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[1] A number of poleward moving events were observed between 1130 and 1300 UT on
11 February 2004, during periods of southward interplanetary magnetic field (IMF), while
the steerable antenna of the European Incoherent Scatter (EISCAT) Svalbard radar
(ESR) and the Tromse VHF radar pointed nearly northward at low elevation. In this
interval, simultaneous SuperDARN CUTLASS Finland radar measurements showed
poleward moving radar aurora forms (PMRAFs) which appeared very similar to the density
enhancements observed by the ESR northward pointing antenna. These events appeared
quasiperiodically with a period of about 10 min. Comparing the observations from the above
three radars, it is inferred that there is an almost one-to-one correspondence between the
poleward moving plasma concentration enhancements (PMPCEs) observed by the ESR and
the VHF radar and the PMRAFs measured by the CUTLASS Finland radar. These
observations are consistent with the interpretation that the polar cap patch material was
generated by photoionization at subauroral latitudes and that the plasma was structured by
bursts of magnetopause reconnection giving access to the polar cap. There is clear evidence
that plasma structuring into patches was dependent on the variability in IMF 1B,|. The
duration of these events implies that the average evolution time of the newly opened flux
tubes from the subauroral region to the polar cap was about 33 min.
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1. Introduction

[2] Magnetic reconnection is a fundamental plasma process,
resulting in energy and momentum transfer from the solar wind
to the magnetosphere. Reconnection was first discussed in
terms of a steady process by Dungey [1961] and was later
discovered to show an independently intermittent and spa-
tially limited nature by Haerendel et al. [1978] and then by
Russell and Elphic [1978] on the dayside magnetopause. The
magnetic signatures arising from the passage of bundles of
reconnected flux nearby a spacecraft were named flux transfer
events (FTEs) by Russell and Elphic [1978]. The early work
of Elphic et al. [1990] demonstrated that ionospheric flow
bursts measured by European Incoherent Scatter (EISCAT)
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were associated with FTEs observed by the International Sun-
Earth Explorer (ISEE) and the first magnetically conjugate
measurements of an FTE by Equator-S and of ionospheric
flow bursts by SuperDARN were presented by Neudegg et al.
[1999]. Poleward moving events or poleward moving flow
channels, observed by the EISCAT radar, are widely accepted
to be associated with bursts in the rate of dayside magneto-
pause reconnection generating new open flux [e.g., Davis
and Lockwood, 1996; Lockwood et al., 1993a, 2000, 2001a,
2001b, 2005a, 2005b; Pitout et al., 2002; Oksavik et al., 2004,
2005; Rinne et al., 2010]. Poleward moving plasma concen-
tration enhancements (sometimes called “polar cap patches”)
[Davies et al., 2002] are frequently observed in the F region
of the polar ionosphere during periods of southward inter-
planetary magnetic field (IMF), and are also thought to be
associated with bursty reconnection [e.g., Lockwood and
Carlson, 1992; Carlson et al., 2002, 2004]. Poleward mov-
ing regions of backscatter or enhanced backscatter power,
known as “poleward moving radar auroral forms” (PMRAFs),
the radar counterpart of “poleward moving auroral forms”
(PMAFs), are often also observed and are widely accepted to
be another ionospheric signature of FTEs [e.g., Sandholt
etal., 1990; Milan et al., 2000; Wild et al., 2001; Moen et al.,
1995, 2001a, 2008a; Zhang et al., 2008]. The east-west
motion of these radar auroral forms depends on IMF B,
[Sandholt et al., 1993; Karlson et al., 1996; Moen et al., 1999,
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Figure 1. The lines of sight of the poleward looking low-
elevation beam (32 m dish) of ESR (between 76° and 85°
magnetic latitude) and the beam of the EISCAT VHF radar
(between 68° and 80° magnetic latitude) are projected on a
coast map (solid black lines). The field of view of the
CUTLASS Finland radar (HAN) is presented as a “fan,”
together with the beam employed in this study, which is
indicated by red dashed lines.

