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Plasmoid ejection and auroral brightenings

A. Teda,! D. H. Fairfield,! T. Mukai,2 Y. Saito,? S. Kokubun,?* K. Liou,*
C.-I. Meng,* G. K. Parks,®> and M. J. Brittnacher®

Abstract. Geotail plasma and magnetic field observations of 24 plasmoids between
21 and 29 Rp have been compared with Pclar ultraviolet observations of auroral
brightenings. Both single and multiple plasmoids almost always corresponded
to brightenings, but the brightenings were sometimes weak and spatially limited
and did not always grow to a global substorm. Even a case where a plasmoid
event occurred with fast postplasmoid flow corresponded to a weak brightening
but no substorm. Some brightenings did not correspond to plasmoids, but these
brightenings were observed away from the longitude of Geotail, indicating that
plasmoids have a small longitudinal extent in the near tail. The plasmoids were
occasionally observed before the brightenings but more frequently were observed
0-2 min after the brightenings, with the delays probably due to the transit time to
the observation point. It seems likely that formation of a near-Earth neutral line
causes each brightening in the polar ionosphere, but these formations do not always
lead to a full-fledged substorm. What additional circumstance causes development

of a full, large-scale substorm remains an open question.

1. Introduction

Magnetotail plasmoids are spatially limited regions of
tailward traveling hot plasmas containing helical mag-
netic field lines. The helical field lines and tailward
motion are thought to be a direct consequence of mag-
netic reconnection. Plasmoids were observed about 10-
30 min after the substorm onsets at distances ~60-230
Rg from the Earth, with typical tailward velocities of
~600 km/s [e.g., Moldwin and Hughes, 1993; Slavin et
al., 1993; Nagai et al., 1994]. This observation suggests
that reconnection occurs a few tens of Earth radii down
the tail near the time of the onsets. Therefore there is
a close association between reconnection and substorm
onsets.

A critical question is whether reconnection is the trig-
gering mechanism or a consequence of substorms. One
way to answer this question is to determine whether
reconnection occurs before or after the onsets. Such a
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detailed analysis cannot be done with distant tail plas
moids, because an assumption of constant velocity c
each plasmoid is necessary to predict the ejection time
In reality, the velocity varies as a plasmoid travels dow:
the tail [leda et al., 1998], and this greatly affects th
estimated ejection time of distant tail plasmoids. It i
preferable to study plasmoids in the near tail that ar
observed relatively soon after their ejection.

Earthward flows are also thought to accompany re
connection events and relate to substorm processe
earthward of the reconnection point [e.g., Birn an
Hesse, 1996; Shiokawa et al., 1997; Fairfield et al., 199¢
1999]. Attempts to determine the time sequence of sut
storm onset in the near tail have recently been put
lished. Nagai et al. [1998] statistically found earthwar
flow earthward of 20-30 Rg and tailward flow beyon
this region near the time of onsets. They also foun
some earthward flows a few minutes before the onse
an observation that supports reconnection as the tri
gering mechanism for substorms. Similar results we
obtained by Machida et al. [1999] and Miyashita et ¢
[1999]. On the other hand, Lui et al. [1998a] statistical
found no such global flow pattern and in fact conclude
that fast flows were rarely observed around the onse
They also suggested that the preceding fast flows th:
Nagai et al. [1998] found may be a consequence of pr
vious substorm activity. The above controversy mig]
stem from different selection criteria in their identific
tion of reconnection-associated flows.

The goal of this study is to clarify the tempor
and spatial relationship between plasmoids and aur
ral brightenings and then to apply the results to tl
association between reconnection and substorms. V
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will first identify plasmoids in the tail as an indicator
of reconnection. We will then compare them with au-
roral brightenings recorded by global ultraviolet images
observed by the Polar spacecraft. Using global images,
it is possible to determine the spatial association be-
tween plasmoids and brightenings. The global images
also yield the timings of brightenings with no depen-
dence on the time of day. Local time dependence is
sometimes a problem when ground magnetic field data
are used [Liou et al., 1999]. Also, the only substorm on-
set indicators which can be observed promptly without
significant propagation delays are auroral images and
auroral kilometric radiation. Time delays associated
with the drift of energetic particles to a geosynchronous
spacecraft or the latitudinal movement of ionospheric
electrojets until they pass over a ground stations can
be some minutes [e.g., see Slavin et al., 1992, 1993].

