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[1] The dawn—dusk locations of reconnection in the near-earth magnetotail at the time of
isolated auroral breakup are studied to clarify whether breakup is always accompanied by
reconnection. The near-earth reconnection is identified by tailward plasma flows faster
than 200 km/s with southward magnetic field. We first identified 66 breakups in the
Polar ultraviolet imager observations of the nightside polar ionosphere. We then studied
tailward flows during breakups using Geotail in situ observations of the plasma sheet
between 25 and 31 R down the tail. It was found that the dawn—dusk (Y) locations of
relatively fast (=400 km/s) tailward flows were associated with breakup magnetic

local time (MLT) by a regression line of Yagsm = —5.7 X (MLT + 0.6) R with a
correlation coefficient of 0.8. Most tailward flows were observed within 5 Ry of the
modeled Y locations, where tailward flows occurred in 88% of the 26 cases of breakups
between 22 and 0 MLT. It is thus inferred that in most cases, breakup is accompanied by
tailward flow near the breakup MLT with its dawn—dusk dimension ~10 Rg. There were
only two events without tailward flows in the region where flows have been expected.
These two events were an earthward flow event and a traveling compression region event,
which are not inconsistent with the initiation of the near-earth reconnection. Auroral
breakup is thus likely to always be accompanied by near-earth reconnection near breakup
MLT. It is also inferred that reconnection and breakup occur simultaneously within a few

minutes, assuming a time delay between reconnection onset and the arrival of tailward

flows at satellite locations.

Citation: Ieda, A., et al. (2008), Longitudinal association between magnetotail reconnection and auroral breakup based on Geotail
and Polar observations, J. Geophys. Res., 113, A08207, doi:10.1029/2008JA013127.

1. Introduction

[2] Reconnection in the near-earth magnetotail is one of
the most plausible mechanisms to cause auroral breakups in
the polar ionosphere [e.g., Baker et al., 1996]. Early studies
suggested a close association between near-earth reconnec-
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tion as identified by tailward flows in the distant tail beyond
~60 Rg and auroral breakup as identified by ground
magnetic field variations [Moldwin and Hughes, 1993;
Slavin et al., 1993; Nagai et al., 1994]. However, even
fully developed reconnection does not always correspond to
full-fledged breakups but only to spatially localized auroral
brightenings [leda et al., 2001; Ohtani et al., 2002]. The
relationship between reconnection and breakup is thus still
not completely clear.

[3] Nagai et al. [1998] studied fast flows in the near-earth
magnetotail around the time of the auroral breakup as
identified by ground magnetic field variations. They found
a statistically recognizable global flow pattern within 10 min
of breakup. This pattern showed earthward flows earthward
of 20—30 R down the tail and tailward flows beyond this
location, suggesting that reconnection tends to occur
between 20 and 30 R during breakup. Such global flow
patterns were also suggested to develop around the times of
breakups [i.e., Machida et al., 1999, 2000; Miyashita et al.,
2003]. In contrast, Lui et al. [1998] found no such statisti-
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cally significant global flow pattern and emphasized that fast
flows were rarely observed at breakups.

[4] These previous studies appear to indicate that at least
some breakup events involve reconnection, but fast flows
are too rarely observed to readily conclude that breakup is
always associated with reconnection. The rarity of such fast
flows may thus suggest that reconnection is not a necessary
condition for breakup. It is also possible that the rarity of
fast flows is due to localization of the flows, resulting in
lower apparent occurrence rates, even though all breakups
may involve reconnection.

[s] The purpose of this study is to clarify whether
breakup is always accompanied by near-earth reconnection.
The occurrence rate of reconnection was estimated in this
study after requiring that the Geotail be located in a
favorable region to observe localized flows if they occur.
Only breakup events for which Geotail was in the central
plasma sheet prior to breakup were considered. Breakup
longitude was also considered in order to ensure that Geotail
was at a presumably appropriate longitude to observe flows.

[6] Tailward flows with southward magnetic ficld were
employed in this study to indicate the occurrence of near-
earth reconnection during auroral breakup. It is believed that
magnetic reconnection in the magnetotail occurs at two
different radial distances from the earth: the near-earth
neutral line (NENL) at 20—-30 Rg and the distant neutral
line (DNL) at ~100 Rg down the tail [Slavin et al., 1985;
Nishida et al., 1996]. Reconnection either at NENL or DNL
yields a pair of flows with opposite magnetic polarity: an
earthward flow with northward magnetic field, and a tail-
ward flow with southward magnetic field.

[7] Previous statistical studies have actually found that
earthward and tailward fast flows are often accompanied by
northward and southward magnetic fields, respectively
[e.g., Nishida et al., 1981; Hayakawa et al., 1982]. These
results indicate that fast flows originate from reconnection
in a statistical sense. However, earthward flows are weaker
evidence for reconnection than tailward flows, because the
geomagnetic field is usually northward in the tail. It is also
difficult to associate all earthward flows inside ~30 Rg with
the formation of NENL, since earthward flows also origi-
nate from the DNL. Moreover, earthward fast flows inside
~30 Ry often originate from the tailward retreating
NENL located tailward of the satellite in the substorm
recovery phase, not at the time of substorm expansion onset
[Baumjohann et al., 1999; Nakamura et al., 2001a; Shue et
al., 2003; leda et al., 2004]. On the other hand, tailward
flows inside ~30 Rg should originate from the NENL, not
from the DNL. Tailward flows are also expected to be
observed immediately following the formation of NENL,
and are not expected to be observed after the retreat of the
NENL to the tailward side of the satellite. Tailward flows
are better associated with global auroral activity than are
earthward flows [Shue et al., 2003; leda et al., 2003]. For
these reasons, tailward flows were employed here to indi-
cate the initiation of near-earth reconnection.