2001b]. Pinnock et al. [1995] and Provan et al. [1998]
described the radar signatures of FTEs as “pulsed iono-
spheric flows” (PIFs), i.e., poleward moving regions of
enhanced convection flow in the dayside auroral zone.
Depending on the exact nature of the convection response
to transient reconnection, either PMRAFs or PIFs, or both can
be observed by the SuperDARN radars [e.g., Milan et al.,
2000; Zhang et al., 2008; Provan et al., 1998; Wild et al.,
2001, 2003]. The ionospheric flow direction is consistent
with the motion of FTEs at the magnetopause [Zhang et al.,
2008, 2010]. Zhang et al. [2008] found that the flux tube
motion, both measured and modeled from the inferred X line,
qualitatively matches the clear velocity enhancements and
the flow directions of ionospheric convections, measured
simultaneously by the SuperDARN radar network in both
hemispheres.

[3] Polar cap patches were defined by Crowley [1996] as
islands of high-density ionospheric plasma surrounded by
plasma of half the density or less. After formation by iono-
spheric cusp dynamics, the patches follow the convection
pattern across the pole from day to night and are pulled into
the nightside oval on exiting the polar cap [Buchau et al.,
1983; Weber et al., 1984; Lorentzen et al., 2004; Moen
et al., 2007]. While polar cap patches have been studied
for over two decades, there remains no general agreement on
which of the many proposed patch production mechanisms
are important or dominant. The difficulty with patch seg-
mentation is to explain the low-density regions between
patches [Lockwood et al., 2005b]. The mechanisms that have
been suggested to segment the intake of cold solar EUV
ionized plasma into the cusp throat can be divided into three
families [Lockwood et al., 2005b; Oksavik et al., 2006;
Moen et al., 2006]: (1) IMF regulation of the cusp con-
vection pattern, causing alternating intake of high- and low-
density plasma [Anderson et al., 1988; Rodger et al., 1994;
Milan et al., 2002]; (2) plasma depletion within flow burst
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channels due to enhanced recombination associated with
newly opened magnetic flux tubes [Rodger et al., 1994; Sojka
et al., 1993; Valladares et al., 1994; Pitout and Blelly, 2003;
Pitout et al., 2004]; and (3) plasma structuring by transient
reconnection where the open closed boundary (OCB) leaps
equatorward to a region of higher-density plasma, followed
by poleward relaxation of that boundary carrying with it the
high-density plasma accelerated into the polar flow [Lockwood
and Carlson, 1992; Lockwood et al., 2000; Carison et al.,
2002, 2004, 2006]. Sojka et al. [1993] also suggested that
the “tongue of ionization (TOI)” can provide a source of
patches. The TOl is a region of dense daytime thermal plasma
that is drawn from a sunlit subcusp region into the polar cap
through the cusp region [Knudsen, 1974].

[4] Moen et al. [2008b] found that intake of high-density
plasma material into the polar cap was independent of IMF
B,, but that the direction of the zonal movement of plasma
depended on the IMF B, component, giving rise to an MLT
asymmetry of occurrence rate around magnetic noon. Moen
et al. [2007] concluded that statistically patches populate the
dawn and the dusk convections cells equally.

[5] In this paper, we present a close comparison of pole-
ward moving events, including both PMPCEs (or polar cap
patches) and PMRAFs, resulting from the bursts of magne-
topause reconnection, as observed by the EISCAT Svalbard
radar (ESR) [ Wannberg et al., 1997], the EISCAT VHF radar
[Rishbeth and van Eyken, 1993] and the Co-operative UK,
Twin Located Auroral Sounding System (CUTLASS) [Milan
etal., 1997; Lester et al., 2004] Finland radar. By combining
the three data sets, we attempt to reveal the plasma trans-
portation process in the polar ionosphere which is associated
with the motion of the newly opened flux tubes generated by
magnetopause reconnection.

2. Instrumentation

[6] The EISCAT Scientific Association has, among others,
atwo dish incoherent scatter radar system near Longyearbyen
on Svalbard (see Figure 1), known as the EISCAT Svalbard
radar, or the ESR. One dish (a 32 m parabolic antenna) is fully
steerable toward any direction, and the other (a 42 m para-
bolic antenna) is fixed, pointing along the local magnetic field
line. The EISCAT Tromse VHF radar, located near Tromsg
on the Scandinavian mainland, is steerable only in elevation.
Data from the two dishes of the ESR and from the EISCAT
VHF radar are used in this study.

