF position by one radar range
cell. The ionospheric convection speed (thick line) is
very stable throughout the PIF lifetime. Chisham et al.
(2000) also found that the convection speed in the initial

Fig. 9. A comparison of a the speed and b the direction of measured
E  B drift (thick line) within the PIF and the phase velocity (thin line
with asterisks) of the PIF. The phase speed appears to have two
regimes, one of fast, highly variable speeds, and subsequently one
where the phase and convection speeds are nearly identical. The two
dotted lines in a represent the mean phase speed of the two dierent
regimes: 1850 m s 1 and 870 m s 1

part of PIF evolution at one location was stable. The
stability of the convection speed into the polar cap may
be due to the strong IMF By control of the convection
pattern. The convection stream lines, or equivalently the
equipotential contours, are pushed over into the postnoon sector, and they remain quite evenly spaced. This
implies a uniform electric ®eld and therefore a constant
convective speed. The phase velocity (thin line with error
bars), on the other hand, appears to have two main
stages. During the ®rst 12 min, the phase speed is fast
and highly variable. The mean phase speed of
1850 m s 1 (denoted by a dashed line) is roughly twice
the mean convection speed of 870 m s 1 during this
interval. The mean phase speed falls within the error
bars for all but the last high speed point, which is very
close. These error bars do not systematically include,
however, the convection speed, and therefore we
conclude that the dierence between the phase speed
and the convection speed is signi®cant. After 11:14 UT
the phase speed becomes much more stable and slows
down to an average value of 870 m s 1 (denoted by a
dashed line). This is close to the average convection
speed of 840 m s 1 measured during this interval, and
within the estimated phase speed error. The onset times
for the last two PIFs are marked at the top of Fig. 9a.
The magnetic azimuth of the phase and convection
velocities is presented in Fig. 9b, where 0 is north, 90 is
east, and so on. The thin line with error bars is the
azimuth of the phase velocity and the thick line is the
azimuth of the convective plasma ¯ow. The phase
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velocity azimuth error has been estimated by assuming,
as for the phase speed error, that the error in the PIF
central position was one range cell. As previously noted,
the mainly anti-sunward convection velocity initially has
a northward component, then rotates through eastward,
and ®nally has a southward component, consistent with
convective ¯ows in the poleward portion of a large-scale
postnoon convection cell. The phase velocity of the PIF
also exhibits the same behaviour, and, with the exception of three points, the phase velocity azimuth agrees
within error with the convection velocity azimuth.
The dierence between the phase speed of and the
convection speed within the PIF during the ®rst phase of
the PIF motion implies that this is an interval of active
magnetic reconnection, while the second phase of PIF
motion is believed to be an interval of anti-sunward
convection, since the convection and phase speeds are
nearly identical. The second PIF appears near magnetic
local noon at 11:10 UT, 3 min before reconnection has
ceased in the ®rst PIF, implying that, during this
interval, reconnection is continually occurring but at
dierent locations on the magnetopause. The trajectory
of PIF 2 began near magnetic local noon and followed a
similar path to PIF 1 but approximately 2 equatorward, as expected for a subsequent interval of reconnection.
The backscattered power in Fig. 3a supports the
reconnection followed by convection hypothesis deduced from the velocity data. The backscattered power
begins to decay at approximately 11:15 UT, whereas the
LOS velocities remain strongly antisunward until 11:30
UT. The loss of power is consistent with loss of an Fregion precipitation source, as is typical of the cusp
(Yeoman et al., 1997) and the subsequent decay of the
irregularities within the PIF. There is also a trend of
decreasing spectral widths during the PIF lifetime seen
in both Iceland East and Finland data (see Figs. 3c and
4c). The spectral widths measured by beam 4 of the
Iceland East radar (Fig. 3c) during the ®rst PIF, for
example, decrease by about 200 m s 1 . When a Doppler
spectrum is wide, it is a result of the presence of many
frequencies in the sample, i.e. a highly turbulent
medium. A decreasing spectral width, as is the case in
the CUTLASS data, is indicative of a reduction in the
turbulence of the sampling volume (Andre et al., 1999),
as would be expected with the removal of the source of
the F-region irregularities.
The hypothesis of a interval of reconnection followed
by an interval of convection during a PIF can be
interpreted in the context of the predicted ionospheric
response (Cowley et al., 1991; Lockwood et al., 1993;
Lockwood, 1994) and of the joint observations by HF
radar and ultraviolet images of the aurora presented of
Milan et al. (2000). A model of the ionospheric response
to reconnection during negative IMF By conditions is
illustrated in Fig. 10, after Milan et al. (2000). During
an episode of reconnection, when the IMF By component is negative, a region of newly opened ¯ux (dark
grey region) is appended to the polar cap adjacent to the
open-closed ®eld line boundary (OCFLB), as shown in
Fig. 10a. Initially the By tension force acts in such a
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Fig. 10a±c. A schematic diagram illustrating a model of the
ionospheric response to the addition of open ¯ux to the polar cap
during an episode of ¯ux transfer at the magnetopause when IMF
Bz < 0 and By < 0, after Milan et al. (2000). The light grey region
represents the main auroral oval on closed ®eld lines and is separated
from the polar cap by the open-closed ®eld line boundary (OCFLB).
a The dark grey shaded area represents the region of newly created
open ¯ux. The predicted upward and downward ®eld-aligned currents
are shown as the circled dots and crosses, respectively. The plasma
convection is denoted by curved arrows. b The reconnection site
propagates azimuthally away from local noon, creating open ¯ux
away from the noon sector. c The second episode of reconnection
begins near noon while the ®rst reconnection site continues to
propagate away from noon

