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[1] Fast azimuthal auroral expansion and poleward expansion are characteristic features
of the expansion phase of substorms. In the first study of its kind, we have investigated
the azimuthal auroral expansion and its magnetospheric counterpart using data from Time
History of Events and Macroscale Interactions during Substorms (THEMIS) all‐sky
imagers and multiple spacecraft. During the tail season in 2008–2009, we found 16 events
of azimuthally expanding aurora that passed near the magnetic footprints of the multiple
spacecraft operating in the near‐Earth plasma sheet. In the magnetosphere, these events
commonly showed fast azimuthal and earthward flows associated with intense electric
fields and magnetic dipolarization. The speed of the propagating structure, which was
estimated from the time difference of the depolarization observed by the multiple
spacecraft, was close to the measured azimuthal plasma flow velocity. We also found
that this azimuthal plasma transport was dominated by the E × B drift speed associated
with the enhanced electric field. In a statistical analysis, the averaged speeds of the leading
edge of the westward and eastward auroral expansion were 8.8 and 5.3 km/s, respectively.
When mapped onto the equatorial magnetosphere, these speeds (267 and 162 km/s) were
comparable to the averaged azimuthal plasma (E × B) flow speeds observed by the
spacecraft, which were 193 (239) km/s in the westward direction and 112 (139) km/s in the
eastward direction. Our events showed that E × B flows and auroral expansion
predominantly propagated westward, indicating an effect of westward background
convection in the Harang flow shear. From these results, we concluded that the azimuthal
auroral expansion was closely related to magnetic dipolarization which expanded
azimuthally at the E × B drift speed. On the basis of the abrupt formation of the fast E × B
flows and their propagation away from the onset location, we suggest that the effects of the
intense large‐scale electric fields, which are possibly generated through substorm onset
turbulence, propagate to the ionosphere along the magnetic field lines and lead to
azimuthal expansion of an auroral arc.
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1. Introduction

[2] Substorms are energy storage and abrupt release pro-
cesses in the magnetosphere‐ionosphere coupled system
associated with the reconfiguration of the magnetosphere and
auroral illumination. The substorm expansion phase is char-
acterized by magnetic dipolarization, which expands azi-
muthally and radially from an initially small region at X ≈
−7 to −10 RE in the near‐Earth plasma sheet [e.g., Lopez et al.,

1990;Miyashita et al., 2009] and by azimuthal and poleward
auroral expansion in the ionosphere [e.g., Akasofu, 1964;
Oguti, 1973; Nakamura et al., 1993]. These phenomena are
considered to be a consequence of near‐Earth instabilities
such as the ballooning instability with a periodic wavy
structure as suggested in the current disruption model [e.g.,
Lui, 1996; Liang et al., 2005, 2008]. The braking of a fast
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earthward flow propagating from the midtail could also lead
to substorm expansion (near‐Earth neutral line model) [e.g.,
Shiokawa et al., 1997, 1998]. Particularly, recent Time His-
tory of Events and Macroscale Interactions during Substorms
(THEMIS) spacecraft and imager observations suggest the
importance of such flow bursts leading to substorm expansion
onset [Angelopoulos et al., 2008a; Nishimura et al., 2010].
While these expansion phase phenomena are well docu-
mented, the direct relationship between an expanding aurora
and its magnetospheric counterpart has not yet been fully
examined because of the lack of detailed investigations of
ground‐space conjunctions close to the onset locations.
[3] Several previous studies have examined auroral expan-

sion associated with magnetic dipolarization. For example, by
examining the GOES spacecraft and Polar Ultraviolet Imager
global images, Liou et al. [2002] showed that the auroral bulge
was closely associated with magnetic dipolarization and con-
cluded that the dipolarization region expanded westward,
eastward, and earthward at the geosynchronous altitude during
the auroral expansion. However, the mechanism of the
expansion could not be determined since the GOES spacecraft
observed magnetic fields only in the region far from the onset
location. In addition, the auroral global imager lacked the
temporal resolution necessary to resolve the fast auroral
expansion feature.
[4] Several possibilities have been considered as corre-

sponding magnetospheric signatures of auroral expansion:
wave propagation,E × B drifts, and non‐MHD processes such
as pressure gradient–related flows. Uritsky et al. [2009] sug-
gested that the azimuthally propagating arc wave prior to
substorm onset was an auroral footprint of the drift wave
mode in the stretched magnetotail. The same process might be
expected to work during the expansion phase, leading to
auroral expansion. On the other hand, intense electric fields are
known to be associated with dipolarization during the sub-
storm expansion phase [Birn and Hesse, 1996; Tu et al., 2000;
Ohtani et al., 2007; Nishimura et al., 2008], although it is not
clear how these electric fields are related to the auroral
expansion. To determine the contributions of these processes,
it is necessary to perform conjunction studies of the auroral
expansion and in situ magnetospheric field and particle mea-
surements near the onset region. Moreover, auroral passages
near the magnetic footprints of spacecraft should be detected
with a high spatial and temporal resolution.
[5] The capability of the THEMIS project, with its com-

bination of global auroral imaging by the all‐sky imager
(ASI) array [Mende et al., 2008] and in situ measurements
performed by multiple spacecraft [Angelopoulos, 2008],
provides the first opportunity to address these issues. Using
this advantage, Shiokawa et al. [2009] reported a faint
eastward extension of an auroral arc from the onset location
by utilizing the capabilities of the THEMIS spacecraft and
ASIs. Shiokawa et al. suggested that this faint extension was
associated with earthward flow braking processes and pileup
of dipolelike fields in the near‐Earth plasma sheet. How-
ever, in the event that they studied, the spacecraft were
located more than 2.0 h magnetic local time (MLT) away
from the onset location; therefore, the azimuthally expand-
ing aurora did not reach the spacecraft meridian. Thus, the
magnetospheric feature directly related to auroral expansion
has not yet been detected.