[7] The CUTLASS radars are the easternmost pair of
SuperDARN radars [Greenwald et al., 1995; Chisham et al.,
2007] in the Northern Hemisphere. The SuperDARN radars
normally measure the line-of-sight (1-o-s) Doppler velocity,
spectral width, and the backscatter power from ionospheric
plasma irregularities in 16 adjacent beam directions sepa-
rated by 3.24° in azimuth. A full normal scan is completed
either in 1 or 2 min, depending on the integration period along
each beam, and covers 52° in azimuth and over 3000 km in
range with a resolution of 45 km. The two CUTLASS radars
have been upgraded such that two experimental modes can be
run simultaneously, the so-called “stereo” capability [Lester
et al., 2004]. One of the CUTLASS radars located at
Hankasalmi, Finland (62.3° N, 26.6° E) has a fan-shaped
field of view covering the magnetic latitudes between 65°
and 90° and including the look directions of the EISCAT
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Figure 2. An overview of the solar wind and IMF conditions measured by the ACE satellite. Parameters
shown: the GSM IMF components (a) By, (b) By, and (c) B.; (d) the IMF clock angle (CA); (e) the solar wind
plasma number density (Nsw); (f) the solar wind speed (V); and (g) the solar wind dynamic pressure (Pgyy).

VHF radar and the ESR (see Figure 1). Data from the
CUTLASS Finland radar are also used here.

[8] The ACE satellite is in a halo orbit around the L1
Lagrange point and monitors the upstream solar wind and
IMF conditions. Around 1200 UT on 11 February 2004, the
ACE spacecraft was located at about (221.2, —32.4, 9.8) Rg
in GSM coordinates. Solar wind data with 64s resolution
from the Solar Wind Experiment [McComas et al., 1998]
and IMF data with 16s resolution from the Magnetometer
instrument [Smith et al., 1998] onboard the ACE spacecraft
are used in this study.

3. Observations

3.1. Upstream Solar Wind and IMF Conditions

[v] Figure 2 presents an overview of the solar wind and
IMF conditions measured by the ACE satellite. Parameters
shown are the IMF components (in the GSM frame of

reference) of By, B), B., the IMF clock angle, the solar wind
plasma number density, the solar wind speed, and the solar
wind dynamic pressure. The data have all been lagged by
61 min (this time delay is calculated using the method of
Liou et al. [1998]) in order to take into account the prop-
agation of solar wind/IMF structure from the spacecraft to
magnetopause. During the whole interval, the IMF B,
component was always negative with values varying
between —9 and —13 nT (see Figure 2c), while the B, was
slightly positive before 1154 UT (lagged time), and turned
negative after that (see Figure 2b), so that the IMF clock
angle varied from 160° to 220° (see Figure 2d), favoring a
high reconnection rate. The solar wind density varied
between about 8 and 23 cm > (see Figure 2e), while the
solar wind velocity varied between 363 and 402 km/s (see
Figure 2f), resulting in a prevailing solar wind dynamic
pressure in the range 2.0-5.6 nPa (see Figure 2g).
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3.2. ESR and VHF Radar Observations

[10] On 11 February 2004, the ESR 32 m dish was pointing
nearly toward geomagnetic north (azimuth 336°), at low
elevation (30°). The beam of the EISCAT VHF radar, oper-
ating at ~224 MHz, was also directed northward at low ele-
vation, with a geographic azimuth of 359.45° and an elevation
0f'30°. The poleward looking low-elevation beam (32 m dish)
ofthe ESR (covering the range between 76° and 85° magnetic
latitude) and the beam of the EISCAT VHF radar (between
68° and 80° magnetic latitude) are indicated by the solid black
lines in Figure 1, and allow us to monitor the plasma trans-
portation in polar ionosphere from the subauroral region to
the polar cap, in a configuration which provides something
close to a single look direction. All the radars used alternating
code measurement techniques to provide profiles of electron
density, electron and ion temperature, and ion velocity along
the line of sight.

