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[1] We present state‐of‐the‐art multiple instrument observations of an isolated substorm
on October 12, 2007. The auroral breakup was observed simultaneously by Reimei,
THEMIS ASI, and PFISR. The footprint of Geotail was also near the breakup. These
observations allow for detailed study of the breakup location in terms of large‐ and
small‐scale auroral morphology, particle precipitation, and ionospheric convection,
which has not previously been achieved. It also allows for detailed identification of
the sequence leading to the breakup. We report the first spaceborne high spatial and
temporal resolution images of part of a breakup arc and a wave‐like auroral enhancement
captured by Reimei. Observations suggest a sudden plasma sheet thinning initiated
∼10 min before the onset. Wave‐like auroral enhancements were observed twice at the
most equatorward arc ∼3 min and ∼1 min before the breakup. These enhancements
are likely due to some near‐Earth instability, such as ballooning instability. Unlike the
usual substorm sequence, this most equatorward arc did not develop into the breakup arc
but remained almost stable until being engulfed by the auroral equatorward expansion
from higher latitude after onset. The wave‐like auroral enhancement was associated with
three fine inverted V arcs and embedded within energetic ion precipitation. Following
this enhancement, an arc, likely a poleward boundary intensification, formed at higher
latitude just adjacent to the plasma sheet boundary layer (PSBL). This arc then extended
southwestward and led to the breakup arc, which was located poleward of the wavy
structures. Assuming longitudinal homogeneity of ion precipitation over 1°, this breakup
arc was located in a region without ion precipitation just poleward of the energetic
ion precipitation. These observations suggest the possible existence of a low‐entropy flow
channel associated with the arc adjacent to the PSBL, which might be associated with
instability in the near‐Earth plasma sheet responsible for the auroral breakup.
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1. Introduction

[2] Substorms are one of the fundamental elements of
geomagnetic activity. They include global‐scale reconfigu-
rations of the magnetosphere and can be accompanied by
spectacular aurora. In the ionosphere, sudden brightening
of an arc, often the most equatorward one, extending a few
thousand kilometers in the east‐west direction near midnight,
either a preexisting one or a newly formed one, has been
frequently used to identify the location and time of substorm
onset [Akasofu, 1964]. After onset, the brightened arc rapidly

expands poleward and azimuthally, i.e., breakup, and forms
the auroral bulge and westward traveling surge (WTS)
[Akasofu et al., 1965, 1966]. The WTS is the western ter-
minator of the bulge and is often associated with an auroral
spiral rotating clockwise [Paschmann et al., 2002]. In spite of
this well‐known substorm sequence, the physical mechanism
that leads to substorm onset and the subsequent explosive
expansion remains a controversial topic even four decades
after the discovery of the substorm.
[3] Current substorm models can be approximately divided

into two categories: inside‐out or outside‐in, in terms of
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propagation direction of events in the magnetotail that initiates
the substorm onset. The inside‐out model predicts that near‐
Earth (less than ∼10 Re downtail) plasma instability disrupts
the cross‐tail current and then causes the arc brightening [Lui
et al., 1992; Lyons, 1995; Cheng and Lui, 1998; Erickson
et al., 2000; Lui, 2004, and references therein; Cheng, 2004,
and references therein]. The rarefaction wave caused by the
current disruption then propagates tailward and may set up
favorable conditions for reconnection at ∼20–30 Re downtail
to occur. In contrast, in the outside‐in model, magnetic
reconnection at 20–30 Re in the tail occurs first [e.g., Baker
et al., 1996; Angelopoulos et al., 2008] and launches earth-
ward and tailward fast flows [Nagai et al., 1998; Miyashita
et al., 2000]. The fast earthward flow bursts brake and
divert in the near‐Earth region, leading to the formation of
substorm current wedge and the brightening of the auroral
arc [Shiokawa et al., 1997]. Ohtani [2001] pointed out that
understanding how the two processes (current disruption and
reconnection) are physically related is the most important
question for substorm studies.
[4] Kepko et al. [2009] reported a substorm event in which

a 630.0 nm diffuse auroral patch moved equatorward and
reached the onset arc at the onset time. This diffuse auroral
patch was suggested to be associated with an earthward
moving flow burst and supports the outside‐in model.
Recently, Nishimura et al. [2010] found a repeatable sequence
of events that often leads to substorm onset, the sequence
having some features of previous inside‐out and outside‐in
models. An auroral streamer developing from a poleward
boundary intensification (PBI) propagates equatorward and
touches an arc further equatorward near the Harang flow
reversal and then the onset occurs. The authors suggested that
“low‐entropy flow channels” associated with enhanced
reconnection near the polar cap boundary divert at the Harang
reversal and initiate a near‐Earth instability that leads to onset.
Such low‐entropy flow channels are sometimes referred to as
“bubbles” to describe an earthward moving flux tube with
lower entropy parameter (PV5/3) than the surrounding region
[Pontius and Wolf, 1990; Chen and Wolf, 1993]. Here P is the
particle thermal pressure and V is the flux tube volume for a
closed magnetic field line. This concept has been adapted to
explain fast flow bursts in the plasma sheet [Chen and Wolf,
1993; Sergeev et al., 1996]. Characteristics of plasma within
the low‐entropy channel include higher plasma speed, lower
particle number density, and larger magnetic Bz component in
the equatorial plane [e.g., Sergeev et al., 1996; Wolf et al.,
2009]. Under the assumption of strong pitch angle scattering,
a highly depleted channel is expected to connect to regions of
reduced particle precipitation and thus low conductance in the
ionosphere [Wolf et al., 2009].
[5] The onset controversy is due in part to the limitation of