2. Data Set
2.1. Geotail Satellite and the Tsyganenko Model

[8] Geotail was launched on 24 July 1992 and was near
the equatorial plane between 9 and 31 Ry during the interval
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from March 1996 through April 2001 that we surveyed to
identify auroral breakup events. The apogee of Geotail was
on the nightside in winter. The low-energy particle (LEP)
instrument on board Geotail measures three-dimensional
plasma distribution from 32 eV/q to 39 keV/q in one-spin
period (~3 s) [Mukai et al., 1994]. In this study, we used
12-s averages of ion velocity moments, calculated on the
assumption that all ion species are protons. Corresponding
12-s averages of the magnetic field data obtained by the
magnetic field (MGF) experiment [Kokubun et al., 1994]
were also used in statistical studies and 3-s averages are
shown in case studies.

[9] The aberrated geocentric solar magnetospheric
(AGSM) coordinate system was adopted with an angle of
4° for Geotail locations and data. For example, the aberra-
tion results in a typical satellite Y location shift of ~2 Rg
toward the dawn with the satellite located 30 Rg down the
tail. The Z locations shown in case studies are relative
distance from a neutral sheet model [Li and Xu, 2000].

[10] Before reconnection occurs, each location in the
magnetotail is connected to a location in the polar iono-
sphere by a geomagnetic field line. The foot point of Geotail
locations on the ionosphere, assumed at 110 km above the
ground, is calculated with a geomagnetic field line model.
The Tsyaganenko 96 (T96) model [Zsyganenko and Stern,
1996] with the IGRF-10 model [Macmillan and Maus,
2005] was used. The T96 input parameters include the solar
wind (the dynamic pressure, B,, and B.) from OMNI [King
and Papitashvili, 2005] 1-min data, which were time-shifted
to bow shock nose. The SYM-H index [lyemori, 1990] was
also used as a proxy of the ring current.

[11] These input parameters were 1-hour averages of the
original 1-min values before breakups (—60 < 7 < 0 min).
On the other hand, Geotail location in the tail at 2.5 min
after breakup was used as input for T96. These selections
mean that we have calculated the foot point before breakup
for the Geotail location in the tail at breakup. The accuracy
of the T96 model is not well known even before breakup.
We thus used the calculated Geotail foot point as a reference
in discussion of other results.

2.2. Polar Satellite Ultraviolet Images

[12] Polar was launched on 24 February 1996 and its 9 Rp
apogee gradually shifted from the northern pole to the
equator so that more breakups were observed in earlier
years. The Polar ultraviolet imager (UVI) [Torr et al., 1995]
provides global imaging of auroras with a frame rate of 4 or
5 images per ~3 min. UVI images are taken in wavelength
including the N, Lyman-Birge—Hopfield long (LBHL,
~1700 A) and short (LBHS, ~1500 A), and OI ~1304 A
and ~1356 A. The spatial resolution of the images is
~40 km when Polar vertically observes the polar iono-
sphere from its apogee of 9 Rg. Images were projected to the
assumed emission altitude of 120 km, and then were
mapped to the modified APEX coordinates [Richmond,
1995] at 110 km from the ground.

[13] Original UVI images are smeared about 10 pixels in
one CCD direction due to the satellite spin-associated
wobbling [e.g., Germany et al., 1998; Frank et al., 2001].
This smearing typically corresponds to +5° in longitude or
+2° in latitude on the auroral ionosphere when Polar is at
the apogee. Because of the sinusoidal wobbling, a pair of

2 of 13



Magnetotail
—>
—
—
Solar Wind
Plasma Flow

Polar

22

Reconnection

Auroral Breakup

Figure 1. Schematic of magnetotail during quiet times and
substorms. An auroral breakup in the polar ionosphere is
remotely observed by the Polar satellite. Magnetic recon-
nection in the near-earth magnetotail is identified from in
situ Geotail satellite observations of a tailward flow with
southward magnetic field.

two pixels separated by 10 pixels are most sensitive to the
aurora located at the midpoint of the two pixels. An auroral
arc is thus often recorded as double arcs.

[14] Auroral images in case studies are corrected for the
smearing, assuming that an aurora that actually exists at a target
pixel is recorded by two pixels which are separated by
+5 pixels from the target pixel. This correction had not been
confirmed to be successful for all events, so in statistical
studies breakups were identified primarily with original
images, taking manually the smearing into account. The
smearing affects the identification of breakup location much
less than ~5° in longitude even in original images, since the
center of the smeared brightening represents the actual onset
location.

3. Case Study

[15] Figure 1 illustrates an observation of auroral breakup
and reconnection by satellites. The upper panel shows the
quiet time magnetotail on the meridian plane, where the
solar wind can be seen to stretch the earth’s magnetic field.
These stretched field lines are often thought to reconnect at
the expansion onset of substorms as shown in the lower
panel. Reconnection yields a pair of earthward and tailward
flows. The tailward flows, used in this study to identify
reconnection, exhibit helical field lines known as plasmoids,
which are observed as north-then-south variations in the
magnetic field as a plasmoid passes the satellite. Earthward
flows are considered to be the cause of auroral breakups in
the near-earth reconnection model of substorms [e.g., Baker
et al., 1996; Shiokawa et al., 1998]. However, in other
substorm models, reconnection is not regarded as the cause
of auroral breakup [e.g., Lui, 1996].

[16] Figure 2 shows an auroral breakup beginning around
0725 UT on 12 January 1997. The upper panel shows a
20-min series of Polar satellite UVI images of the nightside
polar ionosphere from 60 to 90° magnetic latitude in the
modified APEX coordinates. One LBHL image is shown
among four images taken every 3 min. The images reveal a
brightening in the center panel (0725:12 UT), involving a
rapid poleward expansion as can be seen in the later panels.
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This expansion is considered to be an essential characteristic
of auroral breakup.