[6] In the present paper, we focus on the azimuthal
expansion of an auroral arc just after auroral breakup; this
expansion was captured by the THEMIS ASIs and multiple
spacecraft as it passed the magnetic footprints of the space-
craft. Poleward auroral expansion has not been addressed
here because it is not easy to do precise mapping in the
meridional direction between ionospheric auroral arcs and
spacecraft in the magnetosphere under a drastically changing
magnetic field configuration associated with magnetic dipo-
larization. Mapping uncertainties in the azimuthal direction
are, on the other hand, expected to be smaller than those in the
meridional direction [Kubyshkina et al., 2009]. From the
THEMIS observations, we have identified the direct rela-
tionship between the azimuthal auroral expansion in the
ionosphere and the in situ plasma flows and dipolarization in
the near‐Earth plasma sheet.

2. Data Sets

[7] The THEMIS probes allow for multipoint observations
of fields and particles in the plasma sheet near the equator. In
the 2008 season, the apogees of five identical spacecraft were
located at ∼9 RE (THEMIS A), ∼12 RE (THEMIS D and E),
∼19 RE (THEMIS C), and ∼30 RE (THEMIS B). The apogee
of THEMIS A was shifted to ∼12 RE and was against the
plasma sheet in the 2009 season. We used the data of the
electric field instrument [Bonnell et al., 2008], the fluxgate
magnetometer [Auster et al., 2008], the electrostatic analyzer
(ESA) [McFadden et al., 2008], and the solid state telescope
(SST). These data are given in a 3 s time resolution. The third
component of the electric field is estimated with an
assumption of E × B = 0. We used this assumption when the
inclination of magnetic fields relative to the spin plane was
greater than 10°. ESA and SST data are combined in the
moment calculation, where SST data are used for particles
below 450 keV in order to avoid the large uncertainty arising
because of insufficient calibration.
[8] Coordinated ASI observations provide a global cover-

age of auroras with a high spatial (∼1 km near zenith) and
temporal (3 s) resolution. The white light imagers cover a
wide wavelength band of about 400–700 nm, and images
were projected on an ionospheric altitude of 110 km. We also
used ground magnetometer data with a 0.5 s time resolution.
[9] A substorm expansion phase typically lasts for a few

tens of minutes and sometimes has multiple onsets with 15–
20 min intervals [e.g., Pytte et al., 1976], resulting in a
global development of auroral bulge. The global develop-
ment (a few hours MLT) of substorms has been observed at
the geosynchronous orbit [e.g., Nagai, 1982; Nagai et al.,
1983]. In this study, we analyzed, via THEMIS ASIs, the
azimuthal expansion of auroral arcs that occurred within the
first few minutes of the substorm expansion phase; this
expansion passed near the magnetic footprint of the multiple
THEMIS spacecraft. While we focused not on the global
development of substorms but instead on the initial devel-
opment with rather short scales (a few minutes and a few
tenths of an hour MLT), it is suggested that the near‐Earth
disturbances in the present study should relate to the for-
mation of the substorm current wedge investigated previ-
ously [e.g., McPherron et al., 1973].
[10] In order to detect azimuthal auroral expansion asso-

ciated with magnetic dipolarization in the near‐Earth plasma
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sheet, the following three criteria from the THEMIS data
sets during the tail season in 2008–2009 were used for event
selection:
[11] 1. The auroral images show azimuthal auroral expan-

sion within the first few minutes of the substorm expansion
phase.
[12] 2. Azimuthally expanding auroras pass near at least

one of the footprints of the multiple THEMIS spacecraft.
[13] 3. The probe selected according to the above criteria

observes magnetic dipolarization near the center of the
plasma sheet (b > 1). By our definition, magnetic dipolar-
ization is a steplike increase in BZ associated with a steplike
decrease in ∣BX∣ in the near‐Earth plasma sheet, which
indicates a drastic reconfiguration of the magnetosphere.
[14] Here, the substorm expansion phase is identified as

an abrupt intensification of an auroral arc near the equa-
torward boundary of the auroral oval followed by poleward
expansion [Akasofu, 1964] associated with a development of
magnetic bays at ground stations near the onset location. We
regarded the magnetic bay as the decrease in the X com-
ponent of ground magnetic fields more than a few tens of nT
near the onset location. Although this threshold is rather
small compared to past studies, the magnitude of substorms
is not significant in this study. We have used in situ data
from the THEMIS D and E spacecraft, which had an
advantage in detecting azimuthal propagations because
these spacecraft essentially have the same orbit separated
azimuthally near the apogee. In order to detect magnetic
dipolarization in the near‐Earth plasma sheet, it is necessary
that BZ increases by 5 nT/min, that its signature is associated
with an increase in a magnetic inclination, and that these
levels do not return to the initial background level ∼10 min
after the increases.

[15] During the tail seasons in 2008 and 2009, we found
16 events satisfying these criteria. In these events, azi-
muthally expanding auroras showed westward (10 events),
eastward (5 events), and both westward and eastward
(1 event) auroral expansion near the footprints. Concerning
the first 15 cases, while eastward (westward) expansion
occurred in the identified westward (eastward) expansion
cases, such expansion did not reach the spacecraft foot-
prints. On the basis of our conjunction event survey, we
think that onset arcs generally expanded both westward and
eastward after substorm onset, with westward auroral
expansion tending to be more remarkable than eastward
expansion in the spatial and temporal scales. However, we
have focused only on notable azimuthal expansion events,
and we did not count the number of events that did not show
significant azimuthal expansion. Nishimura et al. [2010]
listed 249 auroral breakup events during the tail season in
2008 (145 events of full substorms and 104 events of
pseudobreakups); the number of events in the present study
was significantly low compared to the results of Nishimura
et al. [2010]. The small number of events is the result of our
requiring two spacecraft conjunctions close to the onset
location (event selection criteria 1 and 2). We also require
(event selection criterion 3) that the THEMIS spacecraft be
located in the central plasma sheet (b > 1). These severe
criteria significantly reduce the number of conjunctions.
[16] Table 1 lists the azimuthal auroral expansion events.

