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[1] Recent studies have statistically shown that the magnetic reconnection site at

substorm expansion onset is located in the magnetotail at X  20 RE on average. For
a substorm event that occurred at 0153 UT on 2 July 1996, however, Geotail
observed a series of tailward but slow flows with southward magnetic fields fairly
close to the Earth at (X, Y)  ( 7, 9) RE. The flows had enhancements of the total
pressure and the total magnetic field as well as bidirectional field-aligned low-energy
electrons in their central part. We interpret these as signatures for tailward moving
small plasmoids with scales of 0.5–3 RE. Considering that GOES-8 observed a
dipolarization at (X, Y)  ( 4, 5) RE after the expansion onset, we estimate that the
magnetic reconnection occurred between the Geotail and GOES-8 positions. UVI
auroral images from Polar and ground magnetic field data show that this substorm,
initiated at 20 hours MLT and 64° magnetic latitude, was not very intense, and the
period examined was not during an intense storm. The southward interplanetary
magnetic field (IMF) was not very large, while the large duskward IMF persisted for
more than 12 hours before the onset as well as the somewhat large solar wind
dynamic pressure. It seems likely that the global ionospheric convection was not very
strong. Locally enhanced convection and auroral oval expansion due to the large IMF
By and the solar wind dynamic pressure might lead to the initiation of the magnetic
reconnection much closer to the Earth than usual.
Citation: Miyashita, Y., et al. (2005), Plasmoids observed in the near-Earth magnetotail at X 
A12214, doi:10.1029/2005JA011263.

1. Introduction
[2] Magnetic reconnection [e.g., Baker et al., 1996] as
well as dipolarization or current disruption [e.g., Lui, 1996]
in the near-Earth magnetotail plays a crucial role in triggering substorm expansion onsets. It was shown that the
magnetic reconnection site, i.e., ‘‘near-Earth neutral line
(NENL),’’ at substorm expansion onset is located, on
average, at X  20 RE or 20 > X > 30 RE [e.g.,
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Baumjohann et al., 1989, 1999; Nagai et al., 1998;
Machida et al., 1999; Miyashita et al., 2000, 2003]. The
location in individual cases, however, depends on the substorm intensity: it tends to be located closer to the Earth in
more intense substorms [Miyashita et al., 2004]. The
magnetic reconnection site retreats tailward in the late
expansion or recovery phase of the substorm [Forbes
et al., 1981; Angelopoulos et al., 1996], as predicted by
the near-Earth neutral line model [Hones, 1976]. Hence the
magnetic reconnection and resultant plasmoid can be
observed more frequently at larger distances down the tail
[Ieda et al., 1998; Ueno et al., 1999]. In rare cases the
magnetic reconnection can occur at X  13 RE [Baker
et al., 1996]. Recently, Miyashita et al. [2005] also reported
that the magnetic reconnection occurred earthward of X 
8.6 RE, associated with very intense substorms during the
30 October 2003 superstorm.
[3] Plasmoids generated by the magnetic reconnection
evolve as they move tailward. Their typical X-directional
length and duration are, respectively, 4 RE and 1 min at
X  30 RE and 10 RE and 2 min in the middle and
distant tail [Ieda et al., 1998]. Plasmoids are, however,
smaller in X size and shorter in duration in the near-Earth
tail. Slavin et al. [2003, 2005] examined flux ropes at 10 >
X > 30 RE and traveling compression regions (TCRs) at
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Figure 1. Selected auroral images from Polar UVI from 0150 to 0211 UT on 2 July 1996, showing the
substorm expansion onset at 0153:42 UT ±18 s (labeled 0153:42 UT) and the intensification at 0159:50
UT ±18 s (labeled 0159:50 UT). The magnetic midnight and dusk are plotted to the bottom and left,
respectively. The contours of AACGM magnetic latitudes are drawn from 90° with a decrement of 10°.
The time indicated at the top of each panel is the center of data integration period in universal time.
11 > X > 19 RE, which were related to plasmoids and
moved tailward and earthward. They found that the typical
size and duration are 1 – 4 RE and 30 s, respectively.
Ieda et al. [2001] also reported small plasmoids in the nearEarth tail, which were closely correlated with auroral
brightenings.
[4] The purpose of the present paper is to demonstrate
that the magnetic reconnection (‘‘NENL’’ formation) can
occur even earthward of X  7 RE. In a substorm event
that occurred at 0153 UT on 2 July 1996, the Geotail
spacecraft observed several tailward flows with southward
magnetic fields at X  7 RE, which we interpret as small
plasmoids, suggesting that the magnetic reconnection occurred earthward of this location. It is much closer to the
Earth than the average location and than even locations for
superstorms. This substorm was not very intense, and the
period examined was not during an intense storm. Geotail