[11] Figure 3 presents 2 min postintegrations of the ESR
observations between 1130 and 1300 UT (about 1400 to
1530 Magnetic Local Time (MLT)) on 11 February 2004.
Figure 3a presents observations of the electron density, the
electron temperature, the ion temperature, and the line-of-
sight ion velocity from the low-elevation northward directed
ESR dish. The postintegrated data are shown as a function
of magnetic latitude between 76° and 85° and the observa-
tions cover the altitude range from about 100 to 620 km.
The density measurements indicated a series of high-density
plasma regions (so-called poleward moving plasma con-
centration enhancements, PMPCEs or polar cap patches),
moving along the beam to higher latitudes. These are high-
lighted by the black solid lines and marked as numbers 1-7. In
these events, the plasma concentration (Ne) had a maximum
density of about 3 - 10"" cm™ between 79° and 84° geo-
magnetic latitude (see the first panel of Figure 3a). These
events appeared quasiperiodically with a period of about
10 min, which is consistent with the recurrence rate of less
than 10 min reported by Davies et al. [2002]. It is worth noting
that the events 4 and 5 were not real patches according to the
requirement for a factor 2 enhancement above the background
density, as defined by Crowley [1996]. The plasma gradients
between these seven enhancements appeared to be regulated
by IMF 1B, |, with the smallest gradient occurring when IMF B,
was near zero. We will discuss the effects of IMF B, variation
on the patch formation mechanism in further detail in section 4.
The electron temperature decreased in these patches, high-
lighted by the black dashed lines in the same places as those in
the above panel (see the second panel of Figure 3a). Although
the ion temperature also showed enhancements (see the third
panel of Figure 3a) and the plasma flow had clear poleward
components between 1130 UT and 1300 UT (see the fourth
panel of Figure 3a, where positive represents flow away from
the radar), there were no clear plasma flow channels associated
with the polar cap patches. This is not necessarily surprising,
however, bearing in mind that the ESR is located in the polar
cap where the convection pattern would be expected to show
the combined effect resulting from the tailward motion of a
number of separate flux tubes (FTEs) with different velocities.
With the assumption that the poleward phase motion of the
patches was roughly constant in speed [Lockwood et al.,
2001a; Pitout et al., 2002], the black straight line can be
mapped back to a magnetic latitude of about 76°, representing
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the time at which the patches would have passed the location
of the field-aligned ESR beam, shown by the black vertical
lines. Figure 3b presents the same parameters from the field-
aligned ESR dish (azimuth 181°, elevation 81.6°), as a
function of altitude between 100 to 800 km. The electron
density was high and well structured in the F region, whereas
the region below about 200 km appeared to be almost empty
(i.e., dark blue). This suggests that the high-density plasma
was simply transported through the F region with the pole-
ward plasma flow. Around the black vertical lines, the elec-
tron density showed clear enhancements, which matched well
to the events seen propagating poleward in the low-elevation
beam, while the ion temperatures were also enhanced, indi-
cating convection electric field enhancements [e.g., Pitout
et al., 2002]. The electron temperature decreased at the time
that the patches passed through the field-aligned beam,
consistent with previous observations of high electron density
and low electron temperature in the polar cap patches reported
by Lockwood et al. [2000, 2005a, 2005b] and Moen et al.
[2004].

[12] In order to investigate the source and formation
mechanism of these polar cap patches, we also checked the
low-latitude observations from the EISCAT VHF radar.
Figure 4 shows simultaneous observations of the electron
density, the electron temperature, the ion temperature, and the
line-of-sight ion velocity over the 67°-76° magnetic latitude
range, made by the VHF radar. The open-closed boundary
(OCB), shown by the black dashed line in the second panel of
Figure 4, corresponds to the high electron temperature edge
[Doeetal.,2001; Moen et al., 2004]. The OCB can be seen to
have extended progressively equatorward, as the polar cap
expanded due to magnetopause reconnection. Before about
1150 UT, the electron density appeared smooth and relatively
high between about 70°-73° magnetic latitude (at an altitude
between about 200-300 km), while the region poleward of
the OCB showed very low electron density and high electron
temperature at that time. After 1150 UT, the highest densities
were apparently pushed equatorward as the OCB extended
due to reconnection, and the electron density also began to
show clear poleward moving plasma concentration enhance-
ments (PMPCEs, see the first panel of Figure 4), highlighted
by the black solid lines, together with transitory enhancements
in the ion temperature (strong Joule heating). These suggest
that the boundary carried the high-density plasma with it and
accelerated it into the polar flow, corresponding to the
expected response of the motion of the newly opened flux
tubes (FTEs) generated by magnetopause reconnection [Davis
and Lockwood, 1996; Lockwood et al., 2000, 2001a, 2001b].