[17] The lower panel shows simultaneous Geotail satellite
observations of the north—south component of the magnetic
field (B.) and the sunward—tailward component of the
plasma velocity (V) measured near the equatorial plane in
the magnetotail at a distance of 29 R down the tail. A
north-then-south variation in B. was observed, associated
with tailward plasma flows in V,, indicating the passage of a
looped or helical magnetic field structure (i.e., a plasmoid).
The center of the plasmoid illustrated in Figure 1 corre-
sponds to the north-to-south transition in B, at 0724:47 UT,
simultaneous with breakup.

[18] The northward-oriented magnetic field in the leading
half of the plasmoid represents additional evidence that the
tailward flow is caused by reconnection. While plasmoids
are more convincing evidence of reconnection than tailward
flows, it is more difficult to automatically identify plas-
moids than tailward flows. Tailward flows were thus
employed exclusively in this study to identify near-earth
reconnection, implicitly assuming that the identified tail-
ward flows are associated with plasmoids and reconnection.

[19] The white circles in the UVI images in Figure 2
indicate the Geotail foot point on the ionosphere, calculated
using T96 with the dynamic pressure = 3.9 (nPa), B, =
4.8 (nT), and B, = —2.0 (nT) in the solar wind and with
SYM-H = —15.3 (nT). The foot point location (23.0 MLT)
is near the auroral breakup location (22.8 MLT). The close
temporal and spatial association between breakup and
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Figure 2. Time series showing a reconnection-related
plasmoid/tailward flow observed near the time and long-
itude of an auroral breakup. The upper panels show Polar
ultraviolet images of the nightside polar ionosphere in the
modified APEX coordinates at 110 km altitude. Auroral
emissions in Lyman-—Birge—Hopfield long (1700 A) are
shown in false color. The breakup at 22.8 magnetic local
time (MLT), 66.3° latitude is seen in the 0725:12 UT image.
White circles in the images indicate the Geotail location
mapped into the ionosphere at 23.0 MLT, 68.6° latitude.
The lower panel shows Geotail magnetic field and plasma
observations of the magnetotail in the AGSM coordinates. A
tailward flow with north-then-south variation at 0724:47 UT
in the magnetic field indicates the passage of plasmoid.
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plasmoid/tailward flow suggests that the magnetic recon-
nection process is intimately related to the auroral breakup.

4. Statistical Study
4.1. Identification of Auroral Breakup

[20] Auroral breakups (substorms) are often discriminated
from localized brightenings including pseudo-breakups and
auroral poleward boundary intensifications (PBIs). Pseudo-
breakups apparently result from essentially the same physical
process as auroral breakups, but do not lead to full breakup
for unknown reasons [Pulkkinen et al., 1998; Rostoker, 1998;
Fillingim et al., 2000]. PBIs are often accompanied with
earthward flows and are related to the activation of the DNL
[de la Beaujardiere et al., 1994; Lyons et al., 2002]. In this
study, breakups were distinguished from pseudo-breakups
and PBIs by the observation of poleward expansion, which is
a major characteristic in the original definition of substorms
as proposed by Akasofu [1964].

[21] Auroral breakups are often preceded by pseudo-
breakups. It is thus often less clear whether flows prior to
breakups are associated with the breakup or the preceded
pseudo-breakup. For this reason, isolated breakups are best
compared with simultaneous flow observations. However,
definitely isolated breakups are quite rarely observed in global
images. We thus selected relatively isolated breakups that
may include very weak/localized preceding brightenings.

[22] The list of breakup events was constructed as fol-
lows. (1) Breakups were first identified visually as auroral
brightening followed by poleward expansions greater than
~2° in 10 min. Breakups occurring within 20 min of a
previous breakup were then excluded. Breakup events were
also excluded if there were precursor brightenings within
10 min before breakups (—10 < 7' < 0) with their poleward
expansion more than ~1° in visual inspection.

[23] (2) The onset times were chosen as the center time
between images before and after brightening. The times of
images were chosen as the center of the image accumulation
period (18.4 or 36.8 s). The time resolution of UVI images
are typically between 28 and 83 s. In reality, however, it was
often subjective to determine the onset time in the time
resolution less than ~1 min, because very sudden breakups
are rare on this timescale. We used breakups only when the
identified onset times appeared to include uncertainty of less
than 3 min (+1.5 min), as the UVI usually takes at least one
LBHL image every 3 min. Breakups were identified pri-
marily using LBHL images, which represent precipitating
electron energy flux. Other wavelength images were also
referred to if available in order to determine the detailed
onset timings and location of the breakup.

[24] (3) We set a lower limit in the breakup strength, which
is an increase in the auroral power more than 2 GW. The
increase was calculated comparing the maximum auroral
power in —10 < 7’< 0 and in 0 < 7 < 10 min. The auroral
power was calculated by integrating the precipitating elec-
tron energy flux over 60—80° in latitudes and +1 hour MLT
from breakup MLTs. The energy flux was estimated from
LBHL images [e.g., Lummerzheim et al., 1997; Germany et
al., 1997]. We assumed that the energy flux was related to
the LBHL surface brightness by 130 Rayleighs per mW m >
s !, referring to the results by Germany et al. [2001] and
Galand and Lummerzheim [2004]. The surface brightness is
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Figure 3. Magnetic local time (MLT) distribution of
isolated auroral breakups identified from Polar ultraviolet
imager images. The average and the median are both
23.1 MLT. Geotail was required to be located at —25 >
Xacgsm > —31 Rg and |Yagsm| < 15 Rg 2.5 min after breakup.
Geotail was also required to be in the central plasma sheet in
the interval 5—10 min before breakup.

related to the photon flux to the instrument aperture by
30 Rayleighs per photons cm 2 s~

[25] (4) Geotail was required to be in the central plasma
sheet of the magnetotail in the interval 5—10 min prior to a
given breakup in order to maximize the probability that
Geotail would measure any breakup-related flow. The def-
inition of the central plasma sheet is given below. Geotail was
also required to be in the magnetotail beyond 25 Rg and within
its 31 Rg apogee down the tail and inside 15 Rg dawn—dusk
distance from the tail axis at 2.5 min after a given breakup
without significant data gaps in the magnetic field and plasma
observations. As plasmoids are more often observed beyond
~25 Rg than within this distance [leda et al., 1998], tailward
flows were also studied in the region beyond 25 Rg, in this paper.