was located in the close vicinity of the magnetic field lines
mapped to the auroral onset region [Frank et al., 2001]. In
the present paper, we examine this substorm event in closer
detail and discuss the associated plasmoids.

2. Observations
2.1. Aurora and Geomagnetic Field
[5] Figure 1 shows selected auroral images from the Polar
ultraviolet imager (UVI) [Torr et al., 1995] in the altitudeadjusted corrected geomagnetic (AACGM) coordinates
[Baker and Wing, 1989]. The auroral breakup or the substorm expansion was initiated at 20 hours MLT and
64° magnetic latitude at 0153:42 UT ±18 s (labeled
0153:42 UT), although at higher latitudes, an enhanced
auroral arc extended from 19 hours MLT and 68° to
22 hours MLT and 64°, persisting from 2140 UT of
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Figure 2. Mean photon fluxes in photons cm 2 s 1 from
the LBH-short (solid line) and LBH-long (dashed line)
filters in a region of 62– 65° magnetic latitude and 19.5 –
20.5 hours MLT from 0140 to 0210 UT.
the previous day. The onset time is also determined from
Figure 2, which shows mean photon fluxes from the LBHshort and LBH-long filters around the onset region, i.e., in a
region of 62– 65° magnetic latitude and 19.5– 20.5 hours
MLT. The mean photon fluxes started to increase at
0153 UT. The onset latitude of this substorm was a few
degrees lower than typical latitudes of 66° [e.g., Craven
and Frank, 1991; Liou et al., 2001].
[6] The auroral bulge then expanded in the poleward and
azimuthal directions, but the poleward expansion was not
very significant immediately after the onset. The auroral
bulge started to develop further at 0159:50 UT ±18 s
(labeled 0159:50 UT) at 20– 21 hours MLT and 65°. Such
stepwise development of the auroral bulge is not uncommon
in some substorms [e.g., Kadokura et al., 2002]. The auroral
bulge subsided after 0208 UT. It extended from 18 to
0 hours MLT and from 61° to 68° at the maximum
stage. Note that the equatorward auroral boundary shifted to
the very low latitude of 61°.
[7] We also examined the corresponding geomagnetic
field data to confirm the substorm onset signatures.
Figure 3a shows the north-south magnetic field at selected
high-latitude ground stations from 0050 to 0250 UT on
2 July 1996. The time resolution is 1 min for Poste-de-laBaleine (PBQ) and Narsarsuaq (NAQ) and 5 s for the
CANOPUS stations [Rostoker et al., 1995]. These stations
were located in the vicinity of the region of the substorm
auroral activity examined in the present study. Clear
negative perturbations associated with the westward auroral
electrojet were observed at 0151 UT at Gillam (GILL)
and PBQ at 19 and 20.5 hours MLT and 66°,
reaching maximum magnitudes of 160 nT and 240 nT,
respectively.
[8] Figure 3b shows the north-south magnetic field
obtained with 1 min resolution at low- and middle-latitude
ground stations. Positive bays started at stations at 20–
21 hours MLT at 0153 UT, simultaneously with the auroral
onset, but they did not grow very much immediately after
the onset. They grew larger at most of the stations only after
0157 UT, reaching a maximum value of 20 nT at St. Johns
(STJ). Note that the enhancements of the northward geomagnetic field at 0134 UT were due to the small enhance-
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ment of the solar wind dynamic pressure at this time.
Figure 3c shows Pi2 pulsations at a low-latitude station,
Hermanus (HER). Onset times of the Pi2 pulsations are
identified as 0146 and 0152 UT. The latter probably
corresponds to the auroral onset at 0153 UT. These geomagnetic signatures for the substorm onset and intensification are consistent with the auroral signatures. According to
the auroral and geomagnetic observations, the substorm
examined here was not very intense, although the onset
latitude was a few degrees lower than the typical latitudes.
[9] The second panel from the bottom in Figure 4 shows
the 1 min resolution SYM-H index, which is equivalent to
the Dst index. The SYM-H index is seen to decrease to
 30 nT around the substorm expansion onset, indicating
that the substorm examined here did not occur during an
intense storm.
2.2. Solar Wind
[10] Figure 4 shows the 80– 90 s resolution solar wind
parameters and the 1 min resolution interplanetary magnetic field (IMF) obtained from the Wind solar wind
experiment (SWE) and magnetic fields investigation
(MFI), respectively. The data are shifted by a propagation
time from the Wind position of GSM X  211 RE to the
dayside magnetopause, roughly estimated to be 62 min.
The solar wind number density remained large, 20 cm 3,
leading to a somewhat enhanced dynamic pressure of
4 –5 nPa, after their jumps at 1320 UT on 1 July
1996. The IMF also jumped at 1400 UT on 1 July
1996, resulting primarily from the enhancement of the