[13] The PMPCEs observed by the EISCAT VHF radar
began about 8 min later than those measured by the ESR,
either because these initial events only originated above 76°
magnetic latitude or alternatively because bursty reconnec-
tion did not take place in the afternoon sector under the pre-
vailing conditions of dominant southward IMF with a weak
positive B, component before 1150 UT. Although the ion
velocity measured by the VHF radar showed clear poleward
flows with velocities reaching about 800—1000 m/s, there
were only a few clear separated flow channels associated
with these poleward moving events. This might also be
because of the combined effect resulting from mixing the
tailward motion of several separate flux tubes (FTEs) with
different velocities. It is worth noting that the electron
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Figure 3. Plasma parameters observed by the northward directed ESR dish and the field-aligned dish on
11 February 2004: electron density (Ne), electron temperature (Te), ion temperature (Ti), and line-of-
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Figure 4. Simultaneous observations of electron density, electron temperature, ion temperature, and
line-of-sight ion velocity over the 67°~76° range made by the EISCAT VHF radar between 1130 and

1300 UT on 11 February 2004.

densities in events e and f were higher than those in events a—d.
This might be because a tongue of ionization (TOI) was
moving across the line of sight of the VHF radar along the
ionospheric convection streamlines, increasing the back-
ground electron density after 1215 UT. Detailed comparison
and analysis of the formation mechanism for these events
will be given in section 4.

3.3. CUTLASS Finland Radar Observations

[14] During the interval of interest, the CUTLASS Finland
radar was running an experimental mode on channel B
described in detail by Karhunen et al. [2006], with the
normal scan, described above, on channel A. Only data from
channel A are discussed in this paper. The backscatter
power, line-of-sight (1-0-s) Doppler velocity, and spectral
width observed by the CUTLASS Finland radar are used to
examine the poleward moving events observed by the ESR
and the VHF radar. The field of view of the CUTLASS
Finland radar is presented as a “fan” in Figure 1, with the
beam employed in this study indicated by the red dashed
lines.

[15] Figure 5 shows the backscatter power, the l-o-s
Doppler velocity and the Doppler spectral measured by the
CUTLASS Finland SuperDARN radar during the period
1130-1300 UT on 11 February 2004. In Figure 5a, the
backscatter power shows that there were 9 clear PMRAFs,
marked by the black solid bias lines and numbered by i-ix.
These PMRAFs were distributed between 75° and 81°

magnetic latitude which covered the middle part of the
look direction of the EISCAT VHF radar and the ESR (see
Figure 1). These events also appeared quasiperiodically with
a period of about 8 min, roughly consistent with the period
of the enhanced plasma densities observed by the ESR and
the EISCAT VHF radar. All of these events can be shown
to correspond to the poleward moving events observed by
the ESR or the VHF radar. We will discuss these in some
detail later in section 4. The 1-o-s velocity shows that the
ionospheric convection was consistently antisunward (see
Figure 5b) except for the ground scatter in gray, and that
there were several PIFs associated with these PMRAFs.
These observations are roughly consistent with the results
reported by Wild et al. [2001, 2003]. The high spectral width
values below about 76° suggest cusp-like features (see
Figure 5c), and provide further evidence that the EISCAT
VHF radar is unlikely to have seen poleward moving events
before 1150 UT, since the events would have been initiated
poleward of 76° magnetic latitude, even if reconnection had
been taking place at this time under conditions of dominate
southward IMF with a weak positive B), component.

4. Discussion

[16] In Figure 4, we noted that the electron density was
smooth and relatively high between about 70°-73° magnetic
latitude before about 1150 UT, suggesting that the radar was
observing cold solar EUV ionized plasma on closed field
lines [Foster, 1984; Moen et al., 2006]. This is consistent
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Figure 5. (a) Backscatter power, (b) 1-o-s Doppler velocity, and (c) Doppler spectral width measured by
the CUTLASS Finland SuperDARN radar during the period 1130-1300 UT on 11 February 2004.