[26] Figure 3 shows the MLT distribution of the 66
breakups identified from 5 December 1996 through 9
February 2001 using this procedure. We visually determined
a breakup MLT as the center of a brightening. The breakup
longitude is clustered in the premidnight region, and the
average and median breakup longitudes are both 23.1 MLT.
This is consistent with the known fact that breakups usually
occur in the premidnight region [e.g., Liou et al., 2001].

[27] In our preliminary study we first newly identified all
breakups (about 500 events) for Geotail in the tail beyond
25 Rg. However, the preliminary study was not very
successful because the association between flows and
breakup was less clear for breakups that were not isolated.
We thus concentrated on isolated breakups and this reduced
the number of breakups.

4.2. Definition of Magnetotail Region
and Tailward Flow

[28] The time window defined for each breakup event
extends from 20 min before the event through 40 min after
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Figure 4. Geotail observations of tailward flows with southward magnetic field in the plasma sheet
0—5 min after 65 auroral breakups. (a) Occurrence and magnitude of tailward flow with respect to
Geotail location on the equatorial (XY) plane of the tail. (b) Occurrence rate of tailward flow with

respect to Geotail Y location.

breakup initiation, subdivided into 5-min intervals. The
position of Geotail in the magnetotail region in each 5-min
interval was then determined as follows.

[20] (1) All Geotail data in this study were assumed to be
obtained either in the plasma sheet (PS) or in the tail lobe
(Lobe), where the PS consists of a central plasma sheet
(CPS) and a plasma sheet boundary layer (PSBL).

[30] (2) The plasma beta was calculated for each 12-s ion
and magnetic field data point under the assumption that the
ratio of ion to electron temperature is 5 [Slavin et al., 1985].
Each 12-s data point was then classified as CPS (3 > 1),
PSBL (0.1 < 8 <1), or Lobe (8 < 0.1).

[31] (3) A 5-min interval was labeled CPS, if the ratio of
the number of CPS samples to the total (CPS, PSBL, and
Lobe) number of samples was more than 50%. Lobe
intervals were determined in the same way. Intervals not
satisfying either of these conditions were labeled PSBL
intervals. CPS and PSBL intervals were regarded as PS
intervals (8 > 0.1). Note that a breakup event can include
both PS intervals and Lobe intervals, but only PS intervals
will be studied.

[32] ““Tailward flow” refers to “tailward flow with south-
ward magnetic field” in this statistical study. Tailward flows
were identified in PS as follows. For each 5 min PS interval,
the maximum tailward velocity (—V,) among the 12-s PS
samples with southward magnetic field (B. < 0) was
determined. (Lobe samples in the PS interval were not
used.) If the maximum tailward velocity was equal to or
greater than 200 km/s (V, < —200 km/s), a tailward flow
was considered to have been observed in the relevant 5-min
PS interval. Tailward flows with velocity in the range
—400 < V, < =200 km/s were classified as moderate,
and flows with velocity in the range V, < —400 km/s were
categorized as fast. The occurrence rate of tailward flow
events was calculated for each 5-min interval as the ratio of

the number of tailward flow events to the total number of
breakups with Geotail in PS.

4.3. Dawn-Dusk Locations of Tailward Flow

[33] Figure 4 shows Geotail observations of tailward
flows between 0 and 5 min after auroral breakups (0 < T
<5 mln) in —25 >XAGSM Z —31 RE and ‘YAGSM| <15 RE
Geotail was in the plasma sheet at this time for 65 of 66
breakups in our list. This high occurrence of the PS event is
due to the selection criteria of breakup mentioned before,
which require that Geotail has stayed in the CPS 5—10 min
prior to breakup. The remaining 1 event is not shown
because Geotail was in the tail lobe at this time.

[34] Figure 4a shows Geotail XY locations on the equa-
torial plane for 65 breakup events. Each symbol represents a
Geotail location for each breakup. Red circles indicate
that Geotail observed relatively fast tailward flows (V, <
—400 km/s). Green triangles indicate that Geotail observed
moderate tailward flows (—400 < V, < —200 km/s). Black
crosses indicate that Geotail observed no (V, > —200 km/s)
tailward flows. Most tailward flows (red circles and green
triangles) were observed in —5 < Y < 10 Rg, outside of
which tailward flows were rare.

[35] Figure 4b shows the occurrence rates of tailward
flows against Y in each 5 Rg bin. The red line with circles
indicates the occurrence rates of the fast tailward flow (V, <
—400 km/s) events, which is the ratio of the number of red
circles to all symbols shown in Figure 4a. The blue line
with triangles shows the occurrence rates of all tailward
flow (V, < —200 km/s) events, which is the summation of
fast tailward flows and moderate tailward flows. The black
line with squares shows the number of breakup events
against Y. It was confirmed that tailward flows tended to
be observed in —5 < Y < 10 Rg, where the occurrence rate
of all tailward flows was 68%, and fast tailward flows
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Figure 5. Temporal variations in the occurrence rate of
tailward flow with southward magnetic field for auroral
breakups when Geotail was in the plasma sheet at —25 >
XAGSM > —31 RE and —5 < YAGSM < 10 RE The
occurrence rate is computed for each 5-min interval as the
ratio of the number of tailward flow events to the number of
breakups with Geotail in the plasma sheet. The number of
breakups is 38 at —10 < 7'< —5 min and varies with time.

occurred in 51% of the 37 cases of breakup. The occurrence
rates appear highest between 0 < Y <5 Rg, where tailward
flows occurred in 92% of cases, and fast tailward flows
were observed in 67% of the 12 cases. This peak location is
consistent with the preferred location (Yagsm ~ 3 Rg) of
plasmoids [leda et al., 1998].