duskward component. The southward IMF was not very
large,  5 nT and  10 nT at most, before the substorm expansion onset, while the duskward component
was consistently large, 10 nT. The IMF was directed
nearly duskward, and there were no particular changes of
the solar wind and the IMF at the substorm expansion
onset, although there were small fluctuations.
2.3. Near-Earth Magnetotail
[11] We describe the Geotail observations in detail in this
subsection. Figure 5 shows the locations of Geotail and
GOES-8 in the GSM X-Y plane during the period of 0050–
0250 UT on 2 July 1996. Geotail was located in the
premidnight sector of the near-Earth magnetotail at (X, Y)
 ( 7, 9) RE (R  12 RE). According to the geomagnetic
field models T89 (T96) by Tsyganenko [1989, 1995], the
footprint of Geotail at the substorm onset was at 67.2°
(67.2°) AACGM latitude and 20.3 (19.9) hours MLT, 3°
poleward of the auroral onset region. Here the input
parameters used for the models were hourly values of the
solar wind dynamic pressure of 3.47 nPa, the IMF By of
11.6 nT, and the IMF Bz of 3.4 nT, the Dst index of
19 nT, and the Kp index of 3 .
[12] Figure 6 shows the ion moments and the magnetic
field obtained from the low-energy particle experiment
(LEP) [Mukai et al., 1994] and the magnetic field experiment (MGF) [Kokubun et al., 1994] on board Geotail with
12 and 3 s resolution, respectively, during the 2 hour period
of 0050 – 0250 UT on 2 July 1996 in GSM coordinates.
Geotail was in the northern plasma sheet throughout the
period, except for the equatorial crossings during 0152–
0156 UT and the movement away from the central plasma
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Figure 3. Locations of ground stations (a) at high latitudes, including selected CANOPUS stations
(four-letter code), and (b) at low and middle latitudes, their north-south component of the geomagnetic
field, and (c) the H component of Pi2 pulsations (40 – 150 s period) at Hermanus (HER) from 0050 to
0250 UT on 2 July 1996. The locations at the substorm expansion onset at 0153 UT are shown. The
vertical lines indicate the substorm expansion onset determined from the Polar UVI data.
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Figure 4. The solar wind parameters (the proton number density, the three components of the velocity,
and the ion dynamic pressure), the interplanetary magnetic field (the three components, the total field, and
the polar angle), and the epsilon parameter obtained by Wind in GSM coordinates, and the SYM-H and
PC North indices from 0800 UT on 1 July 1996 to 0800 UT on 2 July 1996. The polar angle of the
magnetic field 0°, 90°, and 180° correspond to the northward, dawn-dusk, and southward directions,
respectively. The Wind data are shifted according to a propagation time from the Wind position to the
dayside magnetopause, 62 min. The vertical line indicates the substorm expansion onset determined
from the Polar UVI data.
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Figure 5. Locations of Geotail (GT) and GOES-8 (G8) in
the GSM X-Y plane during the period from 0050 to 0250 UT
on 2 July 1996.
sheet during 0203– 0206 UT. The total pressure, which is
the sum of the ion and magnetic pressures, started to
increase at 0100 UT and then decreased 1 min before
the substorm expansion onset. Several southward excursions of Bz were observed just before and after the onset.
Then the dipolarization occurred at 0210 UT.
[13] Figure 7 shows expanded Geotail data for 0145 –
0205 UT. The northward Bz decreased from 0142 UT and
became very small, 0 –2 nT, even in the central plasma
sheet just before the onset. The Geotail location of X 
7 RE is usually near the inner edge of the tail or the
transition region between the dipole-like and tail-like fields;
the ambient magnetic field is dominated by the dipole field.
The very small Bz value in the present event, however,
indicates that the magnetic field was much more stretched
than usual. Just before and after the onset, a series of norththen-south bipolar Bz and southward Bz were observed:
(1) 0151:50 –0153:05 UT, (2) 0153:05 – 0154:20 UT,
(3) 0154:20 –0155:20 UT, (4) 0157:40 – 0200:10 UT,
and (5) 0200:20 – 0201:10 UT. Their durations were very
short, 1 – 2 min. The first two southward Bz had clear prior
enhancement of the northward Bz. According to the ion data
and Bx, 1– 3 were observed in the central plasma sheet,
while 4 – 5 were observed away from the central plasma
sheet. The duskward By was very large during 1– 3, possibly
due to earthward field-aligned currents which existed northward of Geotail. The plasma flow Vx was very stagnant for
1; it was tailward and perpendicular to the magnetic field
but very slow, 50– 100 km/s, for 2 and 3, while it was
tailward, parallel to the magnetic field, and faster, 100 –