observational capability. Given a limited number of satellites
in the magnetosphere, it is difficult to determine exactly where
and when the substorm onset initiates or the 2‐D distribution
of important physical quantities. Remote sensing of the iono-
spheric manifestations of substorms, such as the breakup arc,
offers an opportunity to locate the onset relative to large‐scale
auroral morphology, particle precipitation and convection.
[6] Simultaneous high temporal and spatial resolution

particle and optical measurements are essential for unam-
biguous determination of the characteristics of precipitating
particles and the resulting auroral arcs. This requires either

conjunction observations by ground‐based optical instru-
ments and spaceborne particle detectors, or by a satellite
equipped with both imager and particle detectors. However,
in both cases, it is extremely rare to have such observations
at the onset location and within a couple of minutes of onset.
The rareness can be attributed to multiple factors, such as
present poor ability of forecasting the occurrence of sub-
storms, clear skies required by ground‐based optical all‐sky
imaging (ASI) observations, the limited field of view (FOV)
of high spatial resolution satellite‐based auroral imaging,
and more importantly the transient and localized nature of
the breakup arc.
[7] Only a limited number of studies in the literature report

simultaneous particle and optical observations near onset
location within a couple of minutes of onset [Dubyagin et al.,
2003; Mende et al., 2003]. Dubyagin et al. [2003] reported
FAST and ASI with 20 s cadence observations of the most
equatorward arc just prior to its breakup. They found that
this was an inverted V arc located only ∼0.4° poleward of the
proton isotropic boundary, in the region of a strong earth-
ward pressure gradient, and at ∼8 RE in the equatorial plane
based on the Tyganenko 96 model. By using the FAST and
IMAGE satellite observations obtained ∼2 min after the
onset, Mende et al. [2003] found that the most intense onset
poleward surge was generated by superthermal electrons
associated with Alfvén waves and was located in a region of
energetic ion precipitation.
[8] In addition, Yago et al. [2005, 2007] reported simul-

taneous DMSP and ASI observations of the brightening arc
for two pseudobreakups, and in both cases the arcs were
associated with an inverted V structure at the equatorward
edge of the electron precipitation region and at the poleward
boundary of the energetic (>1 keV) ion precipitation region.
Shiokawa et al. [2005] presented DMSP observations of
the particle precipitation responsible for the leading edge
of WTS captured simultaneously by IMAGE and an ASI
1–2 h in magnetic local time (MLT) west of onset. These
authors found that the arcs are associated with electron
inverted V precipitation at the equatorward boundary of the
Region 1 type upward field‐aligned current (FAC) region,
and within the sunward convection region.
[9] In this paper, we present a detailed high temporal

resolution study of a substorm onset on 12 October 2007
using simultaneous observations from the THEMIS ASI,
Reimei satellite, PFISR radar and Geotail satellite. Reimei
captured a portion of the breakup arc at the time of the
initiation. Observations from these instruments are presented
in section 2. We discuss the implications of the sequences of
events observed near the onset time in section 3 and sum-
marize key observations in section 4.

2. Observations

[10] On 12 October 2007, a substorm onset occurred at
1119:42 UT over central Alaska. The provisional AU/AL
indices (not shown) show no evidence for substorm activity
for the previous several hours, indicating this was an iso-
lated substorm event.

2.1. Interplanetary Observations

[11] Figure 1 shows the solar wind and interplanetary
magnetic field (IMF) observations in GSM coordinates from
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09 to 13 UT with 1 min temporal resolution, which are
obtained from the OMNI website (http://omniweb.gsfc.nasa.
gov/) and are time shifted to the nose of the bow shock.
From top to bottom, time series of the total magnetic field
(Bt), IMF Bx, By, Bz, solar wind speed (Vsw), proton
number density (Np) and dynamic pressure (Pd) are shown.
The vertical line indicates the substorm onset time deter-
mined based on THEMIS ASI observations, which are
described in the next section. Within the hour before sub-

storm onset, the IMF Bz was northward or weakly south-
ward with a ∼10 min excursion to ∼–5 nT about 40 min
before the onset and the IMF By was increasingly negative
to ∼–6 nT just before onset, which is likely responsible
for the postmidnight onset location at ∼0.6 MLT in this
case, consistent with previous statistical results [Liou et al.,
2001]. The solar wind flow speed was low, ∼300 km s−1,
and the dynamic pressure was ∼2–3 nPa with small ampli-
tude fluctuations.

Figure 1. IMF and solar wind observations from 0900 to 1300 UT in the GSM coordinates. (top to
bottom) Time series of the total magnetic field (Bt), IMF Bx, By, Bz, solar wind speed (Vsw), proton
number density (Np), and dynamic pressure (Pd) are shown. The vertical line indicates the substorm onset
time determined by the THEMIS ASI observations.
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2.2. THEMIS ASI Observations