manner as to pull the ¯ux tubes duskward. Once the
reconnection-induced kink in the newly opened ®eld
lines has been straightened out, the anti-sunward ¯ow in
the magnetosheath draws the ¯ux tubes anti-sunward.
This gives rise to the convection ¯ows shown in
Fig. 10b. The azimuthal propagation of the reconnection site will continue to add open magnetic ¯ux to the
polar cap as the reconnection site propagates away from
the initial reconnection site. The convection excited
in the ionosphere ¯ows in such a manner as to assimilate
the newly opened ¯ux into an expanded polar cap. The
implications of the ®eld-aligned current distribution and
the relative locations of auroral emissions and radar
PIFs will be discussed in a companion paper comparing
the current radar PIF observations and global ultraviolet auroral emissions.
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Despite the azimuth of the convection velocity
agreeing within error with that of the phase velocity,
there is a trend for an azimuth oset throughout the
PIF's lifetime, which cannot be conclusively determined
in this study. There also appears to be a change in the
PIF area during its lifetime. During the last half of the
interval, when reconnection is believed to have ceased
and the reconnected ¯ux tubes are simply convecting
with the solar wind, the area of the high-velocity region
of backscatter gradually increases. By accounting for the
change in area and the alteration of the central PIF
position, the 15 azimuth oset, for the most part, can
be accounted for. The measured area of the PIF is
simply the target of ionospheric irregularites within the
region of reconnected ¯ux that is presented to the
radars. If the distribution of irregularities is nonuniform within the footprint of a ¯ux transfer event,
the PIF area may appear to change (e.g. see Rodger
et al., 1994). If the irregularities initially appear near the
leading edge of the PIF and then proceed to expand
through the entire PIF, this would lead to an apparent
change in the phase velocity of the PIF. The tendency of
the merged convection velocities to be in the leading
portion of the PIF may also be due to such a process.
More events of this type will need to be studied and
more de®nitive methods developed to determine the
extent of the PIF, and to determine whether the
azimuthal oset is signi®cant above the errors and is a
consistent feature of a PIF.
4.3 Implications for reconnection at the magnetopause
The extended interval of reconnection deduced from
ionospheric observations has important implications for
the nature of reconnection at the magnetopause. We can
estimate roughly the size of the reconnection region at
the magnetopause using a simple dipole model. During
the ®rst few minutes the PIF area in the ionosphere is
approximately 2:4  105 km2 . Flux conservation for a
simple dipole ®eld maps the PIF to a cross sectional area
of about 2 R2E in the equatorial plane at 10 RE , with a
radial extent of approximately 0.5 RE and an azimuthal
extent of approximately 4 RE . The initial reconnection
region on the magnetopause is illustrated as the
darkened region in Fig. 11a. In the ionosphere this
corresponds to the situation presented in Fig. 10a. This
region of active reconnection then propagates azimuthally along the magnetopause, continually creating open
®eld lines, which thread the magnetopause. This gives
rise to the peeling of ¯ux from the magnetopause,
represented by the large grey-shaded region in Fig. 11b.
If the reconnection site also propagated into the
morning sector, this shaded region would form a closed
loop around the initial reconnection site. In the present
study the second ¯ux transfer event is believed to
commence 11 min after the ®rst, before the ®rst episode
of reconnection ended. The second ¯ux transfer event is
the small shaded area in Fig. 11b. This second reconnection site will then propagate azimuthally, as did the
®rst, peeling another layer of ¯ux from the magneto-