with the OCB being located close to a gradient in plasma
density, with solar EUV ionized plasma on the equatorward
side, as previously reported by Lockwood and Carlson [1992]
and by Carlson et al. [2006]. Poleward of OCB before
about 1150 UT, the electron density appeared to be very low
and the electron temperature is very high, possibly sug-
gesting that there is an electron density trough, in which the
Fregion ionospheric plasma convected along the ionospheric
convection streamlines from the nightside and were heated
immediately when they traveled through the sunlit region.
[17] In order to confirm the above inferences, we have
also checked the ionospheric convection observed by the
SuperDARN radars, which have a large field of view to
monitor the plasma transportation over almost the entire
polar ionosphere. Figure 6 shows the 2 min averaged flow
maps at 1130 UT and 1200 UT for the Northern Hemi-
sphere from the CUTLASS radars (HAN and PYK), the
Stokkseyri radar (STO) and the Goose Bay radar (GBR) on
geomagnetic grids with coastlines and the terminator pro-
jected on the altitude of 100 km (downloaded from http://
superdarn.jhuapl.edu/). Grayed concentric circles indicate
lines of constant magnetic latitude in 10° increments. Noon is
located at the top of each pattern. The lagged IMF in the IMF
Y-Z plane is shown as a black line in the top right of each
panel, where the circle represents 10 nT. The field of view
of the CUTLASS radars (HAN and PYK), the Stokkseyri

radar (STO) and the Goose Bay radar (GBR) are shown as
fans. During the interval of interest, all of these radars pro-
vided good data coverage. These measurements were com-
bined using the “Map Potential” fitting technique
[Ruohoniemi and Baker, 1998] to produce maps of large-
scale ionospheric convection. The beam of CUTLASS Finland
radar employed in this study is indicated by red dashed lines.
The lines of sight of the poleward looking ESR and the
EISCAT VHEF radar are presented by solid black lines (similar
as that in Figure 1).

[18] In Figure 6a, the day-night terminator shows that
sunlight was able reach to altitudes above 100 km below
about 73°, around the line of sight of the EISCAT VHF
radar. This implies that the smooth and concentrated struc-
ture in the electron density observed by the VHF radar
between about 70°-73° (at an altitude between about 200—
300 km) before 1150 UT (see the first panel of Figure 4)
was generated by the solar EUV ionization. Above about 74°,
there were clear westward flows, reaching about 1500 m/s,
corresponding to the possible location of the electron density
trough between 74° and 79° (the region poleward of the OCB)
in the postnoon sector. The high-latitude ionospheric con-
vection pattern depends upon the solar wind—magnetosphere
coupling (i.e., pulsed magnetopause reconnections) and the
variable IMF orientation. Under conditions of southward
IMF, closed field lines are opened by reconnection near the
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Figure 6. Streamlines and vectors of the ionospheric flows at (a) 1130 and (b) 1200 UT derived from the
Northern Hemispheric SuperDARN velocity measurements shown on geomagnetic grids and a coast map
with the terminator, obtained from the “map potential” algorithm. The fields of view of the CUTLASS
radars (HAN and PYK), the Stokkseyri radar (STO), and the Goose Bay radar (GBR) are presented as
fans. The beam of the CUTLASS Finland radar employed in this study is indicated by red dashed lines.
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lines (similar to Figure 1). The direction and magnitude of the lagged IMF are indicated by the vector at

the upper right-hand corner of each map.

equatorial magnetopause, which leads to the equatorward
expansion of the convection pattern and the ionospheric flows
being dragged antisunward with poleward flux tube motions.
In Figure 6b, measured 30 min later, the convection pattern
had extended equatorward and the ionospheric flows had
turned mainly northward around the line of sight of the
EISCAT VHF radar and the ESR. These observations con-
firm the OCB extension and put into context the associated
poleward moving events observed by the ESR and the VHF
radar.

[19] In order to discuss the source and formation mecha-
nism of these poleward moving events, we compared the
observations from the poleward looking beams of the ESR,
the EISCAT VHF radar and the CUTLASS Finland radar by

extracting the first panels of Figures 3, 4, and 5, and com-
bining them together in Figure 7. Comparing Figure 7 (top
and middle), we observe that the electron densities were
much lower in the PMPCEs observed by the EISCAT VHF
radar (at low latitude) than that in the polar cap patches
measured by the ESR (at high latitude). Moreover, it seems
as if the electron densities in the PMPCEs observed by the
VHF radar are similar to the densities in the minima
between the patches measured by the ESR. This suggests the
possibility that the patches observed by the ESR were seg-
mented by the less dense poleward moving events first
observed by the EISCAT VHF radar, highlighted by the
black dashed bias and vertical lines (see the first two panels
of Figure 7). This conclusion is convincingly supported by
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the dashed lines in the top panel of Figure 7, which show
how the patches seen in the VHF data would have continued
to propagate into the polar cap, had they maintained their
meridional velocity.