In this study, we have defined substorm onset times as the
initiation of the auroral expansion that corresponded to a
development of magnetic bays at ground stations using both
ASI and ground magnetometer data. In five cases that have a
range of onset times, the onset times and locations could not
be unambiguously determined because of the limited fields

Table 1. Azimuthal Auroral Expansion Eventsa

Event
Onset Time

(UT)
Onset

MLT (h)

Speed of Azimuthal
Auroral Expansion Near
the TH‐D Footprint
(Mapped Velocity
Onto the Equatorial
Magnetosphere)

(km/s)

Speed of Azimuthal
Auroral Expansion Near
the TH‐E Footprint
(Mapped Velocity
Onto the Equatorial
Magnetosphere)

(km/s)

Spacecraft
(MLT at the
Footprint (h))

Azimuthal Plasma
(E × B) Flow
Speed Obtained
by TH‐D (km/s)

Azimuthal Plasma
(E × B) Flow
Speed Obtained
by TH‐E (km/s)

2008/01/26 1020:00–1030:00 – −5.3 (−167) −6.4 (−202) D (1.7), E (1.4) −113 (−131) −125 (−148)
2008/02/05 1208:30 24.3 −9.5 (−246) −7.3 (−211) D (1.3), E (0.9) −53 (−56) −101 (−103)
2008/02/26 0403:42 22.2 6.4 (235) 5.6 (196) D (22.1), E (21.8) 294 (309) 272 (185)
2008/02/27 0244:18 21.3 12.7 (408) 12.7 (383) D (21.7), E (21.4) 305 (706) 461 (544)
2008/03/02 0700:00 25.0 9.5 (307) 9.5 (304) D (23.0), E (22.7) 163 (172) 181 (230)
2008/03/03 0804:30 22.8 −4.9 (−149) −5.6 (−171) D (23.2), E (22.9) −101 (−198) −105 (−131)
2008/03/11 0554:00 24.1 12.7 (405) 12.7 (400) D (22.2), E (21.9) 168 (439) 235 (324)
2008/03/27 0729:18 20.8 11.9 (293) 7.9 (201) D (21.9), E (21.6) 170 (208) 124 (104)
2008/03/30 0628:30 23.5 5.8 (166) 3.2 (93) D (21.6), E (21.3) 205 (289) 183 (160)
2009/02/22 0815:00–0825:00 – −2.7 (−94) −2.1 (−72) D (24.9), E (24.6) −186 (−120) −202 (−183)
2009/02/28 0536:12 23.5 −4.5 (−153) 6.4 (−203) D (23.8), E (23.5) −124 (−159) −180 (−271)
2009/03/14a 0130:00–0140:00 – – 10.6 (296) E (22.6) – 99 (123)
2009/03/14b 0400:00–0410:00 – 8.0 (247) 6.4 (188) D (22.8), E (22.5) 80 (128) 115 (29)
2009/03/14c 0506:00 23.4 – 9.5 (310) E (22.9) – 131 (154)
2009/03/23 0603:40 22.9 −4.2 (−143) −4.2 (−139) D (23.2), E (22.9) −134 (−111) −83 (−87)
2009/03/23 0603:40 22.9 8.5 (285) 8.5 (277) D (23.2), E (22.9) 213 (179) 192 (124)
2009/04/14 0900:00–0910:00 – 8.0 (157) 8.0 (198) D (22.8), E (22.6) 117 (126) 151 (239)

aShown are onset times, onset MLTs, speeds of azimuthal auroral expansion (as well as velocities mapped onto the equatorial magnetosphere), spacecraft
we used (as well as their MLTs at the footprints), and azimuthal plasma (as well asE ×B drift) flow speeds obtained by THEMIS D and E. The substorm onset
times were defined as initiation of auroral expansion, and the onset times and locations are estimated using both ASIs and ground magnetometer data. Some
events showed precedent small auroral intensifications close to the expanded aurora a fewminutes prior to the identified onset times, whichmay be regarded as
initial brightening of substorm expansion. In five cases (2008/01/26, 2009/02/22, 2009/03/14a, 2009/03/14b, and 2009/04/14) that have a range of onset times,
the onset time could not be unambiguously determined because of the limited fields of view of ASIs. In addition, there are two cases (2009/03/14a and 2009/
03/14c) where in situ data from only one spacecraft were used because this footprint alone was located close to the expanding aurora.
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of view of ASIs. There were two cases where in situ data
were used from only one spacecraft because this footprint
alone was located close to the expanding aurora. While we
have chosen the events where auroral activity was low prior
to the auroral expansion, some events showed precedent
small auroral intensifications close to the expanded aurora a
few minutes prior to the identified onset times, which may
be regarded as the initial brightening of a substorm expan-
sion. Moreover, we have not distinguished isolated and
multiple‐onset substorms. These do not affect our conclu-
sion, however, because we have focused not on the onset
mechanism or precise onset timing but rather on the auroral
and magnetospheric dynamics during the expansion phase.
It should be noted that this study does not require exact
footprint positions but rather uses them to roughly estimate
the spacecraft meridian relative to the onset meridian. We
have also allowed for an error margin of ±20 min in the
OMNI solar wind arrival time.