[12] Figure 2 shows selected auroral images taken by the
THEMIS ASIs at Fort Yukon (FYKN) and Whitehorse
(WHIT) before, at, and after the onset in geomagnetic (white
dotted lines) and geographic (green dotted lines) coordinates.
Enlarged plots focusing on the center of the FYKN ASI are
shown on the right. The THEMIS ASIs are white light CCD
cameras with a temporal resolution of 3 s and a spatial res-
olution of ∼1 km at magnetic zenith. Details of the THEMIS
ASI are described by Mende et al. [2008]. Near the edge
where the two imagers’ FOVs overlap, the same ray aurora
present different morphology due to projection effects.
Locations of the footprints of Reimei (red asterisks), beams
of PFISR (plus signs), Geotail (green triangle) and three
ground magnetometers at Fort Yukon, Eagle, and Poker Flat
(red diamonds) are also denoted. The FOVs of the Reimei
camera mapped to 110 km altitude for the 670.0 nm wave-
length at time 1119:46.999 UT and 1119:51.061 UT are
shown by the blue squares in the images taken at 1119:45
and 1119:51 UT (see section 2.3 for the Reimei image
observations). The time difference is because of the different
time cadences (3 s and 120 ms) of THEMIS ASI and Reimei
MAC, respectively. Geotail observations are shown in
section 2.5. Movies S1–S2 of the FYKN and WHIT ASI
observations from 1100 to 1200 UT with a 3 s cadence and
enlarged FYKN ASI observations from 1116 UT to 1126 UT
are provided as auxiliary material.1

[13] In the image taken at 1117:00 UT, two east‐west
oriented arcs can be seen. The luminosity of the brighter,
more equatorward arc had started to increase gradually at
∼1116:18 UT, and the brightening rapidly propagated west-
ward along the arc from the east at ∼1117:00 UT. At the same
time, the arc started to develop wave‐like structures. How-
ever, this luminosity enhancement lasted for only one minute,
as shown in the movie. At ∼1118:51 UT, it brightened from
the east again, and the brightening drifted westward and
formed wave‐like structures (see enlarged images taken at
1119:27 and 1119:45 UT). Similar wave‐like structures have
been associated with ray auroras [Sakaguchi et al., 2009].
The spatial wavelength of these structures was ∼1.5° geo-
magnetic longitude (mlon), within the typical range reported
by Liang et al. [2008] and such perturbations can propagate
either westward or eastward [Donovan et al., 2006, 2008;
Liang et al., 2008; Henderson, 2009; Uritsky et al., 2009].
While the second brightening of the most equatorward arc
and formation of the wave‐like structures at 1118:51 UT
could be identified as the substorm onset based on the tra-
ditional definition by Akasofu [1964], our observations show
that it did not break up, i.e., initiate poleward expansion, and
thus we do not define this as the onset.
[14] A new arc poleward of the most equatorward arc

became discernible at ∼1119:06 UT, as denoted by an
orange arrow in the image at 1119:27 UT. We refer to this
arc as the poleward arc in the rest of the text. It slowly
brightened and then extended southwestward. At 1119:42
UT, its equatorward end brightened suddenly and from
1119:45 UT it rapidly expanded azimuthally and poleward,
denoted by the blue arrow in the second enlarged image. We

consider this phenomenon as the auroral breakup, and thus
the onset time of this auroral breakup is determined to be
1119:42 UT, consistent with the onset time determined
based on ground magnetometer data (described below).
Later, the breakup arc engulfed the wavy arc and they
evolved together, and it became impossible to distinguish
them. A clockwise auroral spiral, the typical form of the
WTS, later developed in the center of the FYKN ASI at
∼1122:00 UT and slowly drifted westward.
[15] Figure 3a shows a keogram of the FYKN ASI and

magnetic perturbations recorded by the three magnetometers
from 1030 UT to 1200 UT, and Figure 3b shows Pi1 pulsa-
tions (2–40s) calculated from them from 1100UT to 1150 UT.
In both panels, the vertical solid line indicates the substorm
onset time and two vertical dashed lines indicate the initiation
times of the two auroral brightenings at the most equator-
ward arc, as described above. In Figure 3a, there were two arcs
during the growth phase, identified by two arrows, and both
moved gradually to lower latitude. The poleward arc was
fainter than the equatorward one. After onset, aurora rapidly
expanded poleward and lasted for at least 40 min, which
indicates that this is a substorm not a pseudobreakup. As can
be seen, the first auroral brightening described above occurred
at the most equatorward arc a couple of minutes before
the onset and lasted for about 1–2 min. This aurora bright-
ening was also associated with a short‐lived Pi1 perturbation,
most clearly by the EAGL magnetometer, and a very small
negative perturbation in the magnetic H component before
the onset.

2.3. Reimei Observations

[16] Reimei is the first satellite with ability to image fine‐
scale (∼1 km) structures of auroral arcs and simultaneously
measure the precipitating particles responsible for the auroral
features [Saito et al., 2001]. Reimei is orbiting around the
Earth at an altitude of ∼640 km in a Sun‐synchronous orbit of
98.6° inclination crossing the equator at 0.6 and 12.6 MLT
[Sakanoi et al., 2003;Obuchi et al., 2008]. Reimei is equipped
with a three‐channel monochromatic auroral imaging camera
(MAC) and an electron/ion energy analyzer (EISA). MAC can
measure emissions with 120 ms cadence at wavelengths of
427.8 (N2

+ 1N), 557.7 (OI), and 670.0 (N2 1P) nm, and has a
FOV that projects to 70 × 70 km at 110 km altitude with
spatial resolution of 1.2 × 1.2 km2 [Sakanoi et al., 2003;
Obuchi et al., 2008]. EISA can measure particles with energy
ranging from 10 eV/q to 12 keV/q with a temporal resolution
of 20/40 ms for 16/32 energy steps and a full pitch angle
coverage [Asamura et al., 2003].
[17] On this day, coincidently, Reimei crossed the onset

region just at the time when the rapid expansion com-
menced. To the best of our knowledge, it captured the first
high temporal and spatial resolution satellite images of a
portion of the breakup arc and the wave‐like structures, as
well as the corresponding precipitating electrons for the
latter. The FYKN and WHIT ASIs provide mesoscale
auroral images with a 3 s cadence as described in section
2.2, and together with the Reimei auroral observations,
they enable us to put the fine‐scale features into the context
of the larger‐scale auroral substorm dynamics.
[18] Figure 4a presents Reimei MAC images of the two

arcs taken at three wavelengths in geographic coordinates
at 1119:46.999 UT (first row) and 1119:51.061 UT (second