Auroral brightenings are often classified into local-
ized “pseudobreakups” and global “substorms.” Pseu-
dobreakups seem to result from essentially the same
physical process as a substorm expansion onset, but
what causes the difference is unclear [Pulkkinen et al.,
1998; Rostoker, 1998]. In this study we will adopt the
traditional definition of auroral substorm originally pro-
posed by Akasofu [1964] that includes a poleward ex-
pansion of brightenings.

2. Data Set
2.1. Geotail and Polar

This study is based on simultaneous observations by
the Geotail and Polar spacecraft. Geotail was launched
on July 24, 1992. Polar was launched on February 24,
1996, after Geotail had finished its deep tail investiga-
tion and was continuing a near-tail study between 10
and 30 RE.

The low energy particle (LEP) instrument on board
Geotail measures three-dimensional plasma [Mukai et
al., 1994]. In this study we used 12-s (four-spin period)
averages of velocity moments of ions from 32 eV/q to
39 keV/q. We calculated ion velocity moments on the
assumption that all ion species are protons. We also
used 3-s averages of the magnetic field data obtained
by the magnetic field (MGF) experiment, which was
described in detail by Kokubun et al. [1994].

The Polar ultraviolet imager (UVI) provides global
imaging of the aurora borealis with a frame rate of
~36's [Torr et al., 1995]. A series of UVI images usually
consists of two long (~1700 A) Lyman-Birge-Hopfield
(LBH) images (LBHL) and two short (~1500 A) LBH
images (LBHS). The integration times of the first and
second of the two images are 18 and 36 s, respec-
tively, for both long and short wavelengths. We first
used LBHL data in determining auroral brightenings
and subsequently referred to LBHS data when they
could provide further information. UVI images will be
shown in the altitude adjusted corrected geomagnetic
(AACGM) coordinates [Baker and Wing, 1989)].
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2.2. Event Selection

To identify plasmoids, we have first visually scanned
the data plots for candidate events and then used the
criteria of Ileda et al. [1998]: (1) A total pressure en-
hancement in excess of 10% of the baseline value was
required. (2) Only tailward moving plasmoids with a
maximum tailward speed faster than 200 km/s were se-
lected. (3) The existence of a B. bipolar signature,
with a peak to peak amplitude greater than 2 nT, was
required. (4) A maximum ion density less than 1 cm—3
and a minimum ion temperature greater than 0.2 keV
were required to guarantee the region as being inside
the plasma-sheet-like region. (5) Short excursions of
Geotail from the tail lobe into plasmoids were excluded
by requiring Bi z max > 1, where §; ; max is the maxi-
mum of the ratio of the ion thermal pressure to the X
component of the magnetic pressure.

In the identification of plasmoids, we classified the
plasmoids into clear and less clear events by visual in-
spection. The B. bipolar signature was primarily used
in the classification. We first selected 24 clear plas-
moids out of 115 plasmoids from December 1996 to
March 1997, 12 of which had simultaneous UVI data.
Three of the 12 events were single plasmoid events. The
rest were grouped into six multiple plasmoid events, in
which other plasmoids (including less clear plasmoids
not included in the original selection of clear plasmoids)
were observed within 30 min of each other. As a result,
24 plasmoids were studied. Multiple plasmoid events
are very common, as reported previously by Moldwin
and Hughes [1992] and Slavin et al. [1993].

3. Observations

In this section we first present a single plasmoid event
and then three multiple plasmoid events.