3. Case Studies

[17] In this section, we present two cases that show
westward (26 February 2008) and eastward (3 March 2008)
auroral expansion near the footprints of the THEMIS

spacecraft. In these events, an entire sequence of auroral
expansion is detected inside the fields of view of ASIs, and
one can easily associate the magnetospheric counterpart
with auroral expansion. The fundamental characteristics are
generally common in all 16 events.

3.1. The Westward Expansion on 26 February 2008

[18] Figure 1 presents the westward auroral expansion
event associated with the auroral onset at 0403:42 UT on
26 February 2008. This event was also examined by Pu
et al. [2010], who focused on the relationship between
magnetic reconnection in the magnetotail and substorm
onset using the same ASI data along with four THEMIS
probes (B, C, D, and E). The entire sequence of images is
given in auxiliary material Animation S1.1 Figure 1a shows
the ground magnetometer data from the Gillam (GILL),
Sanikiluaq (SNKQ), and Kuujjuarapik (KUUJ) magnet-
ometers. Figures 1b–1g show a sequence of ASI images
obtained at GILL and SNKQ. Each vertical line in Figure 1a
marks the time of ASI images shown in Figures 1b–1g. In
Figures 1b–1g, the light blue and blue asterisks indicate the

Figure 1. Westward auroral expansion observed by the ground‐based instruments on 26 February 2008.
(a) Ground magnetometer data near the footprints of THEMIS D and E. (b–g) Sequence of ASI images at
the times of the vertical lines shown in Figure 1a. White dashed lines are isocontours of MLAT (every 5°)
and MLON (every 15°). All plots cover the magnetic latitudes in the range of ∼65°–73° in the premid-
night sector of ∼20.5–23.5 h MLT. The light blue and blue symbols are the footprints of THEMIS D and
E, respectively, mapped by the Tsyganenko 96 model with OMNI solar wind data as input (thd,
THEMIS D; the, THEMIS E). In each footprint, time shift errors of ±20 min for the solar wind arrival
are shown by the size of the squares. The yellow arrows indicate the directions of auroral expansion.
The enhanced brightness commonly appearing in Figures 1b–1g is light contamination.

1Auxiliary materials are available in the HTML. doi:10.1029/
2010JA016032.
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footprints of THEMIS D and E, respectively, mapped using
the Tsyganenko 96 model [Tsyganenko, 1995]. The size of
the square of each footprint represents the area where the
footprints could possibly move as determined by the error of
solar wind arrival.
[19] There were two auroral intensifications around the

onset. About 3 min prior to the substorm onset (Figure 1c) the
preexisting arc at ∼70° magnetic latitude (MLAT) gradually
intensified, forming a wavy structure at ∼0401:18 UT, and
this aurora did not expand but stayed dim. The ground
magnetic field stayed in the quiet time level. As shown in
Figure 1d, the second intensification of the auroral arc
occurred at 0403:42 UT at 22.2 h MLT, which was located
just east of the THEMIS D footprint. This auroral intensifi-
cation occurred concurrently with an increase (SNKQ) and a
decrease (KUUJ) in the X (northward) component of the
ground magnetic field of about a few tens of nT, indicating
the development of eastward and westward auroral electro-
jets, respectively. Pu et al. [2010] also identified two auroral
intensifications, at ∼0401:21 and ∼0404:30 UT, in this event.
By our definition, the second auroral intensification was
associated with the substorm onset. After the auroral onset,
the aurora then expanded westward and poleward across the
footprints of THEMIS D and E (Figures 1e and 1f).
[20] The multistep activations around the auroral breakup

(with intervals of several minutes) have been discussed in

previous studies [e.g., Kadokura et al., 2002;Morioka et al.,
2010; Saito et al., 2010]. They concluded that the stepwise
evolution of auroral breakup was likely common. In this
event, our focus is the second auroral intensification, which
showed the azimuthal expansion of the auroral arc.
[21] Figure 2 summarizes the westward auroral expansion

shown in Figure 1. Figure 2a represents an east–west keogram
at SNKQ. It represents the average auroral intensity between
67° and 72° MLAT as a function of MLT with DMLT of
0.02 h using the ASI. The MLTs of the footprints of
THEMIS D (22.1 h MLT, light blue) and E (21.8 h MLT,
blue) are overplotted. Figures 2b and 2c show the auroral
intensity at three selected MLTs near the footprints of
THEMIS D (21.95, 22.05, and 22.1 h MLT) and E (21.7,
21.8, and 21.85 h MLT), respectively. The east–west keo-
gram in Figure 2a shows the azimuthal auroral expansion
after the onset at 0403:42 UT as indicated by the white
lines, and the aurora expanded westward near the footprints
of THEMIS D and E. The vertical lines after the onset in
Figures 2b and 2c mark the arrivals of the leading edge of
the azimuthally expanding aurora at each MLT near the
footprints of THEMIS D and E, respectively. The leading
edge is defined as the initiation of a sharp increase in
auroral intensity after the onset as marked by the white
lines in Figure 2a. As mentioned earlier, there were two
intensifications near the footprints, and we focused on