400 km/s, for 4 and 5. The last flow was observed near the
auroral intensification at 0159 UT. All of 1 – 5 were accompanied by the enhancement of the perpendicular plasma
flows toward the lobe. The total pressure and the total
magnetic field enhanced near the southward turning of Bz,
except for 2. As will be discussed later, these can be
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interpreted as signatures for plasmoids [cf., Ieda et al.,
1998], although they moved tailward very slowly. Their
X-directional sizes were estimated to be 0.5– 3 RE, based
on their durations and flow speeds. The sizes were small
and the durations were short compared to typical values in
the middle and distant tail. These values obtained here are,
however, comparable to typical values in the near-Earth tail
[Slavin et al., 2003, 2005]. (We checked the magnetic field
data in SM coordinates to confirm that we can reach the
same conclusions, since Geotail was located in the nearEarth region. The Bz component was still clearly negative
for 1 – 3. It became very small (nearly zero), however, for
4 – 5, so that 4 – 5 may possibly be different from
plasmoids.)
[14] Figure 8 shows the energy-time spectrograms of
electrons and ions obtained from the Geotail LEP energy
analyzer for the same period as Figure 7. The upper part
of the ion energy range was beyond the instrumental limit
of 40 keV/q during most of the period, which can result
in an underestimate of the ion moments. A remarkable
feature in the spectrograms is dawnward and duskward
electrons with low energies of <1 keV, observed near
the central parts of the plasmoids for 1 –4. An example of
the distribution function for these low-energy bidirectional
electrons is shown in Figure 9. The distribution function
is two-dimensional, since there are unfortunately no threedimensional distribution functions available for the period
examined here. In addition to the isotropic component,
highly collimated low-energy electrons were seen in the
dawn-dusk direction or along the line between sectors 2 –
3 and 10– 11. This direction was parallel to the magnetic
field. Frank et al. [1994] as well as Mukai et al. [1996]
reported the existence of such bidirectional field-aligned
low-energy electrons in the vicinity of the central part of
plasmoids. Taking into account the Geotail position, the
strong duskward magnetic field, and the report that such
electrons are also observed in the tail flanks [Fujimoto
et al., 1998], we infer that they originated from the
magnetosheath.
[15] Figure 10 shows ion differential fluxes obtained from
the ion composition subsystem of the Geotail energetic
particles and ion composition instrument (EPIC-ICS)
[Williams et al., 1994] during 0145 – 0205 UT. Shown are
energy-time spectrograms of ions with the energy range of
61.5– 3005.4 keV (channels E3– E16) with 6, 48, or 96 s
resolution, and azimuthal angular spectrograms and ratios
between earthward and tailward fluxes and between duskward and dawnward fluxes for E3 (61.5 –73.7 keV) and E5
(89.3– 110.2 keV) channels with 6 and 48 s resolutions,
respectively. It is seen that tailward fluxes were larger than
earthward fluxes during the plasmoid observations and that
duskward fluxes were larger than dawnward fluxes, as
clearly shown by the flux ratios.
2.4. Geosynchronous Orbit
[16] The GOES-8 geosynchronous satellite was located in
the premidnight sector at (X, Y)  ( 4, 5) RE, nearly
radially aligned with Geotail: see Figure 5. The footprint
of GOES-8 was at 65.1° (64.1°) AACGM latitude and 20.8
(20.9) hours MLT, 1 hour eastward of the auroral onset
region, according to the T89 (T96) model. Figure 11 shows
magnetic field data obtained by GOES-8 with 0.512 s
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Figure 6. The ion number density, the ion temperature, the three components of the ion velocity (thick
lines) and the ion velocity perpendicular to the magnetic field (thin lines), the three components of the
magnetic field, the total magnetic field, the total (thick line) and ion (thin line) pressures, and the ion beta
obtained by Geotail from 0050 to 0250 UT on 2 July 1996 in GSM coordinates. The vertical line
indicates the substorm expansion onset determined from the Polar UVI data.
resolution. A clear dipolarization occurred at 0156 UT, 2 –
3 min after the substorm onset, as indicated by an increase
in the northward component and a decrease in the earthward
component. The time delay is probably due to the eastward
expansion of the auroral bulge to the GOES-8 position.
Taking into account the increase in the westward component
and the eastward expansion of the auroral bulge, it is most
likely that GOES-8 was located earthward of the fieldaligned current toward the ionosphere. Other dipolarizations