3.1. A Single Plasmoid event

Plate 1a shows a plasmoid event at GSM (X,Y, Z) =
(-28, 8, -1) Rg at 0355 UT on January 12, 1997. From
top to bottom, 20 min of the Geotail 3-s magnetic field
and 12-s ion observations are shown. Detailed explana-
tions of the plate are in the plate caption. A plasmoid
is primarily characterized by a B, bipolar signature and
fast tailward flow. Plasma beta was much higher than
unity, and this indicates that the plasmoid was observed
deep in the central plasma sheet. A blue vertical line
marks the center of a plasmoid at 0355:39 UT. In this
paper we referred to the center of the plasmoid (B, = 0)
as a plasmoid arrival time, since the field line of this
portion was originally located at the neutral line when
reconnection began. We assume that plasmoids start to
move tailward soon after reconnection is initiated. This
motion occurs because of the additional magnetic ten-
sion force of the trailing half of plasmoids. The plasmoid
velocity is probably slow when reconnection occurs on
plasma sheet field lines because of slow Alfvén velocity
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in the upstream region of reconnection. Plasmoids may
be further accelerated as reconnection moves on lobe
field lines. A red horizontal line in the V, panel was
made connecting the times of consecutive Polar/UVI
images between which an auroral brightening occurred.

Plate 1b is a series of Polar UVI images of the night-
side polar ionosphere from 60° to 90° magnetic latitudes
shown in AACGM coordinates for the interval shown as
a green line on the bottom panel of Plate 1a. The Po-
lar images show a brightening at 0356:12 UT in Plate
1b. This is the center time of the interval over which
the image was taken and is labeled with red letters on
the top of the image. We define the onset time of the
brightening (0355:30 UT) as the center time between
the time the brightening was first identified (0356:12
UT) and the time of the previous image (0354:48 UT).

The time delay of the plasmoid arrival following the
brightenings was 9 £+ 42 s. Before the brightening oc-
curred, there was a quiet interval of over 1 hour without
brightenings, and thus it appears that the plasmoid and
the brightening were associated and were observed si-
multaneously.

Spacecraft locations can be mapped to the polar iono-
sphere with magnetic field models, but during active
times of changing field configuration there is apt to
be considerable uncertainty in the latitude of the foot
point. Mapping of the field lines is probably better in
the longitudinal direction, especially when a satellite is
located near the midnight region. In Plate 1b the Geo-
tail location mapped to ~2240 MLT in the AACGM co-
ordinates using a corrected Tsyganenko 89 model [ T'sy-
ganenko, 1989]. Note that simultaneous Geotail mag-
netic field data were not used in this mapping. This
location is indicated as a white circle. This location
was very near the brightening observed between 2200
and 2230 MLT and hence also supports the association
of the plasmoid and the brightening.

The brightening had a slight poleward expansion, and
this event might be considered a small substorm. Wind
was located 102 Rg upstream from Earth, and the ob-
served solar wind velocity was about 530 km/s (not
shown), which yields a time delay of ~20 min for the
solar wind to arrive at Earth. Interplanetary magnetic
field IMF) B, had turned southward ~20 min before
the shifted time of the plasmoid passage and was ~ -3
nT until a northward turning around the nominal time
of the plasmoid passage. This substorm may be trig-
gered by the IMF northward turning. This weak and
short B, south interval seems to be consistent with the
small substorm. During this interval, K, was 2. IMF
By, was about 3 nT and was in the opposite direction
of the core field of the plasmoid.

3.2. Multiple Plasmoids With Global
Brightenings

Plate 2a shows a multiple plasmoid event accompa-
nied by global auroral brightenings. Geotail was located
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in the midnight magnetotail at (X,Y, Z) = (-28, 1, -3)
Rg at 1700 UT on December 21, 1996. Three plas-
moids arrived at 1702:44, 1712:08, and 1724:03 UT, as
indicated by vertical blue lines, the second and the last
ones being identified as the clear plasmoids. These three
plasmoids show the 10- to 20-min spacings typical of
these multiple events [Slavin et al., 1993]. Every other
UVI image is shown in Plate 2b, but the three bright-
enings were identified from the complete image set as
between 1659:59 and 1700:46, 1709:48 and 1710:35, and
1722:04 and 1722:51 UT. Each plasmoid was preceded
by a corresponding brightening about 2 min earlier.
whereas tailward flows seem to arrive almost simultane-
ously with the brightenings. These increasing tailward
flowing plasmas ahead of plasmoids can originate just
earthward of the satellite and be pushed by following
plasmoids [Nishida et al., 1994; Ieda et al., 1998]. This
simultaneity seems typical in our data set. The time
delays between brightenings and plasmoid arrivals for
these three events are 141 + 24, 116 + 24, and 95 + 24
s, respectively.