Figure 2. (a) East–west keogram at SNKQ. The footprints of THEMIS D (22.1 h MLT, light blue) and
E (21.8 h MLT, blue) are overplotted. The white solid lines indicate the identified leading edges of the
azimuthally propagating aurora. (b) Line plots of auroral intensity at different MLTs near the footprint of
THEMIS D. The vertical solid lines mark the arrival of the leading edge at each MLT (21.95 h MLT, red;
22.05 h MLT, green; and 22.1 h MLT, black). (c) Same near the footprint of THEMIS E. Red, green, and
black lines are for 21.7, 21.8, and 21.85 h MLT, respectively. The vertical red dashed line marks the auro-
ral onset to the east of the footprint of THEMIS D.
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the latter intensification, which expanded azimuthally. The
former intensification formed the wavy structure at roughly
the same MLT near the THEMIS D footprint, which made it
difficult to identify the sharp leading edge of the latter inten-
sification (Figure 2b). We found this ambiguous leading
edge near the THEMIS D footprint by comparing the auroral
intensity at THEMIS D to the intensity at the THEMIS E
footprint; the intensity at the THEMIS E footprint was partially
the same as that of the THEMIS D footprint and had a clearer
transition of the leading edge. The aurora expanded around the
THEMIS D and E footprints by 0.15 h MLT in 15 s and 17 s,
respectively. The westward auroral expansion speed of the
leading edge was thus 5.6–6.4 km/s.
[22] Figure 3 shows the in situ electromagnetic field and

particle data from THEMIS D and E. During the period of
the auroral expansion, THEMIS D and E were located at
(−10.6, 4.2, 1.7)RE and (−9.8, 4.9, 1.6)RE in SM coordinates,
separated by 7074 km. Both spacecraft observed magnetic
dipolarization as well as fast azimuthal plasma flows and
intense electric fields initiated at the times marked by the
vertical black lines. Intensifications of the electric fields
correspond to local depletions of the plasma pressure.While a
net increase in plasma pressure has often been observed in the

inner plasma sheet [e.g., Miyashita et al., 2009; Xing et al.,
2010], the local depletion of the plasma pressure that we
observed is similar to the one observed in the midtail plasma
sheet (∼20 RE), where earthward flows enhance with entropy
reduction [e.g., Sergeev et al., 1996].
[23] The possibilities of the observed fast azimuthal plasma

flows could beE ×B drift flows and pressure gradient–related
flows [Nakamura et al., 1999]. It is generally difficult to
estimate the spatial gradient, and thus we calculated the
approximate upper limit of the azimuthal component of
pressure gradient–related flows by assuming that the contri-
bution of the pressure gradient was only the radial direction.
This simple calculation gives us a brief estimation for the
azimuthal component of pressure gradient flow of ∼60 km/s.
While the azimuthal component of pressure gradient–related
flows is accompanied by the radial and north–south compo-
nents of pressure gradients, the contribution of the north–
south component of the pressure gradient cannot be estimated
in our calculation. Hence, we allowed certain errors that
stemmed from the formation of the thin current sheet.
[24] In contrast, the plasma flow velocities (Figures 3d

and 3k) are generally correlated with the E × B drift speeds
(Figures 3c and 3j) within a factor of 2 except for a few spikes

Figure 3. In situ (left) THEMIS D and (right) THEMIS E observations in the near‐Earth plasma sheet on
26 February 2008. The vertical red lines mark the auroral onset, 0403:42 UT. The vertical black lines
mark the beginning times of magnetic dipolarization at THEMIS D (0404:50 UT) and E (0405:05 UT)
locations. (a and h) Electric field assuming E × B = 0; (b and i) magnetic field; (c and j) E × B drift speed;
(d and k) ion velocity from ESA and SST data; (e and l) ion energy‐time spectrogram; (f and m) plasma
pressure from ESA and SST (black solid line), magnetic pressure (blue solid line), and total pressure
(dashed line); (g and n) ion b. Data in Figures 3a–3d and 3h–3k are given in SM coordinates.
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in the E × B drift speeds. The difference in the magnitude of
the plasma flows andE ×B drifts, especially during disturbed
periods, may be attributed mainly to insufficient calibration
of the SST data. (The ion energy spectra in Figures 3d and 3k
show significant discontinuity around the energy where the
instrument is switched from ESA to SST, so that the SST
data can easily be off by a factor of 2 or more.) In particular,
the THEMIS E observations show a similar magnitude of
∼300 km/s in both the flow moment and the E × B drift just
after the enhancement. This similarity leads us to suggest
that the plasma flow at the front of the dipolarization (a per-
manent BZ increase) was dominated by the electric drift
associated with the intense electric field.

[25] It should be noted that THEMIS E observed the
magnetic dipolarization (0405:05 UT) 15 s after it was
observed by THEMIS D (0404:50 UT). This time difference
corresponds to an approximate westward propagation speed
of 470 km/s. Since this propagation speed is comparable to
the measured westward plasma flows after the enhancement
between ∼0405:00 and ∼0407:00 UT (Figures 3d and 3k), it
suggests that the large‐scale structure containing the dipo-
larization was moving or expanding westward approxi-
mately at the measured plasma flow speed during the
westward auroral expansion. The qualitative comparison of
these speeds is discussed in section 5.
[26] To identify the relationship between the azimuthal

auroral expansion and its magnetospheric counterpart, the ASI

Figure 4. Comparison of ASI and spacecraft data. (a–c) East–west keogram and the line plots of auroral
intensity near the footprints of THEMIS D and E. (d and e) The azimuthal component of E × B drifts and
plasma flows, respectively. (f) The phase velocities of the fast‐mode wave. In Figures 4d–4f, the light
blue line is for THEMIS D, and the blue line is for THEMIS E. In Figure 4e, the thick and thin lines
indicate the azimuthal components of plasma flows and their perpendicular components against the mag-
netic field vector, respectively. The vertical red dashed line marks the auroral onset, 0403:42 UT. The
solid vertical lines in Figures 4b and 4c indicate the leading edges of the auroral expansion at the foot-
prints of THEMIS D and E, respectively. The solid blue and light blue lines in Figures 4d and 4e show the
initiation of fast azimuthal flows.
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and spacecraft data are compared in Figure 4. Figures 4a–4c
present the east–west keogram and the line plots of the auro-
ral intensity near the footprints (same as those presented in
Figure 2). Figures 4d–4f present the azimuthal components of
the E × B drift and plasma flow speeds and the phase velocity
of the fast‐mode wave derived from the in situ THEMISD and
E data. In Figure 4e, the thick and thin lines indicate the azi-
muthal components of plasma flows and their perpendicular
components against the magnetic field vector, respectively.
Since the azimuthal flows and their perpendicular components
are nearly the same, we do not distinguish them. The initiation
times of the azimuthal plasma flow enhancement (Figure 4e)
are roughly consistent with those of theE ×B flow (Figure 4d),
while a preceding weak flow was observed by THEMIS E
(Figure 4e). Since this weak flow does not appear in the E × B
flow, it may arise from non‐MHD processes and may be
related to the weak auroral intensification prior to the sharp
auroral intensification before the onset.
[27] The identified auroral expansion speed, 5.6–6.4 km/s,