1Auxiliary materials are available in the HTML. doi:10.1029/
2010JA015520.
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Figure 2
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row). Movie S3 containing continuous observations from
MAC between 1119:14 and 1120:14 UT with a ∼120 ms
time resolution is available as auxiliary material. White
diamonds in the images indicate the footprint of the Reimei
satellite based on the IGRF geomagnetic field model
[Obuchi et al., 2008]. The FOV of the two images taken in

the wavelength of 670.0 nm at the corresponding time are
shown in the images taken at 1119:45 and 1119:51 UT in
Figure 2. Figure 4b shows the electron and ion energy
spectra at three different pitch angle ranges measured by the
Reimei EISA from 1119:35 UT to 1120:10 UT. The particle
energy spectra over the entire auroral oval were measured

Figure 3. (a) Auroral keogram from the center of FYKN ASI, and the H, D, and Z components of
magnetic perturbations recorded by the three magnetometers from 1030 to 1200 UT. Triangles indicate
the magnetic midnights in UT. Locations of the magnetometers in geomagnetic and geographic coordi-
nates are also labeled. (b) Pi1 pulsations (2–40 s) calculated from the 1 s temporal resolution magnetom-
eter data. The vertical solid line indicates the substorm onset time at 1119:42 UT, determined by the
THEMIS ASI observations. The two vertical dashed lines indicate the initiation times of the two auroral
brightenings at the most equatorward arc at 1116:18 and 1118:51 UT.

Figure 2. (left) Selected auroral images taken by the THEMIS FYKN and WHIT ASIs and (right) enlarged images
near the center of the FYKN ASI in geographic coordinates (green). Geomagnetic coordinates (white) are also shown
for reference. The footprints of Reimei (red asterisk) and Geotail (green triangle) at the time when the image was taken,
beams of PFISR (plus signs), and ground magnetometers (red diamonds) are denoted. Beam numbers of PFISR are shown
on the top right image. Each plus sign of the PFISR beam represents the location of data point from the long pulse radar
measurement, which has a range resolution of 72 km. Blue squares in images taken at 1119:45 UT and 1119:51 UT indicate
the FOV of Reimei MAC at 1119:46.999 UT and 1119:51.061 UT at 110 km altitude in the wavelength of 630.0 nm
(observations of Reimei MAC are shown in Figure 4).
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within ∼23 s after 1119:41 UT at ∼0.6 MLT, and provide
information about the characteristics of the precipitating
electrons causing the aurora fine‐scale structures and indi-
rectly about the magnetospheric source region where they

originate. The whole auroral oval, bounded by the two
magenta vertical lines in Figure 4, was very narrow, only
∼1.5° geomagnetic latitude (mlat), consistent with the image
shown in Figure 2.

Figure 4
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[19] As Reimei moved from higher to lower latitudes, it
first encountered the polar cap boundary, which is clearly
marked by the sudden appearance of precipitating electrons
with energies up to ∼1 keV in the 0° to 30° pitch angle bin.
These electrons were distributed in a broad energy range
and peaked in the downward direction. Together with the
detected velocity‐dispersed low‐energy ions, this region
immediately equatorward of the separatrix should map to
the plasma sheet boundary layer (PSBL), as suggested by
Fukunishi et al. [1993]. These broadband electrons were
associated with very faint auroral emission, as can be seen in
Figure 4a (top) above 66.0° geographic latitude (glat) and in
the movie.
[20] After passing the PSBL, Reimei crossed the poleward

arc, denoted by the orange arrow in Figure 2, from ∼1119:46
to ∼1119:48 UT (first magenta horizontal arrow in Figure 4b).
Based on the image in the first row of Figure 4a, the arc width
was on the order of 20 km. The FOV of Reimei MAC at
1119:46.999 UT, i.e., the time when the auroral images in
Figure 4a (top) were taken, is shown as a blue square in the
second image of Figure 2 (right). Comparison between the
two images enables us to put the Reimei observations into
a larger‐scale auroral context. The brightest portion of the
arc near the western edge corresponds to part of the breakup
arc shown in Figure 2, while the aurora near the eastern edge
corresponds to part of the poleward arc. As shown in the
movie, there was rapid shear motion on the two sides of the
poleward arc with eastward in geographic coordinates (north-
eastward in geomagnetic coordinates) drifting aurora on
the poleward side and westward (southwestward) drifting
aurora on the equatorward side. The shear motion in the
557.7 nm images is not as obvious as that in 670.0 nm, because
the 557.7 nm (OI) emission has a much longer lifetime than
the N2 1P emission near 670.0 nm emission [Obuchi et al.,
2008]. Although Reimei cannot measure electric fields,
under the E × B motion assumption, the shear motion orien-
tation suggests southward electric fields on the poleward side
and northward electric fields on the equatorward side, and
therefore converging electric fields, consistent with the aurora
brightening and thus upward FACs in the center.
[21] As shown in Figure 4b, the poleward arc was asso-