[20] This would imply that some of these PMPCEs had
moved from about 70° (the lower limit of Figure 7, middle)
to 84° (the upper limit of Figure 7, top), in association with
new open flux being generated by bursts in the magnetopause
reconnection rate, and consistent with previous findings that
most of the poleward moving patches with enhanced plasma
concentration are associated such with a reconnection pulse
[Lockwood et al., 2005a, 2005b]. The average time taken by
these events to move through the entire latitude range
observed by the ESR and the VHF radar is about 33 min,
which implies that the evolution time of the new open flux is
about 33 min from subauroral region to the polar cap.

[21] The SuperDARN HF radars monitor the backscatter
from high-latitude field-aligned ionospheric plasma density
irregularities which act as tracers of the bulk plasma motion
as they move under the influence of the convection electric
field [Milan et al., 1997]. A PMRAF, corresponding to a
region of enhanced backscatter power which separates from a
preexisting backscatter power enhancement and then moves
poleward, is therefore expected to contain either more, or
higher-amplitude, irregularities than the surrounding region.
This implies that the PMRAFs observed by the CUTLASS
Finland radar might not correspond exactly to the PMPCEs
measured by the ESR and the VHF radar. Since PMRAFs are

more likely to correspond to scatter from irregularities which
form on the density gradients at the edges of PMPCEs
[Greenwald et al., 1995], it is possible that under some cir-
cumstances a PMPCE could give rise to a pair of PMRAFs, or
that two closely spaced PMPCEs could be represented as one
PMRAF in the backscatter power. However, because the
PMRAFs observed by the CUTLASS Finland radars (Figure 7,
bottom) were concentrated in the range 75°—81° magnetic
latitude, we can be certain that they are associated with the
PMPCE:s observed by the ESR and VHF radars, and therefore
with magnetopause reconnection. From Figure 7 (bottom),
we suggest that event i (and ii) might correspond to polar cap
patch 1 (and 2) (see Figure 7, top) combined with the electron
density trough discussed above. Event iii (vii and ix) seems to
correspond to patch a (d and 7), while events iv—vi appear to
correspond to patches b—d and 3-5, respectively, and event
viii to patches e and 6. It can hence be inferred that there is
close correspondence between the polar cap patches observed
by the EISCAT radars and the PMRAFs observed by the
CUTLASS Finland radar, which is consistent with earlier
results reported by McCrea et al. [2000] and Lockwood et al.
[2000].

[22] From Figure 7, it can be inferred that the polar cap
patches observed by the ESR were segmented by the pole-
ward moving events observed by the EISCAT VHF radar.
This confirms for the first time the mechanism of the patch
formation which suggested that plasma structuring could
occur due to transient reconnection in which the OCB leaps
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Figure 8. Schematic illustration of the magnetic reconnec-
tion between IMF and the Earth’s magnetic field lines on the
dayside magnetopause and of the theory of polar cap patch
formation by Lockwood et al. [2000] for the Northern
Hemisphere, during southward IMF with a negative IMF B,
component. The pulse of enhanced reconnection propagates
through the afternoon sector away from 1200 MLT (noon,
vertical line), opening the field lines: the darker shaded re-
gions are opened earlier and at the smaller MLT.