corresponds to a speed of 196–235 km/s when mapped to
the magnetic equator using the Tsyganenko 96 model. These

values are of the same order as the averaged speeds of the
azimuthal plasma flows (272–294 km/s), the E × B drifts
(185–309 km/s), and the moving structure deduced from the
time difference of the observed dipolarization (∼470 km/s).
We derived average plasma flow and E × B drift speeds as
the median value from a flow enhancement prior to the flow
reversal. The time of the flow enhancement was defined as the
start of the magnetic fluctuation (dipolarization). In this
event, the time interval selected was ∼110 s. The difference
between the mapped speed of westward auroral expansion
and flow speed detected by the spacecraft would be attributed
to the mapping uncertainty of the Tsyganenko 96 model,
which does not include substorm time effects. On the other
hand, the phase velocity of the fast‐mode wave (Figure 4f) is
∼1100 km/s, which is much larger than the plasma flow and
the mapped auroral expansion speed, indicating that the
auroral expansion is not a fast‐mode wave propagation but
rather plasma transport approximately equal to theE ×B drift
speed as mentioned above.
[28] A brief summary of this event is as follows: (1) The

leading edge of the westward auroral expansion corresponds

Figure 5. Eastward auroral expansion observed by the ground‐based instruments on 3 March 2008.
(a) Ground magnetometer data near the footprints of THEMIS D and E. (b–g) Sequence of ASI images
at the times of the vertical lines in Figure 6a. All plots in Figures 5b–5g cover magnetic latitudes of
∼65–73° in the premidnight sector of ∼21–23.5 h MLT. The format is the same as Figure 1.
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to the high‐speed duskward plasma flow in the magneto-
sphere, which is associated with the front of the magnetic
dipolarization (a steplike BZ increase) and the intense elec-
tric field. (2) The in situ plasma flow moment is mainly
composed of the E × B flow. (3) Because the magneto-
spheric and ionospheric features were propagating with
similar azimuthal speed, it is suggested that magnetospheric
disturbance related to the measured large‐scale electric field
propagated to the ionosphere along the magnetic field line.

3.2. The Eastward Expansion on 3 March 2008

[29] Figure 5 presents the eastward auroral expansion
event associated with the auroral onset at 0804:30 UT on
3 March 2008, including ground magnetometer data and a
sequence of ASI images obtained at the Fort Yukon (FYKN),
Fort Simpson (FSIM), and Fort Smith (FSMI) magnet-
ometers. Before the onset, themagnetic field perturbationwas
small, and weak east–west aligned arcs appeared (Figure 5b).
The entire sequence of images is given in auxiliary material
Animation S2. The onset occurred at ∼0804:30 UT at
22.8 h MLT and 68° MLAT (Figure 5c), which was located
just west of the THEMIS E footprint. At the same time, the
X component of the ground magnetic fields at FSIM and
FSMI began to decrease by a few tens of nT, indicating
the development of a westward auroral electrojet associated
with the substorm onset. The onset arc then gradually

developed (Figure 5d) and began to expand both eastward
and westward at ∼0808:30 UT. The aurora was expanding
eastward at the footprints of THEMIS D and E (Figures 5e
and 5f). We focused not on the gradual intensification at
∼0806:00 UT but rather on the second intensification at
∼0808:30 UT followed by the fast azimuthal auroral expansion.
[30] Figure 6 summarizes the eastward auroral expansion

shown in Figure 5. Figure 6a represents the east–west
keogram at FSMI, in which the footprints of THEMIS D
(23.2 h MLT, light blue) and E (22.9 h MLT, blue) are
overplotted. Figures 6b and 6c show the auroral intensity at
three selected MLTs near the footprints of THEMIS D
(23.15, 23.2, and 23.25 h MLT) and E (22.9, 23.0, and
23.05 h MLT), respectively. In order to detect the leading
edge of the eastward auroral expansion, the time span of
Figures 6b and 6c is selected as 4 min. The east–west
keogram shows eastward auroral expansion near the foot-
prints (white solid line) associated with a further auroral
intensification after the onset. The leading edge of the aurora
propagated 0.1 h MLT eastward near the THEMIS D foot-
print in 13 s and 0.15 h MLT near the THEMIS E footprint
in 18 s, which corresponded to an eastward auroral expan-
sion speed of 4.9–5.6 km/s.
[31] The THEMIS D and E observations in the near‐Earth

plasma sheet are shown in Figure 7. During the period of the
auroral expansion, THEMIS D and E were located at (−11.3,