ciated with monoenergetic electron precipitation with an
energy peak at ∼2 keV at ∼67.4° mlat, and a relatively
isotropic pitch angle distribution except in the upward
direction, consistent with the characteristics of an inverted V
arc. Broadband electrons can also be seen near the poleward
shoulder of this inverted V arc. Broadband electrons are
usually associated with Alfvén waves [e.g., Chaston et al.,
2000; Mende et al., 2003]. Morphologically, this poleward
arc should be mapped to the tailward part of the plasma

sheet, based on results of Fukunishi et al. [1993]. Ion energy
spectra between 1119:46.5 and 1119:50 UT show a lack of
precipitating ions within the energy range of the detector.
The lack of ions within the poleward arc region, i.e., between
1119:46.5 and 1119:48 UT, is likely due to the presence of
the potential drop suggested by the monoenergetic electron
precipitation. This potential drop can decelerate the precip-
itating ions and even reflect those with energies below the
potential drop [Coumans et al., 2004]. However, the region
just equatorward of the poleward arc, highlighted by a gray
box in Figure 4b, also shows reduced precipitating ions.
Assuming strong pitch angle diffusion in the plasma sheet,
reduced ion precipitation in the region with an absence of a
potential drop implies a possibility that the source region
in the plasma sheet had a reduced number of available
ions, which is one of the features of a low‐entropy flow
channel. The corresponding region is also denoted Figure 4a
(bottom right).
[22] After passing a weak arc structure at ∼1119:50 UT,

Reimei crossed the wave‐like structures from ∼1119:54 to
∼1119:57 UT (second magenta horizontal arrow in Figure 4b).
The weak arc was associated with an inverted V structure
detected at ∼1119:50 UT and its optical signature can be seen
in Figure 4a (bottom) near the footprint of the Reimei satellite
at ∼65.8° geographic latitude. It is clearer in the 670 nm
wavelength than it in the other two wavelengths. In the center
of these three images, there is a bright, thin, and highly
structured arc, labeled “a.” The arc width was only ∼4 km and
unlike the poleward and breakup arcs, this arc was very stable
during the ∼10 s when it was within theMAC FOV. As shown
in Figure 4b, this thin arc was also associated with inverted V
electron precipitation with an energy flux peak at ∼1 keV.
There were two more inverted V structures adjacent to this
one and associated with auroral arcs with much weaker
emission, labeled “b” and “c” (Figure 4a). In contrast to the
poleward arc, these arcs were fully embedded in energetic ion
precipitation, similar to the results by Samson et al. [1992].
A reduction in the ion fluxes collocated with the arcs a and b
detected at ∼1119:54–1119:55 UT, identified by two arrows
in the ion energy spectra, is also likely due to the presence
of a potential drop.
[23] Although Reimei did not measure the particle pre-

cipitation associated with the breakup arc portion, which was
further to the west, the magnetospheric source region where
the corresponding precipitating electrons originate can be
approximately inferred from the ion energy spectra with
the assumption of geomagnetic longitudinal homogeneity
within a degree. The breakup occurred just poleward of the
energetic ion precipitation, consistent with results presented
by Deehr and Lummerzheim [2001] and Kadokura et al.

Figure 4. (a) Selected auroral images taken by the Reimei MAC instrument at three wavelengths in geographic coordi-
nates. Images in the first row were taken at 1119:46.999 UT and those in the second row were taken at 1119:51.061
UT and the time is shown at the top of each image. White diamonds denote the footprint of the Reimei satellite based
on the IGRF magnetic field model. (b) Electron and ion energy spectra at three different pitch angle ranges measured
by Reimei EISA. The total time span is 35 s from 1119:35 UT. The horizontal axis is labeled with UT, magnetic local time
(MLT), invariant latitude (ILAT), geographic latitude of the satellite footprint (GLAT), geographic longitude of the satellite
footprint (GLON), and altitude of the satellite (ALT). Two horizontal magenta arrows at the top of Figure 4b indicate the
period when Reimei passed the poleward arc and the most equatorward arc observed in Figure 2. Two gray bars at the top of
Figure 4b denote the corresponding time when the Reimei MAC images shown in Figure 4a were taken.
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[2002]. The arc expanded azimuthally initially just poleward
of the poleward edge of the wave‐like structures and also
along the poleward boundary of the ion precipitation under
the assumption that the ion precipitation boundary is located
roughly at a fixed geomagnetic latitude. This observation is
similar to Oguti [1973], in which meridian scanning pho-
tometer and ASI observations were used.

2.4. PFISR Observations

[24] Figure 5 shows time series of convection flows
(Figure 5a) and electron densities (Figures 5b–5d) measured
by three central northward looking beams of PFISR from
1045 to 1200 UT. Details about the convection flow cal-
culation are described by Heinselman and Nicolls [2008].
The magenta and gray vertical lines indicate the substorm
onset time determined by the THEMIS ASI observations at
1119:42 UT and the start time of a rapid equatorward
motion of the auroral oval inferred from the electron density
profiles at ∼1108 UT, respectively. This sudden equator-
ward motion might be related with the weak southward
turning in Figure 1 at about the same time.
[25] At the substorm onset, the equatorward and poleward

boundaries of the auroral oval were located at ∼66.2°
(Figure 5d) and 67.3° mlat (Figure 5b), respectively. Due to
the limited radar FOV, the poleward boundary at 67.3° mlat
could have been underestimated and could have extended to
the higher latitude of ∼67.7° mlat as measured by Reimei.
[26] As seen in Figure 5a, the Harang reversal formed