Fig. 11a, b. A schematic model of the azimuthal a propagating
reconnection region on the magnetopause. a The shaded area
represents the initial magnetopause region through which newly
opened ¯ux tubes thread. This magnetospheric con®guration corresponds to the ionospheric response illustrated in Fig. 10. The
propagation of the ®rst reconnection site will result in a large area
of the magnetopause threaded by open ®eld lines, which is represented
by the large shaded area in b. The second ¯ux transfer event, the small
shaded area in b, occurred 11 min after the onset of the ®rst

pause. This magnetospheric con®guration is predicted to
map down to the ionospheric con®guration presented in
Fig. 10c.
This reconnection model is supported by the magnetospheric model of Tsyganenko (1989). The ®rst few
PIF central positions map out to the magnetopause and
the ®eld lines progress from very near noon towards
dusk. The motion of these modelled ®eld lines is far in
excess of the shocked solar wind speed in the sheath,
lending support to the hypothesis that the PIF is initially
the footprint of a region of active reconnection. The
remaining ®eld lines then map to the mantle where they
straighten out and convect deeper into the magnetotail.
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Magnetopause uncertainties make it increasingly dicult to determine the velocity of the ®eld line at the
magnetopause during the latter part of the PIF evolution, but it appears to be consistent with the solar wind
convection to 50 RE when reconnection ceases and to
125 RE when the PIF leaves the radar ®eld of view.
4.4 Cross-polar cap potential dierence
and reconnection voltage
The comparison of the phase motion of and the
convection velocities within the PIF has indicated that
magnetic reconnection on the dayside lasts for several
minutes and that the magnetopause reconnection region
expands azimuthally during the ®rst phase of the PIF
development. The vector measurements and the Northern Hemisphere SuperDARN array oer two techniques
to estimate the ¯ux addition to the polar cap during the
series of three PIFs measured by the radars. The size and
trajectory of the PIF during the reconnection phase is an
estimate of the size of the reconnection X-line mapped
down into the ionosphere. The convection velocity can
be transformed into the reference frame of the reconnection X-line since the motion of the spectral width
boundary gives an estimate of the motion of the
reconnection X-line in the Earth's reference frame.
(See Lockwood and Cowley, 1992, for further discussion
of the ionospheric projection of the reconnection Xline.) After the IMF turns southward, the equatorward
boundary of the spectral width responds and moves
equatorward. We have determined from the spectral
width boundary that the ionospheric projection of the
X-line moves a total 400 km in 15 min, during which
time there is evidence of three PIFs in the Iceland East
data. The boundary is not well enough de®ned to
distinguish between reconnection events, so we will
estimate the amount of ¯ux added over the entire 15 min
interval where the spectral width boundary is moving.
The reconnection scenario we have assumed is
illustrated in Fig. 12. The average ionospheric convec-