Figure 6. (a) The east–west keogram at FSMI. TheMLTs of THEMISD and E are 23.2 and 22.9 h, respec-
tively. (b) The line plots of auroral intensity at different MLTs near the footprints of THEMIS D (23.15 h
MLT, red; 23.2 h MLT, green; and 23.25 h MLT, black). (c) Same near the footprint of THEMIS E. Red,
green, and black lines are for 22.9, 23.0, and 23.05 h MLT, respectively. In order to detect the leading edge
of the eastward auroral expansion, the time span of Figures 6b and 6c is selected as 4 min. The format is the
same as Figure 2.
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2.3, 0.5) RE and (−11.3, 3.3, 0.3) RE, respectively, in SM
coordinates, separated by 6238 km. Both of the spacecraft
observed small magnetic dipolarization as well as high‐
speed earthward and dawnward plasma flows. The third
component of the electric field was only intermittently
available in this event because of small angles between the
spin plane and ambient magnetic field, while the E × B drift
had a variation similar to that of the plasma flow moment.
Moreover, the upper limit of pressure gradient–related flows
applied in the first event was −30 km/s, smaller than that of
the E × B flows. It should also be noted that both of the
spacecraft observed local depletions of the plasma pressure,
which were similar to the first event. These similarities suggest
that azimuthal plasma transport after the onset was governed
by the E × B drift. After the dipolarization, THEMIS D
observed a further decrease in ∣Bx∣ associated with the high‐
speed dawnward flows (0807:20 UT), followed by the
THEMIS E detection (0807:55 UT) 35 s later. This time
difference corresponds to an eastward propagation speed of
178 km/s. Since this propagation speed was comparable to
that of the measured eastward plasma flows shown in Figure 8c,
we can thus conclude that the large‐scale structure con-
taining the dipolarization was moving eastward approxi-
mately at the measured in situ plasma flow speed during the
eastward auroral expansion, which was consistent with the
westward auroral expansion case (see section 3.1).
[32] Figure 8 presents the east–west keogram, the line

plots of auroral intensity near the footprints, the X compo-

nent of the magnetic field, the azimuthal plasma flows and
their perpendicular components against the magnetic field
vector, and the phase velocities of the fast‐mode wave
observed by THEMIS D and E. We plotted Bx in Figure 8d
in order to detect the azimuthal plasma flows associated
with the dipolarization. The identified auroral expansion
speed of 4.9–5.6 km/s corresponds to a speed of 149–
171 km/s when mapped to the magnetic equator using the
Tsyganenko 96 model. This value is close to the averaged
speeds of the dawnward plasma flows (101–105 km/s), E ×
B drifts (131–198 km/s), and an eastward moving structure
(∼178 km/s). The time of the flow enhancement was ∼50 s.
The phase velocity of the fast‐mode wave (∼820 km/s) was
much larger than that of the plasma flows and the mapped
expansion speed, also indicating that the auroral expansion
is not a fast‐mode wave propagation but rather plasma
transport dominated by the E × B drift. Figure 8 emphasizes
that the leading edge of the eastward auroral expansion
corresponds to the high‐speed dawnward plasma flow and
the magnetic dipolarization, as suggested in the westward
auroral expansion case.

4. Statistical Study

[33] In this section, we present a statistical analysis of the
16 events that showed azimuthal expansion of auroral arcs
selected according to the criteria in section 2. We compared
speeds of azimuthal auroral expansion and in situ azimuthal

Figure 7. THEMIS D and E observations with 3 s resolution on 3 March 2008. The format is the same
as Figure 3.
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flow associated with magnetic dipolarization. Speeds of
azimuthal auroral expansion and in situ azimuthal plasma
and E × B drift flows were calculated from the same method
adopted in section 3.
[34] Figure 9 presents the speed of the azimuthal auroral

expansion and the averaged speeds of the azimuthal plasma
flows (dots) andE ×B drifts (squares) during enhanced flows
associated with dipolarization in the near‐Earth plasma sheet.
The horizontal axes denote the azimuthal auroral expansion
speeds at the ionospheric altitude (Figure 9a) and in the equa-
torial magnetosphere mapped by the Tsyganenko 96 model
(Figure 9b). The direction of the plasma flow and E × B drift
velocities is the same as that of the azimuthal auroral expansion.
The small difference between the E × B drift and plasma flow

speeds in almost all events could be attributed to insufficient
calibration of the SST data.
[35] The speeds of the azimuthal auroral expansion are in a

range of 2–15 km/s, which are comparable to those reported
in several previous studies on auroral expansion [e.g., Oguti,
1973; Kadokura et al., 2002; Sakaguchi et al., 2009]. The
average speed of the westward auroral expansion events
(8.8 km/s) is larger than that of the eastward expansion events
(5.3 km/s). Faster westward expansion implies that the
auroral onset tends to occur in the distorted duskside con-
vection cell in the ionosphere, which has westward back-
ground plasma flows in the Harang flow shear at the
premidnight sector [e.g., Zou et al., 2009]. In our case, the
averaged onset MLT was 23.1 h in 11 events (as shown in
Table 1), where the onset locations were detected within

Figure 8. Comparison of the ASI and spacecraft data. (a) The east–west keogram. (b and c) The line
plots of auroral intensity near the footprints of THEMIS D and E. (d) The X component of the magnetic
field. (e) The azimuthal plasma flows (the thick lines) and their perpendicular components against the
magnetic field vector (the thin lines). (f) The phase velocities of the fast‐mode wave. In Figures 8d–
8f, the light blue line is for THEMIS D, and the blue line is for THEMIS E. The vertical red dashed line
marks the auroral onset, 0804:30 UT. The solid vertical lines in Figures 8b and 8c indicate the leading
edge of the auroral expansion at the footprints of THEMIS D and E, respectively. The solid blue and light
blue lines in Figures 8d and 8e show the initiation of fast azimuthal flows related to the decrease in ∣Bx∣.
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the fields of view of ASIs. It is also noted that the duration of
the westward auroral expansion was longer than that of the
eastward expansion (not shown). The east–west asymmetry
in the auroral expanding speed and duration suggests that the
development of the azimuthally expanding aurora may
depend on the onset location in terms of the pattern and
strength of large‐scale ionospheric convection.
[36] The speeds of azimuthal auroral expansion (8.8 km/s

and 5.3 km/s) were found to be 267 km/s and 162 km/s
when mapped onto the magnetosphere at the equatorial
plane. These speeds are comparable to the averaged speeds
of the enhanced in situ azimuthal flow observed by the
spacecraft, that is, 193 km/s (plasma flow) and 239 km/s
(E × B drift) in the westward direction and 112 km/s
(plasma flow) and 139 km/s (E × B drift) in the eastward
direction, including the agreement in the east–west asym-
metry. The east–west asymmetry of the propagation speed
was also confirmed in the magnetosphere [Hori et al., 2000;