Wind was located at 87 Rg upstream from Eartl
and observed a solar wind with a typical speed of 35(
km/s. Around Earth, IMF B. appeared to turn south-
ward approximately 30 min before the first plasmoic
passage and was about -5 nT through the whole inter-
val of this event. A substorm was likely to occur under
this situation. During this interval, K, was 3-. IMF B,
fluctuated around 0 nT.

3.3. Multiple Plasmoids With Weak
Brightenings

Plates 3a and 3b show a multiple plasmoid event with
weak, localized brightenings. Geotail was located at
(X,Y,Z) = (-29, 2, -2) Rp at 1950 UT on February 3
1997, and observed continuous tailward fast flow with &
typical velocity of 500 km /s from 1946 to 2008 UT. Twc
clear plasmoids were observed at 1947:51 and 1954:3¢
UT during the fast flow; while Polar/UVI observed twc
weak and localized brightenings between 1945:22 anc
1946:46 and between 1954:34 and 1955:58 UT. The time
delays of plasmoid arrivals were 107 + 42 and -37 + 4<
s. During the event, Geotail was located at 2400 MLT
which coincided with the location of both brightenings
Thus it is very likely that those weak brightenings are
triggered by reconnection that formed the plasmoid.

This prolonged tailward fast flow apparently em-
anated from the near-Earth neutral line since it includes
plasmoids. The tailward flow continued after the pas-
sage of the second plasmoid, and this suggests that re-
connection continued from the low-latitude field lines tc
the high-latitude field lines. According to the classica
near-Earth neutral line model, we would thus expect ¢
poleward expansion of the brightening, but it was nof
observed.

The brightenings in this event are weak, spatially lo-
calized, and only apparent in the virtual absence of pre-
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vious auroral activities. Under more disturbed condi-
tions it would be difficult to definitively associate plas-
moids with weak brightenings.

During this event, IMF magnitude was about 3 nT
and B, was about -2 nT around the Earth from 40 min
before the first plasmoid passage until 15 min after the
second plasmoid passage. During this interval, K, was
1+. IMF B, gradually varied from -1 to 1 nT.

3.4. Multiple Plasmoids Under Disturbed
Condition

Plates 4a and 4b show a plasmoid event that occurred
when significant aurora were already present. Geotail
was at (X,Y,Z) = (-28,-9, -3) Rg at 1150 UT on Jan-
uary 13, 1997. Before an arrival of the first plasmoid
at 1149 UT, there were a number of brightenings at
times such as 1130:37 and 1139:22 UT. Geotail stayed
in the plasma sheet but showed no significant fast flows
at these times. This can be explained by noting that the
Geotail location at 0122 MLT was well separated from
the longitude of the brightenings that occurred around
2200-2300 MLT.

At later times, Geotail observed plasmoids when
brightenings occurred in the postmidnight sector where
Geotail was located. Plasmoids can be observed only
when spacecraft are located near the longitude where
brightenings occur. This observation confirms that
plasmoids start in a local region and expand rapidly
[{eda et al., 1998; Slavin et al., 1999]. Plasmoids were
observed at 1149:24, 1211:41, and 1224:36 UT, with
the first one identified as a clear plasmoid. These
events were associated with auroral brightenings be-
tween 1147:17 and 1148:34, 1207:25 and 1210:02, and
1220:55 and 1223:32 UT. The delay times of plasmoids
were 91 = 42, 187 £ 79, and 142 £+ 79 s.

The third brightening in the postmidnight sector was
quite weak, and we term this brightening a less clear
association. This association is less clear because of the
presence of a more intense brightening farther to the
west. Of the 24 plasmoids we studied, four had a less
clear corresponding brightening. The rest had clearly
associated brightenings.