4.4. Temporal Evolution of Tailward Flow

[36] Figure 5 shows the temporal evolution of tailward
flows observed in —5 < Y < 10 Rg. The red line with circles
indicates fast tailward flows (¥, < —400 km/s), and the blue
line with triangles indicates all (fast and moderate) tailward
flows (V. < —200 km/s), as in Figure 4b. There is a sharp
increase in the occurrence rates of fast and all tailward flows
at breakups (7'= 0). This development of the tailward flows
implies that reconnection was often initiated in the magne-
totail at the time of breakup.

[37] The two lines (fast and all tailward flows) were
qualitatively similar, indicating that there is no qualitative
difference between fast and moderate tailward flows in
association with breakup, and presumably also with recon-
nection. In this regard, the occurrence rate of reconnection
would be underestimated if we employed V, < —400 km/s
as criteria of tailward flows. The criterion of V,, < —200 km/s
was thus considered to better represent the occurrence rate of
reconnection.

[38] Tailward flows were rarely observed before break-
ups, despite the expectation that tailward flows associated
with precursor brightening would be observed [leda et al.,
2001]. Tailward flows were rare before breakup, presum-
ably because the present data set only includes breakups
without significant precursor brightening. The rareness of
tailward flows before breakup may also indicate that such
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precursor-associated flows are more localized than breakup-
associated flows.

[39] After breakup, the occurrence rate of tailward flows
gradually decreased with time. Plasmoids are typically
observed in the leading edge of tailward flows and have a
timescale of 1 min [leda et al., 1998, 2001]. Thus these late
tailward flows are thought to be postplasmoid flow as also
seen in Figure 2, or associated with multiple breakups.
There is a weak indication of a rapid decrease in the
occurrence rate at 20 min after breakup. This suggests
that postplasmoid flows typically continue ~20 min inside
~30 Ry down the tail.

4.5. Longitudinal Association

[40] Figure 6 shows the association between the magnetic
local time (MLT) of breakups and the Y location of tailward
flows. Figures 6a and 6b are shown in the AGSM and GSM
coordinates, respectively. The tailward flows shown were
observed in the first 5 min (0 < 7 < 5 min) of breakups,
corresponding to the interval in which the occurrence rate of
tailward flows increased sharply (see Figure 5). Each
symbol indicates the same as in Figure 4a.

[41] Tailward flows tended to appear on the dusk side
when breakups occurred on the dusk side, and near mid-
night for midnight breakups in Figure 6a. This result implies
a longitudinal association between tailward flows and
breakups. A least squares fitting for fast tailward flows
(V, < —400 km/s) gives a regression line of

YAGSM =-5.72 x (MLTBUP + 0635) (1)

with a correlation coefficient (R) of 0.80. Note that this
regression line was obtained using the relative MLT (e.g.,
23 MLT corresponds to —1 MLT). The regression line for
all tailward flows (V, < —200 km/s) was Yaogsm = —6.08 X
(MLT + 0.567), R = 0.67 (not shown). The lower coefficient
for all tailward flows may be due to the inclusion of slower
flank portions of tailward flow under the relatively relaxed
criterion of V, < —200 km/s. It is thus assumed that the
regression line for 7, < —400 km/s better represents the
longitudinal relationship between breakups and the center of
tailward flows.

[42] As shown in Figure 6b, the regression line in the
GSM coordinates instead was

Yosm = —5.70 x (MLTgup + 0.288) )

with R = 0.80. This line was shifted ~2 Ry duskward, when
compared to the equation (1). Except for the typical shift of
2 Rg, Figures 6a and 6b appear similar with the particular
data set used in this study.

5. Discussion
5.1. Field Line Mapping

[43] We have obtained the relationship between the Y
location of tailward flow/reconnection and breakup MLT in
the equations (1) and (2). To clarify the implication of this
relationship we calculated the foot point of Geotail locations
on the ionosphere, assumed at 110 km above the ground.
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Figure 6. Longitudinal relationship between breakup and tailward flow in the first 5 min following 65
breakup onsets shown in (a) AGSM and (b) GSM coordinates. The red solid lines represent the regression
lines for fast tailward flows (V, < —400 km/s), which are YAgspm = —5.7 X (MLT + 0.6) Ry, for Figure 6a

and Ygsm = —5.7 X (MLT + 0.3) R, for Figure 6b. Dashed lines 5 Rg from the regression lines are shown

for reference.

[44] As aresult, the Geotail Y locations were related to the
MLT of the Geotail foot points for fast tailward flows (not
shown) by

Yagsm = —5.16 x (MLTyp +0.313) (3)

where R = 0.93. The average Xagswm location was —28 Rg.
The inclination of —5.72 in the equation (1) is slightly
steeper than the mapping factor of —5.16 in the equation (3)
just obtained. This result might indicate that breakup tends
to occur somewhat closer to ~23 MLT even when
reconnection occurs away from ~23 MLT. The second
term (0.313) of the equation (3) is presumably due to the
aberration, because the tail axis maps to ~23.7 MLT on
average. Thus the second term (0.653) of the equation (1)
consists of 0.3 by the aberration and another 0.3, which
suggests a dawnward displacement of tailward flows from
breakup MLT.