occurred at 0202 and 0205 UT as well, corresponding to the
auroral intensifications.
2.5. Ionospheric Convection
[17] We also examined ionospheric convection for this
substorm event, using satellite and ground-based data.
Figure 12 shows plasma bulk flows obtained from the
Special Sensors-Ions, Electrons, and Scintillation (SSIES)
on board the DMSP F12 and F13 satellites at an altitude of
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Figure 7. The ion moments and the magnetic field obtained by Geotail from 0145 to 0205 UT on 2 July
1996 in the same format as Figure 6. The vertical dashed lines indicate the start times of plasmoids.

840 km in the northern hemisphere about 1 hour before
the substorm onset, 0040 –0120 UT. While the flow speed
was generally usual to somewhat strong, 500– 1000 m/s,
the westward flows were stronger near the onset region at
60°– 70° and 22 hours MLT, 1500 m/s. The convection pattern is consistent with the convection model for the
northern summer during IMF Bz < 0 and By > 0, i.e., the
dusk cell became more dominant [Papitashvili and Rich,
2002].
[18] Super Dual Auroral Radar Network (SuperDARN)
[Greenwald et al., 1995] data near the auroral onset region
were not available, but it is seen from Figure 13 that

westward flows enhanced at 70° in the midnight sector
during 0158– 0204 UT. During this enhancement, the midnight part of the auroral oval further expanded equatorward,
reaching 61°, and the auroral intensification occurred at
20– 23 hours MLT, as shown in Figure 1.

3. Discussion
[19] For the 0153 UT substorm event on 2 July 1996,
Geotail observed a series of tailward but slow flows with
north-then-south magnetic fields fairly close to the Earth at
(X, Y)  ( 7, 9) RE. Their X-directional sizes were
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Figure 8. Energy-time spectrograms of (upper panels) electrons and (lower panels) ions obtained from
the Geotail LEP energy analyzer from 0145 to 0205 UT on 2 July 1996. The vertical lines indicate the
start times of plasmoids.
estimated to be 0.5 –3 RE, based on their durations and
flow speeds. Possible scenarios for these observations are
schematically illustrated in Figure 14: A multiple reconnection site, which is aligned in the X direction, is formed to
produce a series of tailward moving small plasmoids [Finn
and Kaw, 1977; Hoshino et al., 1994; Slavin et al., 2003,
2005], or the magnetic reconnection successively occurs in
various places, resulting in successive plasmoids [Rastätter
and Hesse, 1999]. These plasmoids may then coalesce into
larger plasmoids (Figure 14a). A single reconnection site is
formed to produce a plasmoid and subsequent postplasmoid
plasma sheet. Variable reconnection rates generate wavy