The fact that Geotail at 0122 MLT was able to see
the first (1149:24 UT) plasmoid originating from 2350
to 0100 MLT can be explained by the expansion of the
plasmoid [leda et al., 1998]. This plasmoid had neg-
ative Y velocity, which indicates an expansion in the
dawnward direction where Geotail was located. Al-
ternatively, one might associate the brightening with
downcoming electrons of the western edge of the cur-
rent wedge, with the main part of the wedge to the east
and nearer the Geotail position. In most cases, however,
the Geotail locations mapped quite directly to the lon-
gitude of the brightenings, even when the brightenings
were localized. Consequently, we think the separation
is due primarily to the plasmoid expansion in this par-
ticular case. If this interpretation is correct and the
plasmoid expands duskward as well as dawnward, the
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plasmoid was at least 2 hours or 15 Rg wide in the lon-
gitude, since Geotail was located about 1 hour duskside
of the center of the brightening.

During this event, IMF magnitude was about 3 nT
and B. was about -1 nT. K, was 1 between 0900 and
1200 UT and was 2+ between 1200 and 1500 UT. IMF
B, ranged from 2 to -1 nT.

4. Summary and Discussion

4.1. Association Between Plasmoids and
Brightenings

In this work we have first identified plasmoids and
then studied brightenings. In the single plasmoid event
shown in Plates 1a and 1b a plasmoid and a brightening
occurred simultaneously nearly in the same longitude
following a more than 1-hour interval with no bright-
enings. In the multiple plasmoid event shown at Plates
2a and 2b, three successive plasmoids had correspond-
ing brightenings about 2 min before each plasmoid ar-
rival. These and other events strongly suggest a close
association between plasmoids and brightenings.

The plasmoid-associated brightenings are sometimes
weak and spatially limited as shown in Plates 3a and
3b. Such weak brightenings would be hard to recog-
nize during disturbed intervals, as mentioned for the
last plasmoid in Plates 4a and 4b. Of the 24 plasmoids
studied, four did not have clearly associated brighten-
ings, but the remaining 83% had corresponding bright-
enings within a few minutes. Although 17% of plas-
moids only had less clear brightenings, we interpret this
as due to disturbed background conditions in the polar
ionosphere and conclude that each plasmoid has a cor-
responding brightening.

4.2. Why Are Plasmoids and Brightenings
Associated?

Plasmoids are known to often have strong fields at
their centers, which makes them three-dimensional
structures that are known as flux ropes [e.g., Hughes
and Sibeck, 1987]. These core fields are usually in the
cross-tail or Y direction, with their polarity statistically
determined by the Y component of the interplanetary
magnetic field. Flux ropes will connect to the Earth
unless further reconnection, say, on the flanks of the
magnetosphere, disconnects the field lines.

Shown in Figure 1 are two hypotheses on how bright-
enings and plasmoids/flux ropes are associated: Hy-
pothesis 1 is that brightenings mark the foot points of
flux ropes which may map to longitudes different than
those of the observing spacecraft [Kivelson et al., 1996;
Lui et al., 1998b]. Hypothesis 2 is that earthward flow
from the reconnection producing the plasmoid/flux rope
may initiate auroral processes on field lines earthward
of the spacecraft which map to low altitudes near the
longitude of the reconnection [Birn and Hesse, 1996;
Birn et al., 1999].
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By+ case

By- case

Brightening

Hypothesis 1 o '

Hypothesis 2

Neutral Line
and
Fast Flows
YA ‘\/
X \ \\
GSM j
Y

Plasmoid Ejection and
Auroral Brightening
Figure 1. Two hypotheses of how brightenings and

plasmoids/flux ropes are associated. Hypothesis 2 is
supported by observations.

When the core field is in the dawn to dusk (positive)
direction, the field lines of the flux rope will connect
from the southern dawn hemisphere to the northern
dusk hemisphere, as shown in the upper left of Fig-
ure 1. The current in plasmoids/flux ropes is always
in the dawn to dusk direction, consistent with the po-
larity of the looped field lines. Kivelson et al. [1996]
considered the current closure path of flux ropes and
suggested that a significant current flows from the po-
lar ionosphere into flux ropes.

If electrons carrying this current are those that pro-
duce the aurora [Lui et al., 1998b], brightening will be
produced in the southern dawn when the core field is
positive. With a negative core field, the field line will
connect from southern dusk to northern dawn, and the
brightenings will be in the northern dawn, as shown in
the upper right of Figure 1.