Fig. 12. The estimated ionospheric projection of the azimuthally
propagating reconnection x-line that covers a distance of 910 km in
total and has an equatorward velocity of 444 m s 1 . The plasma
convection velocity VEB in the PIF is 870 m s 1 and is directed, on
average, 20 from the x-line normal direction during the interval of
reconnection
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tion velocity measured during the interval of magnetic
reconnection, VEB , is 870 m s 1 anti-sunward, and the
equatorward velocity of the reconnection X-line, VX -line ,
is approximately 444 m s 1 . The plasma convection is
directed, on average, 20 eastward of the X-line normal
direction. Therefore the convection velocity in the frame
of reference of the reconnection X-line is 1260 m s 1 .
We estimate the full extent of the X-line measured by the
radars to be approximately 910 km, from the easternmost point at the onset of the PIF to the westernmost
point at the end of the interval of reconnection. The
voltage across the X-line, Uday , can be estimated in the
ionosphere to be:
Uday  Bv0 L

1

where B is the magnitude of the geomagnetic ®eld in the
ionosphere, v0 is the plasma velocity in the reconnection
X-line reference frame, and L is the length of the
reconnection X-line mapped down to the ionosphere. In
our case, the voltage drop along the X-line is estimated
to be 57 kV. It is important to note that we have not
included any contribution from the possible expansion
of the X-line into the morning sector since we have no
radar measurements in that area. It is therefore possible
that the total voltage drop is underestimated.
The substorm activity on the nightside during the
interval of interest can be monitored by both auroral
images and Pi2 activity on the ground. There is very
little activity in the substorm sector as evidenced by
Polar UVI (Torr et al., 1995) and VIS (Frank et al.,
1985) Earth Camera images of the nightside. The images
of the ultraviolet aurora (not shown) display weak
auroral activity on the nightside before 12:00 UT. The
CANOPUS magnetometer (Rostoker et al., 1995) at the
Dawson City station (magnetic latitude 66.06 N; magnetic longitude: 88:68 E) is located in the midnight
sector (between 2300 and 0100 MLT). The magnetometer measured intervals of light Pi2 band activity during
the day; the ground magnetic de¯ections ®ltered between 20 and 200 s, measured from 09:00 to 15:00 UT,
are shown in Fig. 13. Before 12:00 UT there are small
bursts of Pi2 band activity. These are accompanied by
weak auroral emissions on the nightside which do not
develop into substorms. There is a larger Pi2 just after
12:00 UT at which time the VIS Earth Camera and UVI
both measured a substorm on the nightside. The
Dawson City magnetometer is located directly underneath the westward travelling surge. From the nightside
activity, we believe that there is no signi®cant loss of
open ¯ux and hence no signi®cant nightside contribution to the potential drop in the polar cap before 12:00
UT. Therefore we estimate that the cross-polar cap
potential dierence during our interval of dayside
reconnection is 57 kV.
The cross polar cap potential dierence can also be
determined using spherical harmonic expansions to ®t
ionospheric convection velocities from six of the Northern Hemisphere SuperDARN radars using the method
of Ruohoniemi and Baker (1998). This method of
potential ®tting results in a global-scale potential map of
the northern magnetic pole region. Two sample iono-
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Fig. 13. The x, y, and z components of the
ground magnetic de¯ections and the Pi2
pulsations, ®ltered between 20 and 200 s,
measured between 09:00 and 15:00 UT by
the CANOPUS magnetometer station at
Dawson City, which is in the midnight sector

spheric equipotential contour maps are presented in
Fig. 14. The ionospheric convection pattern (equipotential contours) in Fig. 14a are calculated from ionospheric convection velocities measured approximately 20 min
prior to the southward IMF turning. The ¯ows in the
ionosphere are very weak with no obvious twin-cell
convection pattern, and the cross polar cap potential
dierence is relatively low, 26 kV. The ®t to the
convection velocities measured between 11:01 and
11:02 UT, approximately three minutes after the southward IMF turning is expected to reach the ionosphere, is
plotted in Fig. 14b. A very distinct twin-cell convection
pattern has been established, with a higher cross-polar
cap potential dierence of 64 kV.
The cross-polar cap potential dierence for each
radar scan has been calculated between 10:00 and 12:00
UT, and the results are presented in Fig. 15. The map
potential model requires information on the IMF
orientation in order to determine the statistical convection pattern used to constrain the ®t to the data. The
cross-polar cap potential dierence has been calculated
in two ways: (1) using a ®xed IMF and (2) using the
IMF data from the WIND spacecraft, in an attempt to
determine any dependence on the statistical convection
pattern used to constrain the ®t. The uncertainty in the
value of the cross-polar cap potential dierence is larger
prior to 11:00 UT, since there was less radar backscatter,
and therefore fewer data points to include in the ®t. The
26 kV voltage determinination prior to 11:00 UT is
expected to be an over-estimate since the ®tting procedure is constrained by a statistical model which tends
towards a non-zero voltage convection pattern. Both
potential ®ts show a jump in the cross-polar cap
potential dierence at approximately 11:00 UT, with
the ®t constrained by the IMF data from WIND having
a larger polar cap potential dierence. The cross-polar