during the growth phase as suggested by the flow reversal
near the top Figure 5, starting at 1115 UT. The Harang
reversal is a feature of the Region 2 current system and an
indication of buildup of the dawn‐dusk pressure asymmetry
in the near‐Earth magnetosphere [Erickson et al., 1991].
Based on the RCM simulation results shown by Gkioulidou
et al. [2009], formation of the Harang reversal in the iono-
sphere is a manifestation of strengthening of the partial ring
current and Region 2 current system during the growth phase.
[27] The wave‐like structures located at ∼66.8° mlat

before onset were embedded within westward flows, while
the breakup arc located at ∼67.2° mlat was at the center of
the Harang reversal, consistent with previous observations
of Zou et al. [2009a, 2009b]. Because of the limited FOV
of PFISR, large‐scale 2‐D convection flows are not avail-
able. The westward flows near the equatorward portion of
the PFISR FOV increased after the onset time and reached
their peak when the WTS was located near the center of
PFISR FOV at ∼1122–1124 UT. The E region electron
density enhancement related with the WTS can be seen in
Figure 5b. The flow and density relationship is consistent
with the results of Zou et al. [2009b], who suggested that
this may be an indication of local current closure between
the Region 2 FAC equatorward of the onset arc and the
substorm current system.
[28] In addition, the altitude extension of the wave‐like

structures shown in Figure 2 can also be estimated by the
density profile. As shown in Figures 5d and 5c, they extended
up to ∼350 km at ∼66.76° mlat and ∼270 km at 67° mlat,
roughly corresponding to the poleward and equatorward
limit of the wave‐like structures. Such tall density enhance-
ments correspond to precipitating electrons with broad energy
range and are consistent with rayed aurora observations in
the FOV of the WHIT ASI.

2.5. Geotail Observations

[29] Figure 6 shows, from 1000 to 1200 UT, the ion
moments with 12 s temporal resolution from the Geotail
low‐energy particle (LEP) instrument [Mukai et al., 1994]
and the magnetic field observations with 3 s temporal res-
olution from the magnetic field experiment (MGF) instru-
ment [Kokubun et al., 1994], respectively. The Geotail
spacecraft locations are shown in GSM coordinates and its
footprint has been mapped into the ionosphere in Figure 2
using the Tsyganenko 96 model [Tsyganenko, 1995] and
the propagated solar wind and IMF as input. As can be seen
in Figure 2, near the substorm onset time, the Geotail
spacecraft was located slightly poleward of the faint pole-
ward arc and about 0.3 MLT to the west of substorm onset.
[30] The ion b ( = NKT/(B2/2m0)) [Miyashita et al., 2000]

is shown in the bottom panel, which is the ratio between ion
thermal pressure and magnetic pressure. The two horizontal
dashed lines give values of b that roughly mark the transi-
tion between the plasma sheet, the PSBL, and the lobe,
based on the formula used by Miyashita et al. [2000]. The
gray vertical line indicates the time when the Geotail
spacecraft started to cross from the northern PSBL to the
northern lobe at 1108:22 UT, as indicated by the substantial
decrease of the ion b, ion density and ion temperature. The
crossing took about 6–7 min and during this period, the
Geotail spacecraft was essentially stationary and only moved
from (−11.06, 0.07, 0.26) RE to (−11.00, −0.05, 0.38) RE in
GSM coordinates. The total pressure (blue line in the second
bottom panel) continued increasing during and after this
crossing. The initiation time of the crossing is approximately
the same as that of the equatorward shift of the auroral oval
inferred from the electron density measurement of PFISR
described in section 2.4. These two observations together
suggest that the plasma sheet became thinner as the lobe
magnetic flux increased and the magnetic field became more
stretched. During the crossing, the plasma flow velocity
changed from mainly earthward to briefly tailward and then
to weakly earthward again.
[31] The magenta vertical line marks the substorm onset

time at 1119:42 UT, determined by the THEMIS ASI obser-
vation. At this time, the total pressure slightly decreased and
the northward Bz slightly increased, which together suggest
dipolarization. Since the spacecraft was located in the lobe,
any flows accompanied this dipolarization could not be
measured. At ∼1127 UT, the Geotail spacecraft moved from
the northern lobe back to the PSBL and later into the plasma
sheet, inferred from the ion b variation, which indicates
plasma sheet expansion. The auroral image movie shows that
the WTS swept the footprint of Geotail roughly at this time.
Three bursts of fast flow and dipolarization were detected by
Geotail later during the expansion phase, when it was located
mainly in the plasma sheet.

3. Discussion

[32] It is frequently observed that the breakup arc is the
most equatorward one [Akasofu, 1964; Lyons et al., 2002].
It usually initiates from wave‐like auroral enhancements,
or auroral beads, and they subsequently develop into vortical
structures and lead to breakup [e.g., Elphinstone et al., 1995;
Donovan et al., 2006, 2008; Liang et al., 2008; Henderson,
2009]. These wave‐like auroral enhancements have been
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suggested to be a manifestation of the existence of plasma
instability waves at the near‐Earth plasma sheet [Elphinstone
et al., 1995; Donovan et al., 2006; Liang et al., 2008;
Henderson, 2009], such as ballooning instability [Liang
et al., 2008; Henderson, 2009]. The ballooning instability
[Roux et al., 1991; Pu et al., 1997; Cheng and Lui, 1998;
Cheng, 2004] becomes more unstable under a tail‐like
magnetic field configuration [Miura, 2001, and references
therein]. Indeed in the present study, signatures of plasma
sheet thinning were observed by both Geotail and PFISR
∼8 min prior to the wave‐like auroral enhancement. Saito
et al. [2008] found solid ballooning mode signatures 1 to
3 min prior to the auroral breakup in 4 out of 6 substorm
events using observations from Geotail. During these four