The events discussed in this paper do not support hy-
pothesis 1 because our Northern Hemisphere brighten-
ings are found to be associated with all plasmoid events.
This association excludes the possibility that there were
brightenings occurring only in the Southern Hemisphere
that were not observed by the spacecraft (i.e., the third
plasmoid in Plate 2). In addition, they do not map to
a longitude away from the spacecraft. If current from
the flux ropes connects to the ionosphere, it is probably
weak.

The observations presented above indicate that the
plasmoids, and presumably the associated earthward
flows, occur at the same longitudes as the brightenings.
Therefore it seems more likely that the earthward flows
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initiate processes on field lines earthward of the space-
craft (hypothesis 2, as illustrated at the bottom of Fig-
ure 1 and described by Birn and Hesse [1996] and Birn
et al. [1999]). These processes create the current wedge
and are assoclated with low-altitude particle accelera-
tion that produces the aurora.

4.3. Interpretation of the Temporal
Relationship Between Plasmoids and
Brightenings

Figure 2 shows the time delay between brightenings
and 20 plasmoids with clearly corresponding brighten-
ings. Plasmoids were observed 0-2 min after brighten-
ings in most cases. However, ejection of a plasmoid
should occur before the arrival of the plasmoids, be-
cause there is a separation in the downtail direction
between their originating region and the satellite loca-
tion in order that the initial required positive B, be
observed. The earliest observed plasmoids should cor-
respond to satellite locations very near the reconnection
region.

Plate 5a shows a plasmoid that was observed before
a brightening. Geotail was located in the magnetotail
at (X,Y,Z) = (-27, 7, -1) Rg at 0900 UT on February
25, 1997. The leading half of the plasmoid has a rela-
tively weak enhancement of the northward field, which
is likely to indicate that this is a “young” plasmoid that
has just been formed. The plasmoid arrived at 0900:27

1 0 T T T T T T T

Time delay of plasmoids
from auroral brightenings

Number of Events

0 L I I | ! ! |
4 -3 -2 -1 0 1 2 3 4

Time delay of plasmoids (min)

Figure 2. Time delays of plasmoid arrivals relative to
auroral brightenings. It is important to realize that the
figure does not reflect the important travel time from
the reconnection point to the observation point. When
this additional delay is considered, it appears that re-
connection precedes brightenings.
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Figure 3. Schematic illustration of plasmoid and

brightening evolution from top to bottom on the mid-
night meridian plane.

UT, as indicated by a vertical blue line. The Polar im-
ages in Plate 5b show a localized brightening between
0901:52 and 0903:16 UT. The time delay of the plas-
moid arrival from the brightenings is -127 + 42 s. The
mapped location of Geotail was 2244 MLT, coinciding
with the brightening.

The temporal relationship between plasmoid ejection
and brightenings is illustrated in Figure 3. The earliest
plasmoid we observed was ~2 min before the brighten-
ing, when we presume the neutral line happened to be
near the satellite location. Typically, we observed plas-
moids 0-2 min after the brightenings, since they take
time to move to the observation point. By combining
these numbers, we conclude that the plasmoids were
typically observed ~3 min after they were formed by
reconnection. The downtail velocities of the plasmoids
studied in this paper were 300-600 km/s, or about 3-6
Rpg/min at the average distance of 26 R down the tail.
Near-tail plasmoids are accelerating [leda et al., 1998],
and an assumption of constant acceleration rate yields a
separation distance between the neutral line and satel-
lite location of 7 Rg, which leads to a location of the
neutral line at about 19 Rg down the tail. The average
location may be more tailward because we only studied
tailward moving plasmoids and not earthward flows.

Our interpretation is that reconnection occurs before
the corresponding brightening and that a “young” plas-
moid is observed before a brightening if the satellite is
located near the neutral line, as illustrated on the top
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panel of Figure 3. We conclude this because some plas-
moids were observed before brightenings and because
reconnection is likely to occur a few minutes earlier
than plasmoid arrivals at 26 Rg. In the middle panel of
Figure 3, a brightening occurs ~2 min after the recon-
nection. This is often simultaneous with the arrival of
increasing tailward flow, where plasma is pushed by an
approaching plasmoid. Finally, the center of the plas-
moid arrives at Geotail around 26 Rg another 1 min
later, as illustrated in the bottom panel of Figure 3.