equatorward to a region of higher-density plasma, followed
by poleward relaxation of that boundary carrying with it the
high-density plasma accelerated into the polar flow [Lockwood
and Carlson, 1992; Carlson et al., 2002, 2004, 2006; Moen
et al., 2006]. This mechanism is based on the concept that
the active reconnection region expands rapidly away from
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noon during each event, as proposed by Lockwood et al.
[1993b] and Lockwood [1994], as shown in Figure 8a.
The dayside magnetopause magnetic reconnection (MR) X
lines describe as an “S” shape (partly shown in Figure 8a)
at the dayside magnetopause under a condition of IMF B, =
B, <0, which has been confirmed by the analysis of the shear
angle between the magnetospheric and magnetosheath
magnetic fields at the dayside magnetopause [Moore et al.,
2002] and by the statistical study of dayside reconnection
observed by Cluster and Double Star [Pu ef al., 2007]. The
shading of areas in Figures 8b—8e denotes the time sequence
in which different regions are reconnected, the darker regions
being reconnected earlier and closer to magnetic noon as the
reconnection pulse propagates through the afternoon sector
(see Figure 8a). Figures 8b—8e show the evolution of
newly opened field lines, corresponding to reconnection
sites 14 occurring in the afternoon sector, as they move
westward under the magnetic curvature force [Cowley et
al., 1991; Greenwald et al., 1990] before being assimi-
lated into the polar cap by poleward motion [Cowley and
Lockwood, 1992]. The black region 1, which reconnected
near noon, represents the density peak of a patch, while the
light gray region 4, originating furthest away from noon, will
represent the minimum density between patches in a sequence
[Lockwood et al., 2000, 2005a, 2005b]. In Figures 8b—8e, the
lines of sight of the ESR and the EISCAT VHF radar are
presented as solid black lines. Before 1150 UT, the bursty
reconnection might not take place in the afternoon sector
under the prevailing conditions of dominant southward IMF
with a weak positive B, component (see Figure 2b), and in any
case the EISCAT VHF radar was probably located too far
south of the cusp to observe poleward moving features;
instead observing the solar EUV ionized plasma in the region
equatorward of OCB. After that time, reconnection began in
the afternoon sector due to the IMF B, turning negative, as
illustrated in Figure 8a. The OCB expanded equatorward to a
region of higher-density plasma (sunlit ionized plasma layer,
see Figure 8b), followed by westward and poleward relaxa-
tion of that boundary, carrying with it the high-density plasma
accelerated into the polar flow (see Figures 8c—8¢) [Lockwood
and Carlson, 1992; Carlson et al., 2002, 2004, 2006; Moen
et al., 2006]. The process would eventually lead to the for-
mation of a tongue of ionization (TOI). The EISCAT VHF
radar would have been expected to observe only the lower-
density part of the patch, which came from dusk sector,
because the region observed by the radar was already located
at about 1430 MLT (see Figures 8d and 8e), while the ESR
would first have measured the higher-density part of the
patch, which came from near noon, followed by the lower-
density part (see Figure 8e). As illustrated in Figure 8, the
reconnection pulse spans a longitudinal density gradient. If
there was no such density gradient, there would be no patch
formation, and the TOI would be a homogenous stream of
plasma. A real patch, as defined by Crowley [1996], will be
formed only in the case when the reconnection pulse spans a
factor 2 in density gradient. For the sequence of poleward
moving events presented in Figure 7 (top), the smallest
plasma gradient occurred between events 4 and 5, under
conditions of IMF B, = 0 (see Figure 2b). The density var-
iations in these events were not large enough for them to be
true patches according to Crowley’s definition. The forma-
tion of these events is, however, still consistent with the
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Lockwood et al. [2005b] explanation of polar cap patch
formation, as long as one assumes that the longitudinal
extent of reconnection pulses 4 and 5 did not span a factor 2
density gradient. It should be stressed that this patch pro-
duction mechanism does not require, but will also work for,
IMF B, polarity changes. The exact relationship between IMF
variability and patch formation is obviously case dependent,
as it simply depends on the plasma density gradient within the
region of newly opened flux. An alternative way of expres-
sing this is to say that the geometry of the reconnection site,
controlled by IMF B,, dictates the orientation of the OCB
and the direction in which it will expand equatorward into
regions of denser solar-produced ionization.

5. Conclusion

[23] We have presented a number of poleward moving
events observed by the ESR, the VHF radar and the CUTLASS
Finland radar between 1130 and 1300 UT on 11 February
2004, when the IMF was directed southward. These events
appeared quasiperiodically with a period of about 10 min.
Comparing the observations from these three radars, we
inferred that there is close correspondence between the
PMPECEs observed by the ESR and the EISCAT VHF radar,
and the PMRAFs measured by the CUTLASS Finland radar.
Our analysis indicates that the poleward moving events were
generated by sunlit photoionization and convected into the
polar cap when their field lines were opened by bursts of
reconnection. Under this mechanism, true polar cap patches
are formed only in the case when reconnection pulses span a
factor 2 density gradient. Patch formation will therefore
depend on the location as well as the MLT span of the X line
relative to the high-density plasma source region bordering
on the open-closed boundary, waiting to be grabbed by the
next reconnection pulse. The observations provide the first
evidence that patch formation may be very sensitive to IMF
IB,l. The durations of these events imply that the average
evolution time of the newly open flux tube is about 33 min
from the subauroral region to the polar cap.
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