events, Geotail was located in the equatorial plane with radial
distance ranging from ∼–10 to ∼–13 RE. The wave‐like
auroral enhancement in the present case initiated ∼3 and
1 min before the breakup, consistent with the timing found
by Saito et al. [2008]. Unfortunately, in the present case,
the Geotail spacecraft was located in the lobe and thus cannot
be used to further analyze the type of instability.
[33] The wave‐like auroral enhancement thus likely

represents the ballooning instability in the near‐Earth
plasma sheet. However, in this example, it did not develop
further or expand spatially, and was thus not the breakup
arc. Instead, the auroral breakup occurred just poleward of
the wave‐like structures, which is different from a common
onset sequence [Donovan et al., 2006, 2008; Liang et al.,

Figure 5. (a) Nightside convection flows measured by PFISR on 12 October 2007 are shown as a
function of magnetic latitude and UT; data are plotted only if the measurement uncertainty is less than
150 m/s. Flows with eastward component are blue, and those with westward component are red. (b–d)
Raw electron densities with no correction for Te/Ti or Debye length effects measured by three central
northward looking beams are shown as a function of UT. Altitude (magnetic latitude) is indicated on
the left (right) Y ordinate. The electron density below 175 km is from the alternating code pulse measure-
ment, while that above 175 km is from the long pulse measurement. The magenta and gray vertical lines
indicate the substorm onset time determined by the THEMIS ASI observations at 1119:42 UT and the
start time of a rapid equatorward motion of the auroral oval inferred from the electron density profiles
at ∼1108 UT, respectively.
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Figure 6. Geotail LEP and MGF observations in GSM coordinates from 1000 to 1200 UT. (top to
bottom) The ion number density, the ion temperature, the three components of the ion velocity (blue lines)
and the ion velocity perpendicular to the magnetic field (black lines), the three components of the
magnetic field, the total magnetic field, the total (blue line) and ion (black line) pressures, and the ion
beta are shown. The gray vertical line indicates the time when the Geotail spacecraft started to cross from
the northern PSBL to the northern lobe at 1108:22 UT. The magenta vertical line indicates the substorm
onset time at 1119:42 UT determined by the THEMIS ASI observations.
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2008; Henderson, 2009]. That this distinction has not been
reported previously, could be because it occurs rarely or due
to the limitation of imaging instrumentation. In order to
resolve thin auroral arcs and their rapid variations, optical
instruments with a temporal resolution of a couple of
seconds and a spatial resolution of ∼1 km, such as the
THEMIS ASI, are required. Lower temporal and spatial
resolutions than these could only capture the merged and
expanded arc as a whole. In addition, even given spatial
resolution as high as THEMIS ASI, the thin arcs need to be
close enough to the magnetic zenith to be distinguished.
A statistical study of the THEMIS ASI data is necessary to
determine the occurrence rate of such phenomena. However,
the presence of the wave‐like auroral enhancement before
the breakup may imply an important precondition of the
near‐Earth plasma sheet for the subsequent onset.
[34] The poleward arc occurred just adjacent to the PSBL

and is thus probably a PBI. A PBI being usually defined as
intensification of nightside discrete aurora at or near the
polar cap boundary [Lyons et al., 1999; Zesta et al., 2002].
It is primarily studied using meridian scanning photometer
data and UV images [Zesta et al., 2002, 2006, and refer-
ences therein]. Based on Fukunishi et al. [1993, Figure 7],
the inverted V particle precipitation responsible for gener-
ating the highest‐latitude discrete aurora is just adjacent to
the PSBL. Therefore, we identify the poleward arc here as a
PBI. In the present case, the breakup arc appears to have
occurred along the southwestward extension of this arc.
Their relationship is analogous to that of the PBI to the
auroral streamer [Zesta et al., 2000]. The auroral streamer is
believed to be the ionospheric manifestation of flow bursts
[Angelopoulos et al., 1992, 1994] in the plasma sheet [e.g.,
Zesta et al., 2000; Sergeev et al., 2000], which are asso-
ciated with reconnection in the magnetotail. In the present
case, we suggest the poleward arc brightening implies a
reconnection process in the magnetotail, although we cannot
determine solely based on ionospheric observations whether
the reconnection is at the distant X line or a near Earth one.
The orientation of the auroral streamer could have been
affected by the polarity of the prevailing IMF By [Zesta et al.,
2006; Nakamura et al., 2001; Sergeev, 2002; Henderson
et al., 2001]. In our case, the IMF By was strongly nega-
tive for about 50 min before the onset and the arc was tilted
clockwise, similar to the example shown by Nakamura et al.
[2001]. Within the frame of a thick auroral oval or double
oval configuration, the auroral streamer is easier to identify.
In our case, because the oval was very thin, the PBI and
its extension, i.e., the breakup arc, were nearly east‐west
aligned and their latitude coverage was rather limited.
Without the concurrent Reimei particle and PFISR electron
density measurements, we would not be able to identify their
nature and possible magnetospheric source region.
[35] In the present event, the rapid southwestward motion

of the aurora on the equatorward side of the PBI is probably
associated with fast southwestward flows. Since the ion
precipitation is also significantly reduced in this region,
there is likely a low‐entropy flow channel just on the
equatorward side of the arc, lending some support to the
scenario proposed by Nishimura et al. [2010]. As shown in
the auroral image taken at 1119:45 UT in Figure 2, this flow
channel is expected to be mapped to the dark region between
the poleward arc and the wave‐like auroral enhancement.