4.4. Association Between Reconnection and
Substorms

Our study finds that plasmoids are associated with
individual auroral brightening, just as Fairfield et al.
[1999] found that earthward flow bursts are closely as-
sociated with auroral brightenings. Plasmoids are con-
vincing signatures of reconnection, and earthward flow
bursts (and associated as bursty bulk flows) are, in
a similar manner, thought to be the earthside conse-
quence of reconnection. Both this earlier work and
the present paper support the idea that reconnection
in the tail causes an auroral brightening in the polar
ionosphere. However, in view of the weakness of some
brightenings, the question remains concerning the rela-
tion between reconnection and global substorms.

The temporal relationship between plasmoids in the
distant tail and substorm onsets has been extensively
surveyed, and a close relationship between reconnec-
tion and substorms was concluded [e.g., Moldwin and
Hughes, 1993; Slavin et al., 1993; Nagai et al., 1994].
However, it now appears that plasmoid ejection can be
associated with weak and localized brightenings as well
as with global substorms. Since global images were
not used in the earlier papers just cited, the poleward
expansion of brightenings was not a concern in their
identifications of substorms, and pseudobreakups may
be included. Therefore it is not surprising that these
earlier studies did not associate plasmoids with pseu-
dobreakups. Also, with the greater distances and the
assumption of constant tailward speed, the accuracy of
these earlier plasmoid-substorm association studies was
less than in this analysis of near-tail plasmoids.

The brightenings associated with plasmoids can be
the initial one, the second one, or an intensification of
a previous brightening, as shown in the multiple plas-
moid event in Plates 2a and 2b. This suggests that
stepwise development of auroral brightenings may be
associated with multiple formation of neutral lines, not
with an intensification of the reconnection rate of a sin-
gle neutral line. Reconnection seems to be associated
with each brightening, rather than with the onsets of
global substorms only.

4.5. Difference Between Global Substorms and
Pseudobreakups

A fundamental question is, What in the magneto-
sphere determines whether a pseudobreakup or a full
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substorm will occur, particularly if they are both due
to reconnection, as our results suggest? Reconnection
initiates on closed field lines in the plasma sheet and cre-
ates the helical field lines that make up the plasmoid.
The process then begins reconnecting higher-latitude
lobe field lines and creates postplasmoid fast tailward
flows. It is sometimes thought that pseudobreakups
might correspond to reconnection on closed field lines
and substorms to times when reconnection proceeds to
lobe field lines. The lobe reconnection would tap the
lobe energy and also produce the poleward motion of
aurora that is characteristic of substorms.

Examples such as the multiple plasmoids in Plate 3
seem to contradict this idea because the extended inter-
val of rapid tailward flow following the plasmoids seems
to imply lobe reconnection but the aurora seems to
clearly indicate a minimal pseudobreakup without pole-
ward expansions. Thus these poleward expansions seem
to be associated with secondary disturbances earthward
of neutral lines rather than with reconnection itself. Re-
sistive MHD simulations show that it is the earthward
flow well earthward of the reconnection site that pro-
duces the field line currents and presumably the aurora
breakup [Birn and Hesse, 1996; Birn et al., 1999)].

It is also possible that multiple or more extended re-
connection regions must be activated to produce a sub-
storm. A definitive answer to this problem must await
further work.

5. Conclusion

We have studied brightenings in the polar ionosphere
when plasmoids were observed between 21 and 29 Rg
down the tail. It was found that plasmoids are invari-
ably associated with auroral brightenings. After consid-
ering the transit time of the plasmoid to the spacecraft,
we conclude that plasmoid formation precedes the au-
roral brightening, with both events instigated by recon-
nection near 20 Rr. We discussed that there is such an
association because reconnection yields both plasmoids
and brightenings. These brightenings, however, did not
always develop into global substorms, which indicates
that the formation of a near-Earth neutral line may be
necessary but is not a sufficient condition to trigger a
full-fledged substorm. The above result poses the unan-
swered question of what circumstances lead to a fully
developed substorm.
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