[45] Figure 7 shows the relationship between breakup
MLT and MLT of the Geotail foot point. Each symbol
indicates the same as in Figure 4a. MLT of the Geotail foot
point was related to breakup MLT as

MLTsp = 1.07 x (MLTgup + 0.329) (4)

with R = 0.83 for fast tailward flows (V, < —400 km/s).
Three dashed lines represent IMLT = MLTyp — MLTgyp =
I, 0, —1 hour for references. The inclination of 1.07 is
slightly steeper than unity. This results might also indicate
the preference of breakups to occur near ~23 MLT.
However, it is probably more reasonable to interpret that
the inclination is unity. Tailward flows typically occurred
inside dMLT = +£1 hour, with a weak indication that tailward
flows were observed somewhat dawnward from the breakup

MLTs. dMLT was 0.29 (corresponds to ~2 Rg) at MLTgyp =
23.1, which is the average breakup MLT in Figure 3.
However, this 0.3-hour dawnward displacement is not
statistically significant because the standard deviation was
0.5 hour and there were few events near dMLT = —0.5 hour in
Figure 7.

[46] In summary, we infer that tailward flow occurs near
breakup MLT. This interpretation corresponds to modifica-
tions of the equations (1) and (2) as

YAGSM =-52x (MLTBUP + 03) (5)

YGSM =-52x MLTBUP (6)

[47] The 0.3-hour dawnward displacement of tailward flows
from breakup MLT may be consistent with the 0.4-hour
dawnward displacement of earthward flows from pseudo-
breakups found by Nakamura et al. [2001b]. They interpreted
that this displacement was consistent with the idea that the
aurora corresponds to an upward field-aligned current at the
dusk side of the flows. Thus flows are expected to be shifted
dawnward from breakup, too. However, this expectation is not
readily granted, because breakup-associated earthward and
tailward flows were observed in the postmidnight and premid-
night, respectively, in Figure 3f in the study by Nagai et al.
[1998].

5.2. Width of Tailward Flow and NENL

[48] If the tailward flows occur over a wide lateral area
across the tail, no longitudinal association between breakups
and tailward flows should be found. Thus the longitudinal
association also indicates that tailward flows are longitudi-
nally localized. As shown in Figure 6, most tailward flows
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Figure 7. Magnetic local time (MLT) location of breakup
and Geotail foot point in the first 5 min following 65
breakup onsets. The red solid line represents the regression
line of MLTrp = 1.07 x (MLTgyp + 0.3), with a correlation
coefficient of 0.8 for fast tailward flows (V, < —400 km/s).
Dashed lines are shown for reference.

were observed inside the dashed lines, which represent
+5 Rg from the regression lines. Outside the dashed lines,
tailward flows were rarely observed. It is thus inferred that
the typical ¥ width of tailward flows is of the order of 10 R,
or 2 hours in MLT as seen in Figure 7.

[49] This width is wider than the width of earthward
flows previously inferred as less than ~6 Ry [Angelopoulos
et al., 1997; Nakamura et al., 2001b]. This difference is
presumably due to the expansion of plasmoids [leda et al.,
1998]. Accordingly, the width of the NENL is expected to
be narrower than 10 Rg. Breakup-associated flow had been
less frequently observed in the near tail than in the distant
tail as mentioned in the Introduction. This is presumably
because flows are localized around breakup MLT in the near
tail. Tailward flow appears better indicator of the initiation
of near-earth reconnection than earthward flow, because it is
wider, as well as because of the reasons in the Introduction.

5.3. Tailward Flow Near Breakup MLT

[s0] Figure 8 shows the temporal variation of the occur-
rence rate of tailward flows in the same format as in
Figure 5, except that the occurrence rate was calculated
inside the dashed lines in Figure 6a, which represent +5 Rg
from the regression line, for breakups between 22 and
0 MLT. The variation in Figure 8 is qualitatively similar
to that in Figure 5, where —5 < Y <10 Ry was considered,
but tailward flows occurred more often (88% of the 26
cases) in Figure 8 in the first 5-min interval (0 < 7'< 5 min)
following breakup. This higher occurrence rate confirms
that breakups are accompanied by tailward flows near
breakup MLT at least in most cases. The NENL is inferred
to usually be formed inside 25 Rg down the tail, because
tailward flows were almost always observed beyond 25 Rg.
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[s1] Tailward flows were not observed for only two
breakups when Geotail was well inside 5 Rg from the
predicted Y locations in Figure 6. These two events were
an earthward flow event and a traveling compression region
event, as will be shown later. We thus consider that the two
events are not inconsistent with the initiation of the near-
earth reconnection. Auroral breakup is thus likely to always
be associated with near-earth reconnection near breakup
MLT.

[52] On the other hand, the reverse is not in the case.
Tailward flows are not always associated with breakup [/eda
et al., 2001], while tailward flows inside 30 Rg are almost
always associated with auroral brightening, which may be
weak or spatially limited. Reconnection is therefore consid-
ered to insufficient as a condition for auroral-breakup (sub-
storm).

5.4. Breakups Without Tailward Flow

5.4.1. An Earthward Flow Event

[s3] Figure 9 shows one of the two breakups without
tailward flows even near the expected Y location of tailward
flows as found in Figure 6. The breakup initiated at
2321:39 UT on 3 February 1997 and was accompanied by
an earthward flow. Figure 9a is a 24-min series of Polar UVI
images of the nightside polar ionosphere. The Polar images
show a breakup in the panel of 2321:53 UT as labeled
with red letters on the top of the image. This is the center
time of the interval over which the image was taken. We
define the onset time of the breakup (2321:39 UT) as the

100 T T T T
Tailward flow in the PS
Bz<0, |dY|<5, 25<|X|<31
__ 80 -
S
o Vx<-200
§ 60 |- -
(0]
(&)
& 40l Vx<-400 _
5
(&)
o
20 | -
0 1 1 1
-20 -10 0 10 20 30 40

Time After Breakup (min)