Most of the events examined by Nishimura et al. [2010]
occur within a relatively well‐defined wide auroral oval
and the auroral streamers are then easily identified. For the
present event, the relation between the poleward arc and the
breakup arc would be analogous to the auroral streamer and
the breakup arc shown by Nishimura et al. [2010]. However,
because the oval is so thin in this case and the IMF By has
been strongly negative for a long period, the poleward arc
is nearly in the east‐west direction instead of the more
common north‐south direction. This could offer a possible
explanation for why motion of an east‐west arc is observed
before the breakup occasionally in their database. However,
there is no direct measurement of the flows at this region in
this case. Future conjugate studies are required to uncover
the ionospheric signature of the low‐entropy flow channel
and its role in substorm triggering.
[36] Much effort has been devoted to investigate whether

there might be a causal link between the near‐Earth ballooning
instability and near‐Earth reconnection [e.g., Voronkov et al.,
2000; Zhu et al., 2007]. As shown by numerical simulation of
Zhu et al. [2007], the growth of the ballooning instability
could lead to enhanced thinning of the current sheet, which
could increase the possibility of reconnection. In this substorm
event, the auroral oval was extremely thin and its poleward
boundary was ∼67.7° mlat, which suggests the possibility that
the distant reconnection site may be less far downtail than
usual, so that the near‐Earth process might affect the distant
reconnection as well. Further evaluation of any possible
relation between the near‐Earth instability and reconnection,
either the near‐Earth or distant tail one, is beyond our current
analysis and requires in situ observations as well.

4. Summary and Conclusions

[37] In this paper, we reported a fortuitous substorm event
that occurred at ∼1119 UT on 12 October 2007, of which
observations were obtained simultaneously from a polar‐
orbiting satellite, ground‐based imager, magnetometers and
radar. This was an isolated substorm within a very thin
auroral oval. However, rich auroral fine structures were
observed. The MAC cameras onboard Reimei captured a
portion of the breakup arc, and wave‐like structures further
equatorward. To the best of our knowledge, it is the first
high spatial and temporal resolution satellite image of those
auroral forms. The present observations include many fun-
damental elements of substorms and the order of their
occurrence suggests important possible causal relations
between them. Time sequence of events observed and their
possible underlying magnetospheric sources are listed in
Table 1. Major observations and their implications described
in the text are listed below:
[38] 1. About 11 min before the substorm onset, the Geotail

spacecraft experienced a crossing from the northern PSBL to
the northern lobe. Coincident with this crossing, the auroral
oval observed from ASIs and inferred from the electron
density observations from PFISR shifted equatorward. These
observations together suggest that the plasma sheet became
thinner.
[39] 2. Wave‐like auroral enhancements appeared twice

at the most equatorward preexisting auroral arc about
three minutes and one minute before the rapid auroral
expansion. Unlike the frequently observed sequences, neither
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enhancement developed into auroral breakup. The part of the
most equatorward arc captured by Reimei was associated with
three fine inverted V structures, fully embedded in energetic
ion precipitation, and was located in westward convection
flows. These wave‐like structures are likely associated with
ballooning instability.
[40] 3. A new arc, poleward of the most equatorward

preexisting auroral arc and adjacent to the PSBL, initiated
about 40 s before the auroral expansion and after the wave‐
like auroral enhancement and was likely a PBI. This arc was
associated with inverted V electron precipitation in a region
of absence of ion precipitation, which extended further
equatorward of the arc. Rapid shear motion in the aurora
was observed on both sides of the arc.
[41] 4. This poleward arc extended southwestward and led

to the auroral breakup. The breakup arc was located pole-
ward of and separated from the most equatorward arc. Under
the assumption that the proton precipitation is longitudinally
homogeneous over one degree in geographic longitude, the
breakup arc was also located within the region of absence of
ion precipitation just poleward of the energetic ion precipi-
tation. PFISR observation indicates that the breakup arc was
also located within the center of the Harang reversal. There is
evidence of rapid southwestward ionospheric flows equa-
torward of the poleward arc and the breakup arc based on the
high temporal auroral observations from Reimei MAC. These
rapid southwestward flows were within a region of absence
of energetic ion precipitation and might be the ionospheric
manifestation of a low‐entropy flow channel. Future conju-
gate study is needed to further test this possibility.
[42] 5. Observations from Reimei MAC revealed a dis-

tinct difference in auroral morphology between the breakup
arc and the wave‐like auroral enhancement. The former was
structureless and very dynamic associated with rapid shear

motion within the arc, while the latter was very stable for
∼10 s when within the MAC FOV.
[43] 6. We would like to draw attention to the fact that in

this event the arc that initiated the poleward expansion was
not the most equatorward arc with wave‐like auroral struc-
tures, which brightened earlier, but a southwestward
extension of the arc adjacent to the PSBL.
[44] We emphasize that this is only a single event with

fortuitous multiple instrument observations. Therefore,
whether features of this event are common or rare cannot be
determined and need analysis of more events. It would be
particularly interesting to determine whether or not the
distinction between the most equatorward wavy arc and the
breakup arc is common, and whether there is a low‐entropy
flow channel associated with the breakup arc.
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