structures in the north-south magnetic field [Mukai et al.,
1998] (Figure 14b). Some types of waves, such as kinkmode and sausage-mode waves, generate a series of northsouth magnetic field variations [Lee et al., 1988]
(Figure 14c).
[20] Each of the observed structures was accompanied by
an enhancement of the total pressure and the total magnetic
field as well as the bidirectional field-aligned low-energy
electrons in its central part. These features can often be seen
near the central part of plasmoids [Frank et al., 1994; Mukai
et al., 1996; Ieda et al., 1998]. As pointed out by Slavin
et al. [1989] and Ieda et al. [1998], enhancements of the
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Figure 9. (left) Two-dimensional electron distribution function obtained from the Geotail LEP energy
analyzer in a 12 s interval of 0154:28 – 0154:40 UT on 2 July 1996. (right) One-dimensional cuts of the
electron distribution function for different sectors. The green and red lines indicate the distribution
function for sectors 2 and 10, respectively.
total pressure and the total magnetic field cannot be seen in
waves. Therefore we interpret the observed signatures as
successive tailward moving small plasmoids, although they
were much slower than usual plasmoids, i.e., quasi-stagnant
plasmoids [Nishida et al., 1986; Kawano et al., 1996].

Slowly moving plasmoids at less than 200 km/s are sometimes observed in the near-Earth tail; see the examples of
Slavin et al. [2003, 2005].
[21] Although the first plasmoid had an enhancement of
By and Bt near its center, the latter four plasmoids were not

Figure 10. Ion differential fluxes obtained from the Geotail EPIC-ICS sensor from 0145 to 0205 UT on
2 July 1996 in cm 2 s 1 sr 1 keV 1. Shown are energy-time spectrograms of ions with the energy range
of 61.5– 3005.4 keV (channels E3– E16) with 6, 48, or 96 s resolution, and azimuthal angular
spectrograms and ratios between earthward and tailward fluxes and between duskward and dawnward
fluxes for E3 (61.5– 73.7 keV) and E5 (89.3– 110.2 keV) channels with 6 and 48 s resolutions,
respectively. T, Du, E, and Da of the azimuthal angular spectrograms and the panels of flux ratios denote
tailward, duskward, earthward, and dawnward, respectively. The vertical dashed lines indicate the start
times of plasmoids.
10 of 14
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Figure 11. The earthward (He), eastward (Hn, normal to Hp and He), and northward (Hp, perpendicular
to the satellite orbit plane, or parallel to the Earth’s rotation axis for a zero degree inclination orbit)
components of the magnetic field and the total magnetic field (Ht) obtained by GOES-8 at
geosynchronous orbit from 0050 to 0250 UT on 2 July 1996.
accompanied by significant By enhancements. It is possible
that the clear core By field of the plasmoids did not develop
very much soon after their formation [Hesse et al., 1996a].
The last two plasmoids were observed away from the
central plasma sheet so that the enhancement of Bx and Bt
may be associated with the compression due to the central
part of the plasmoids.
[22] The magnetic reconnection site (‘‘NENL’’) at substorm expansion onset is located, on average, at X 
20 RE, but the magnetic reconnection site tends to be located
closer to the Earth in more intense substorms [Miyashita et al.,
2004]. The magnetic reconnection is expected to occur very
much close to the Earth, associated with a very intense
substorm. However, considering that GOES-8 observed the
dipolarization at (X, Y)  ( 4, 5) RE after the onset, the
magnetic reconnection must have occurred in 4 > X > 7 RE
for the 2 July 1996 substorm. This location is much closer to
the Earth than usual, although the intensity of this substorm
was moderate. Our interpretation is different from that of
Frank et al. [2001], who examined the same substorm event
that we examined in the present paper and suggested that a
series of bursts of the southward Bz discussed in the present
paper was produced by magnetic reconnection, but it was not
related to the ‘‘NENL.’’
[23] The tailward flows with the southward Bz were
observed until 0207 UT. Then the flows turned earthward,
and the northward Bz increased at 0210 UT, in conjunction
with the dipolarization. These observations suggest that the
magnetic reconnection site remained earthward of Geotail
until 0207 UT and then retreated tailward. Also, while the
first four plasmoids were very stagnant, the last plasmoid
was fast, which was observed near the auroral intensification at 0159 UT. It is possible that the last plasmoid swept
away the former plasmoids along down the tail.