Figure 8. Temporal variations in the occurrence rate of
tailward flow with southward magnetic field for auroral
breakups between 22 and 0 magnetic local time (MLT)
when Geotail was in the plasma sheet at —25 > Xxgsm >
—31 Rg. Geotail was also required to be located within 5 Rg
of the expected Y location of tailward flow as a function of
breakup MLT, which is Yagsm = —5.7 X (MLT + 0.6) Rg.
The occurrence rate is computed for each 5-min interval as
the ratio of the number of tailward flow events to the
number of breakups with Geotail in the plasma sheet. The
number of breakups is 26 at —10 < 7'< —5 min and varies
with time.
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Figure 9. One of the two breakups without tailward flows. (a) Polar ultraviolet imager (UVI)
observations of the nightside ionosphere. Full-time resolution images are shown with a sequence of two
Lyman-—Birge—Hopfield long images and two LBHS images. The breakup (23.4 MLT, 69.9° latitude) is
first seen in the 2321:53 panel, which is labeled with red letters. White circles indicate the Geotail foot
point (0.1 MLT, 69.1° latitude). (b) Geotail observation of the magnetotail. A green horizontal line shown
in the bottom panel indicates the interval of Polar UVI images shown on the left. A red vertical line is the
time of auroral breakup as identified by the UVI observations. A blue vertical line marks the initiation of
an earthward flow faster than 200 km/s. The first four panels show the 3-s magnetic field data. The next
five panels are 12-s ion velocities, density, and temperature. In the next panel the static total pressure
(thermal pressure plus magnetic pressure) and the thermal pressure are superposed, where the ratio of ion
to electron temperature is assumed to be five. The bottom panel is the plasma beta (ratio of the thermal

pressure to the magnetic pressure).

center time between the time the brightening was first
identified (2321:53 UT) and the time of the previous image
(2321:26 UT).

[54] The white circles in UVI images indicate the Geotail
foot point on the ionosphere at 2.5 min after breakup,
calculated using T96 with the dynamic pressure =
1.1 (nPa), B, = —1.0 (nT), and B, = —2.2 (nT) in the solar
wind and with SYM-H = —8.8 (nT). The foot point location
(0.1 MLT) is somewhat (0.7 hours) dawnward of breakup at
23.4 MLT.

[s5s] Figure 9b shows corresponding Geotail observation
at AGSM (X, Y, Z2) = (—28, —2, 0) Rg. A green line on the
bottom panel is the interval of UVI images shown in
Figure 9a. A red vertical line marks the breakup at
2321:39 UT as identified in Figure 9a. A blue vertical line
at 2325:20 UT indicates the initiation of an earthward flow
determined by the first data sample with earthward velocity
faster than 200 km/s. From top to bottom, 1 hour of the
Geotail 3-s magnetic field and 12-s ion observations are
shown. Detailed explanations are in the figure caption.

[s6] The earthward flow was delayed from the breakup by
3.7 min. It is thus impossible to interpret that this particular
earthward flow marks the initiation of the near-earth recon-
nection that causes auroral breakup. However, the fast
earthward flow (694 km/s) is likely to be somehow associ-
ated with the reconnection process. The aurora appears to
have shifted dawnward from 23.4 MLT in the 2321:53 UT
panel (breakup) to 23.9 MLT in the 2326:48 UT panel
(1.5 min after earthward flow). One possible interpretation
of this event is thus that reconnection/flows first initiated
somewhat duskward (23.4 MLT) of the Geotail location
(0.1 MLT) and were not observed, and then the neutral line
shifted dawnward closer to the Geotail longitude so that the
earthward flow was observed later.

54.2. A TCR Event

[57] Figure 10 shows the other breakup without tailward
flows in the same format as Figure 9. The breakup started at
0459:11 UT on 16 December 1996 and was accompanied by
a TCR signature. Figure 10a shows Polar UVI observation
of a breakup identified at 0459:11 UT between the 0458:57
and the 0459:25 UT panels. There is an intensification of
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Figure 10. The other breakup event without tailward flows in the same format as Figure 7. (a) Polar
ultraviolet imager images show an auroral breakup (23.9 MLT, 64.9° latitude) in the panel labeled as
0459:25 UT, and this breakup was estimated to have occurred at 0459:11 UT. An intensification of the
breakup is seen in the 0514:45 panel and was estimated to have occurred at 0514:31 UT. White circles
indicate the Geotail foot point (23.9 MLT, 69.2° latitude). (b) Geotail magnetic field and thermal ion
parameters are shown. TCR signatures are observed with peaks in the total pressure at 0501:41 UT and at

0514:48 UT as marked with blue vertical lines.

the breakup at 0514:31 UT, which is the center of the
0514:17 UT and the 0514:45 UT panels. The white circles
in UVI images in Figure 2 indicate the Geotail foot point,
where the dynamic pressure = 3.2 (nPa), B, = —1.5 (nT),
and B, = —1.8 (nT) in the solar wind and with SYM-H =
—8.1 (nT). The foot point location (23.9 MLT) is the same
as the auroral breakup location.

[s8] Figure 10b shows corresponding Geotail observa-
tions in the magnetotail at (X, Y, 2) = (=27, —1, 4) Rg. A
north-then-south variation in the magnetic field and an
enhancement in the total pressure peaked at 0501:41 UT
appears to indicate a passage of the center of a tailward-
moving plasmoid 2.5 min after the breakup. However, a
slow earthward flow was observed instead by Geotail in the
PSBL (0.1 < 8 < 1). One possible interpretation for this
discrepancy is that there was a tailward flow/plasmoid in the
central plasma sheet, which was not directly observed but
was remotely observed as a traveling compression region
(TCR). A TCR typically has a north-then-south variation in
the magnetic field and an enhancement in the magnetic
strength, indicating tail lobe manifestation of a passage of a
plasmoid released by near-earth reconnection [e.g., Slavin et
al., 1993]. In this particular event, such a plasmoid may
have not yet fully developed to involve magnetic field lines
in the PSBL. A similar TCR was reported by Owen and
Slavin [1992], where they also found that about half of
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TCRs studied by Slavin et al. [1993] were in PSBL with
energetic ion enhancements.