cap potential dierence between 60 and 70 kV obtained
from the map potential model agrees very well with our
previous estimate of 57 kV, in which we considered the
size and motion of the ionospheric reconnection x-line in
the afternoon sector.
4.5 Large-scale convection and comparison
with satellite measurements of the optical aurora
The PIF originally appears near magnetic local noon on
the poleward boundary of the UV aurora measured by
the Polar VIS Earth Camera. The PIF then moves antisunward and progresses further into the polar cap,
leaving the radar ®elds of view at 1800 MLT several
degrees poleward of the poleward edge of the UV
auroral emissions. The UV aurora appears to evolve in
conjunction with excited plasma ¯ows near the convection reversal boundary. This is consistent with the
afternoon upward region 1 ®eld-aligned current. In the
14 MLT sector there is pulsing of the UV aurora, which
appears to be related to the passage of the series of PIFs
into the polar cap. The relationship between the radar
PIFs, the UV aurora, and the ®eld-aligned currents will
be examined in detail in a companion paper.
5 Comparison to previous work
Following the southward turning of the IMF at 10:45 UT,
a series of poleward moving transients were measured by
CUTLASS starting at 10:59, 11:10 and 11:20 UT. The
response time agreed with the delay to the ionosphere
predicted by the method of Khan and Cowley (1999). The
repetition rate of the PIFs falls in the longer period
portion of the PIF distributions found by McWilliams
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Fig. 14a, b. Equipotential contours deduced from SuperDARN data
from six Northern Hemisphere radars according to the method of
Ruohoniemi and Baker (1998) a at 10:40 UT, prior to the southward

Fig. 15. The cross polar cap potential dierence as determined from
the spherical harmonic ®t to line-of-sight velocity data from six
Northern Hemisphere SuperDARN radars according to the method
of Ruohoniemi and Baker (1998). The potential ®ts were constrained
by statistical ionospheric convection patterns, one calculated with a
constant IMF value and the other deduced using IMF values from
WIND

et al. (2000) in their statistical study of PIFs observed in
data from the CUTLASS Finland radar.
The ®rst PIF is monitored for half an hour by both
radars and is the subject of the detailed analysis
presented here. The bistatic measurements of the ionospheric plasma convection within the PIF have allowed
for an unprecedented comparison of the phase and
convection velocities associated with the PIF. The
convection velocity within the PIF was very stable at
about 850 m s 1 throughout the PIF's traversal of the
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IMF turning and b at 11:01 UT, just shortly after the southward IMF
turning