[24] Plasmoids almost always correspond to auroral
breakups including pseudobreakups [Ieda et al., 2001]. It
seems, however, that for the 2 July 1996 substorm, only the
plasmoids at 0152 and 0200 UT correspond to the auroral
breakup and intensification, respectively, whereas the other

Figure 12. Plasma bulk flows obtained from DMSP F12
and F13 SSIES at an altitude of 840 km in the northern
hemisphere about 1 hour before the substorm onset,
0040– 0120 UT. F12 and F13 are in 2200 – 1030 local
time and dusk-dawn orientations, respectively.
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Figure 13. Nightside ionospheric line-of-sight velocities measured by SuperDARN radars at Saskatoon,
Kapuskasing, Goose Bay, Stokkseyri, Pikkvibaer, and Hankasalmi in the northern hemisphere for 2-min
intervals from 0148 to 0206 UT. The magnetic midnight and dusk are plotted to the bottom and left,
respectively. The contours of magnetic latitudes are drawn from 90° with a decrement of 10°.
plasmoids were not accompanied by any clear auroral
signatures. It is possible that only the dominant magnetic
reconnection affects the dipolarization and the field-aligned
currents earthward of the magnetic reconnection sites, even
if the magnetic reconnection occurs in more than one region
[Rastätter and Hesse, 1999].
[25] It is known that the convection plays an important
role in the formation of the thin current sheet in the
magnetotail [Pritchett and Coroniti, 1994; Cai et al.,
1995; Hesse et al., 1996b; Tanaka, 2000]. Pritchett and
Coroniti [2001] showed that a localized convection results
in a localized thin current sheet and thus magnetic reconnection. Kan and Sun [1996] proposed that a localized
strong convection is required for the substorm expansion
phase to take place in addition to the global convection. It is
reported that the ionospheric flow speed enhances near the
auroral breakup region around substorm expansion onset
[Lester, 2000; Bristow et al., 2001; Liang et al., 2004;
Provan et al., 2004]. For the 2 July 1996 substorm, the polar
cap magnetic activity index (PC north) [Troshichev et al.,
1988] started to decrease just before the onset, from 1.4 at
0148 UT to 0.6 at 0212 UT, as shown in the bottom
panel of Figure 4. These values correspond to cross polar
cap potentials of 36 and 20 kV and polar cap diameters of
31° and 27°, respectively [Troshichev et al., 1996]. These
cross polar cap potentials were not very large, indicating
that the global ionospheric convection was not very strong
around the onset. The DMSP SSIES and SuperDARN data,
however, show that the ionospheric convection was locally
enhanced near the onset region, although the enhancement
was observed about 1 hour before the onset and 5 min

after the onset, respectively. As shown by the Polar UVI
observations, the latitude of the auroral oval was 10°
lower than what was estimated from the PC index. Hence
we surmise that the convection was highly enhanced locally
near the onset region, leading to the formation of the thin
current sheet and the magnetic reconnection and producing
the plasmoids much closer to the Earth than usual.
[26] The locally enhanced convection in the dusk sector
might be caused by the effect of the large IMF By [cf.,

Figure 14. Two-dimensional schematics of possible
scenarios for a series of tailward flows with north-thensouth magnetic fields observed by Geotail.
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Kozlovsky et al., 2003]. In fact, the Wind data show that
before the onset of the 2 July 1996 substorm, the large
duskward IMF By lasted for more than 12 hours, while the
southward IMF Bz was not very large. It is also plausible
that the somewhat large solar wind dynamic pressure may
cause the expansion of the auroral oval [Kabin et al., 2004],
leading to the substorm onset at lower latitudes [Gérard
et al., 2004].
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