[59] Another TCR was observed at 0514:48, which
lacked the northward variation in the magnetic field. This
characteristic is considered as a remote indication of the
formation of a NENL [Taguchi et al., 1998]. This TCR is
almost simultaneous with the intensification of the breakup
at 0514:31 UT, suggesting a close temporal relationship in
variations between auroras and the magnetotail for this
particular event.

5.5. Timing of Reconnection and Auroral Breakup

[60] In this study we found that breakup was likely to
always be accompanied by near-earth reconnection. To
further clarify their cause-and-effect relationship, their rel-
ative timing is crucial. After inspection of all individual
events, however, we found no convincing events where
tailward flows were observed before breakups in our data
sets based on Geotail and Polar observations. Tailward
flows were rather detected in the first 5-min interval (0 <
T < 5 min) following breakup initiation. However, this
result does not necessarily indicate that reconnection was
initiated after breakup, because the time delay between
reconnection onset and the arrival of tailward flows at the
satellite location should be considered. Assuming that this
time delay is a few (2—3) min, breakup and reconnection are
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inferred to initiate simultaneously with a temporal resolu-
tion of a few minutes.

[61] No definitive tailward flow event was observed to
occur before breakup in this study. No irrefutably definitive
event appears to have been reported in previous studies with
a reconnection signature occurring before breakup in global
images. The earliest plasmoids reported by leda et al.
[2001] in a study of plasmoid-associated auroral brightening
were observed ~2 min before a localized auroral brighten-
ing, however, this brightening was not an auroral breakup.
Kepko et al. [2004] concluded that some earthward flows
occurred up to a few minutes before breakup, however, their
estimated time differences between reconnection and break-
up are likely within the margin of uncertainty in image data
and the definition of the onset times of breakup and flow.
For example, they defined the onset time as the time of the
first image with brightening, which is different by ~1 min
from the definition of the onset time in our study, which
adopts the center time between the image with brightening
and the previous image.

[62] Ohtani et al. [1999] reported a tailward flow that
initiated 4 min before substorm onset primarily on the basis
of observations of Pi2 geomagnetic pulsation on the ground.
Nagai et al. [1998] reported an earthward flow initiating
2 min before the detection of Pi2. These flows may have
been observed prior to auroral breakup, even taking a
possible delay of Pi2 from breakup by 1-3 min [Liou et
al., 2000]. The existence of such flow prior to breakup
should be confirmed with global images to make sure that
there is no preceding pseudo-breakups. Baker et al. [2002]
concluded that a tailward flow was observed 7 min prior to
a breakup in global images. However, they also found
several preceding pseudo-breakups. The tailward flow
may thus be associated with these pseudo-breakups, rather
than with the major breakup.

[63] Slavin et al. [2002] showed auroral breakups accom-
panied by earthward flows/dipolarizations at X = —9 Rg
within ~1 min and by TCRs at X ~ —30 Rg ~2 min later.
They assumed that near-earth reconnection had occurred
prior to these earthward flows and TCRs somewhere
between them, and estimated that reconnection occurred at
X ~ —15 to —18 Rg about 2—5 min prior to breakups. For
the same event, however, Lyons [2000] concluded that
reconnection initiated after breakup, assuming that the
detection of TCRs marks the onset time of reconnection.
It thus appears that different conclusions regarding the
causality between breakup and reconnection currently stems
from different assumption on the propagation time of
disturbance from NENL to satellites.

[64] In summary, we believe that there is no definitive
evidence in the present results or in the literature that
reconnection initiates before breakup. While it is possible
that reconnection may initiate before breakup, it currently
appears more reasonable to conclude that near-earth recon-
nection occurs simultancously within a few minutes of
breakup on an observational basis.

6. Summary

[s] We have studied tailward flows (V, < —200 km/s)
with southward magnetic field (B, < 0) in the plasma sheet
at —25 > Xxgsm > —31 Rg around the times of 66 isolated
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auroral breakups. Tailward flows were typically observed at
0 < Yagsm < 5 Rg, but were also often observed in —5 <
Yagsm < 10 R in Figure 4. A clear development of tailward
flows was identified at the times of breakup in Figure 5,
with tailward flows occurring in 25 of 37 cases (68%) in
—5 < Yagsm < 10 Rg. The Y location of relatively fast
tailward flow (V, < —400 km/s) was found to be closely
correlated with breakup MLT (correlation coefficient, 0.8)
as obtained in Figure 6, and was represented as Yagsm =
—5.7 x (MLT + 0.6) Rg.

[66] This relationship was interpreted to indicate that
tailward flow/reconnection occurs near breakup MLT, by
studying the foot point of tailward flows in Figure 7.
Tailward flows were shifted dawnward from breakup
MLT by 0.3 hour but this displacement was statistically
not significant in our data set. Tailward flows have a typical
dawn—dusk dimension ~10 R in Figure 6 or ~2 hours in
MLT in Figure 7.

[67] Inside 5 Ry from the modeled Yagsm locations,
tailward flows occurred in 88% of the 26 cases at the times
of breakup between 22 and 0 MLT in Figure 8. The high
occurrence rate implies that breakups are invariably accom-
panied by tailward flows near breakup MLT. Reconnection
is usually formed inside 25 Ry down the tail, since tailward
flows were almost always observed beyond 25 Rg.

[68] There were two events without tailward flows near
the modeled Y location in Figure 6. However, they were an
earthward flow (Figure 9) and a TCR in PSBL (Figure 10),
which were not inconsistent with reconnection. Auroral
breakup is thus likely to always be accompanied by near-
earth reconnection near breakup MLT.

[69] Given the time delay for the arrival of tailward flows
generated by reconnection to a satellite as a few minutes,
reconnection appears to occur simultaneously with breakup
within a few minutes. Further measurements to determine
the time difference will be required in order to clarify the
cause-and-effect relationship between auroral breakup and
near-tail reconnection.
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