radar ®elds of view. In contrast, the phase velocity had
two main stages. During the ®rst stage, the mean phase
speed was 1850 m s 1 , approximately twice the convection speed. The second stage saw the phase speed slow
down to nearly the convection speed.
Previous attempts have been made to estimate the
convection velocity within a radar PIF. Using a beamswinging technique, Provan et al. (1998) estimated that
the convection speed within their PIF was roughly
2000  500 m s 1 . The comparison by Neudegg et al.
(1999) found radar velocity enhancements along a beam
of 1000  200 m s 1 and 1500  200 m s 1 associated
with measured FTEs at the magnetopause. The poleward velocity within the radar PIF found by Milan et al.
(2000) was 1.3 km s 1 ; this occurred during very
disturbed conditions when the IMF had a strong
southward component, reaching 13 nT. The previous
results are all larger than the average convection speed
of 850 m s 1 in the present study.
Due to the limited viewing area of previous studies of
radar PIFs, which utilised data from one or two radar
beams, it has been very dicult to determine the phase
motion of a PIF. Provan et al. (1998) attempted to
determine the phase velocities of PIF signatures by
taking advantage of high-time resolution measurements
along two beams of the CUTLASS Finland radar that
were separated in azimuth by 23 . The phase speed was
estimated by comparing the PIF structures in both
beams, and found to be 7500  3000 m s 1 . The phase
speed of Provan et al. (1998) is several times larger than
the initial phase speed of 1850 m s 1 found using the full
sixteen-beam scan of the overlapping CUTLASS radars
in the present study. Provan et al. (1998) were also
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unable to distinguish any changes in the PIF speed as it
evolved. Their errors were large, but they concluded that
a there may have been a dierence between the convection and phase velocities. The results were not de®nitive
and they suggested further studies of the type presented
here. Poleward-moving auroral forms, which were demonstrated to be co-located with radar PIFs (Yeoman
et al., 1997), have been found to move eastward at a
velocity of 1500 m s 1 , assuming an emission altitude of
300 km (Sandholt et al., 1992). This value agrees very
well with the phase speed in the ®rst stage of the PIF
evolution presented in the current study.
Chisham et al. (2000), who studied the convection
response to reconnection in the throat of the dayside
ionospheric convection pattern, found no change in the
convection velocity within the PIF, as was found in the
present study. Chisham et al. (2000) interpreted the lineof-sight velocity enhancements as simply a rotation of
the convection pattern in the throat in response to the
IMF By tension force. The velocities that they examined
were located in the region of the initial PIF response and
they were unable to follow the PIF as it moved away
from the noon-sector throat region of the dayside
auroral zone. Chisham et al. (2000) were therefore not
able to directly compare the motion of the PIF signature
to the convection velocity. In general, the phase and
convection velocities determined in the present study
appear to be smaller than previous studies, as be®ts a
magnetospherically quieter interval.
The size of the PIF was 2:4  105 km2 (approximately
a circular patch of radius 275 km) during the reconnection phase, when it covered 4 h of local time. Provan
et al. (1998) estimated the size of the PIF to be between
1000 and 2800 km longitudinally and 250 km along the
two radar beams. Their estimate along the beam agrees
very well with the results presented here, but their extent
in MLT was much larger. The study of ISEE 2,
EISCAT, photometer and all-sky camera data by Elphic
et al. (1990) found a more similar spatial extent of 400
to 1000 km in the east-west direction, and 100 to
200 km in the north-south direction.
Based on spacecraft measurements in the vicinity of
the reconnection site at the magnetopause, Russell and
Elphic (1978) suggested that FTEs involve only a short
segment of the magnetopause, of the order 1 RE . They
suggested that the newly opened ¯ux is of the form of a
¯ux rope of 1 RE in diameter. Lockwood and Hapgood
(1998) later demonstrated that the ``2D reconnection''
models of Saunders (1983) and Southwood et al. (1988),
in which reconnection could occur along a length of the
magnetopause possibly several RE long, were in better
accordance with observation. In the present study, we
have found that the PIF maps out to an area in the
dipole ecliptic plane of approximately 0.5 RE radially by
4 RE in azimuth. During the reconnection phase of
the PIF motion, the PIF traverses 4 h of MLT; as the
reconnection region propagates anti-sunward along
the magnetopause it ``peels'' magnetic ¯ux from the
magnetopause, as suggested by Milan et al. (2000).
Both the analysis of the ionospheric convection
velocity relative to the motion of the equatorward

spectral width boundary, a proxy for the ionospheric
footprint of the magnetospheric reconnection X-line,
and the map potential model showed that the reconnection increased the cross-polar cap potential dierence by
several tens of kilovolts. This exceeds the upper limit on
the reconnection voltage of 14.5 kV of Newell and
Sibeck (1993) in which they estimated the size of the
reconnection region in the ionosphere as 50  500 km.
The present study shows that while the PIF is not much
larger than this, reconnection continues for some 15 min
whilst covering 4 h of MLT. Despite the indications that
the interval presented here is a rather moderate one, the
voltage added to the polar cap exceeds the upper estimate
of Newell and Sibeck (1993). The results presented here
are well within 160 kV deduced by Milan et al. (2000)
under very disturbed conditions, and well within the
upper limit on the FTE contribution to the reconnection
voltage of 200 kV suggested by Lockwood et al. (1995).
6 Summary and conclusions
We have presented an interval of CUTLASS HF radar
data in which two-dimensional ionospheric convection
velocities are measured within the footprint of a magnetospheric ¯ux transfer event. The preceding several
hours of northward IMF and the resulting quiet
magnetospheric conditions have allowed us to witness
the isolated response of the ionosphere to a sharp
southward turning of the IMF. Previous studies of PIFs
have been limited by single radar measurements, and
have had to infer convection velocities from uni-directional measurements of the plasma ¯ow (e.g. Provan
et al., 1998). The bistatic measurements of ionospheric
convection during the lifetime of the ®rst PIF in this
interval allow a heretofore unavailable opportunity to
compare the ionospheric convection velocity to the phase
motion of the PIF as it travels deep into the polar cap.
The initial response in the ionosphere to the southward turning of the IMF occurs very close to magnetic
local noon. This result was unexpected since the By
component, which is comparable in magnitude to Bz ,
statistically shifts the reconnection footprint into the
morning sector. The ®rst PIF traverses the radar ®eld of
view in half an hour, covering 6 h in local time in the
expected direction as determined by By . The PIF
appeared to follow the shortest possible path through
the ionosphere, as evidenced by its strong agreement
with the geodesic curve that was ®t to the PIF trajectory.
The vector velocities measured within the PIF by the
CUTLASS radar pair allowed a comparison of the
phase motion of the PIF and the plasma convection
velocity within it. The motion of the PIF was comprised
of two main stages. During the ®rst stage, the phase
speed was fast and rapidly varying, with a mean speed of
nearly twice the convection speed. During the second
stage the phase velocity of the PIF slowed down to the
convection velocity and became much more stable. The
direction of the PIF phase velocity agreed within error
with the direction of the ionospheric convection velocity. The velocity dierence during the ®rst stage has been
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interpreted as being due to active reconnection continuing on the magnetopause as the reconnection region
moves azimuthally. The size of the PIF during the
reconnection phase maps out to the magnetopause to an
azimuthal extent of approximately 4 RE . This region of
reconnection moves azimuthally through 4 h in MLT,
peeling o ¯ux from the magnetopause.
Once reconnection ceased, the PIF moved at the
convection speed as the reconnected ¯ux tubes convected antisunward with the solar wind. The magnetic ®eld
line tracing, and the line-of-sight power spectra and
spectral widths support the interpretation of an interval
of active reconnection followed by convection of the ¯ux
tubes into the plasma mantle as deduced from the
velocity analysis. The strong backscattered power drops
at approximately 11:15 UT, about the time when the
velocity analysis showed that reconnection had ceased.
The reduction in power may be due to a loss of source
¯ux, which excites F-region irregularities associated with
cusp precipitation. The spectral widths measured by
both CUTLASS radars tend to decrease within the PIF
signature as it moves anti-sunward. The narrowing of
the spectra implies a reduction in the turbulence
measured within the PIF as it evolves.
The appearance of the second PIF before the
termination of the reconnection stage of the ®rst PIF
implies that during this interval reconnection was
continuous, but occurring at dierent locations on the
magnetopause. As one episode of ¯ux transfer peeled
¯ux from the magnetopause, another episode began,
peeling o the newly exposed geomagnetic ¯ux.
Using the spectral width boundary as a proxy for the
ionospheric footprint of the reconnection X-line, we
estimated the contribution of dayside reconnection to
the cross-polar cap potential dierence to be 57 kV. This
agreed well with the modelled values obtained from the
map potential model of Ruohoniemi and Baker (1998)
of 60±70 kV.
From the ionospheric velocities, the solar wind conditions, and the geomagnetic activity measured, it appears
that this was an interval of moderate pulsed reconnection.
The aects on the magnetosphere, however, were considerable. Reconnection occurred over 4 h in MLT, and a
signi®cant amount of ¯ux was added to the polar cap
during the entire interval, resulting in a cross-polar cap
potential dierence of several tens of kilovolts.
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