Kaufmann et al., 2001; Liou et al., 2002]. Liou et al. [2002]
showed that the westward expansion speed of the dipolar-
ization region at the geosynchronous orbit (∼75 km/s) was
larger than the eastward speed (∼60 km/s). While Liou et al.
[2002] detected the east–west asymmetry in the expansion
speed of the dipolarization far from the onset region, we
found it for the first time near the onset region in the near‐
Earth plasma sheet along with the asymmetry in the azi-
muthal auroral expansion. Since the magnetospheric and
ionospheric structures propagated azimuthally at a similar
speed, we can conclude that the azimuthal auroral expansion
is closely related to the magnetic dipolarization in the near‐
Earth plasma sheet which expands azimuthally at the mea-
sured azimuthal plasma flow speed.
[37] Hori et al. [2000] suggested that the asymmetry of a

magnetospheric convection was due to the non‐MHD drift
(pressure gradient–related flow) in the average sense, which
is directed westward for ions, while the E × B drift was quite
symmetric in the noon‐midnight meridian. In the present
study, we found that the calculated E × B drifts as well as
plasma bulk flow tended to be larger in the westward direc-
tion during substorms, suggesting that the east–west asym-
metries of flow patterns were mainly accompanied by the
MHD process because of the presence of intense electric
fields, which would be significantly intensified in the western
part of the onset region as compared to the east region.

5. Discussion

[38] Fast azimuthal plasma flows in the near‐Earth plasma
sheet have been detected in past studies [e.g., Yeoman et al.,
1998; Nakamura et al., 1999; Angelopoulos et al., 2008b].
Using a network of ground magnetometers, Yeoman et al.
[1998] showed an azimuthal ionospheric feature propagat-
ing eastward with a speed of ∼6 km/s that was associated with
magnetic dipolarization and fast dawnward plasma flow
observed by the Geotail spacecraft located in the near‐Earth
plasma sheet ∼4 h MLT to the east of the ionospheric dis-
turbances. In the present study, for the first time we have
investigated an auroral feature expanding azimuthally near
the magnetic footprints of near‐Earth spacecraft and have
shown that the magnetic dipolarization and fast azimuthal
flows in the near‐Earth plasma sheet are closely associated
with the azimuthal auroral expansion. The east–west asym-
metry of azimuthally propagation speeds in both the mag-
netosphere and the ionosphere also supported their close
relationship.
[39] There are mainly two explanations for the observed

fast azimuthal flows: a braking process of bursty bulk flows
generated by nightside reconnection [e.g., Shiokawa et al.,
1997, 1998] and the development of near‐Earth instabilities
[e.g., Lui, 1996; Liang et al., 2005, 2008]. It can be suggested
that the observed fast azimuthal flows are similar to the flow
patterns in the near‐Earth plasma sheet that were recently
observed using mainly the THEMIS spacecraft [Keika et al.,
2009; Keiling et al., 2009; Ohtani et al., 2009; Panov et al.,
2010a, 2010b]. For example, Panov et al. [2010b] showed
by means of five THEMIS probes covering radial distances
between 15 RE and 9 RE that the fast earthward flow in the
magnetotail was largely deflected and reversed its direction
tailward because of the increase in the radial pressure gradi-
ent. Their results are consistent with the model of the braking

Figure 9. The speeds of the auroral azimuthal expansion
derived from ASI data and the in situ azimuthal plasma flow
(dots) and E × B drift (squares) speeds observed by the space-
craft. The horizontal axes denote the azimuthal auroral expan-
sion speed (a) at the ionospheric altitude and (b) in the
equatorial magnetosphere mapped by the Tsyganenko
96 model. Positive speeds are westward, and negative speeds
are eastward.
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process of bursty bulk flows, which could explain the
observed fast azimuthal flows in the present study.
[40] On the other hand, Saito et al. [2008] focused on the

development of the ballooning instability 1–4 min prior to
magnetic dipolarization in the near‐Earth plasma sheet.
They showed that the low‐frequency wave began to be seen
a few minutes before the dipolarization in a high plasma
beta condition. Its phase velocity should be nearly equal to
the azimuthal component of the ambient plasma velocity
(a few tens of km/s), so that the wavelength of the wave
mode was found to be of the order of the ion Lamor radius. In
our first event in section 3, the ballooning‐type development
was seen by ASI data at ∼0358:00 UT and intensified at
∼0401:18 UT, when the magnetic and plasma signatures
were weak. These signatures are thought to be the same
disturbances reported by Saito et al. [2008]. Thus, the sat-
uration of the ballooning mode could possibly lead to the
azimuthal expansion of the onset region. A current sheet
instability can also explain fast azimuthal propagation. Liu
and Liang [2009] performed a two‐fluid MHD simulation
of a current sheet instability which predicted an azimuthal
speed of ∼250 km/s of current disruption.
[41] We observed intense electric fields associated with

magnetic dipolarization and auroral expansion. Such electric
fields tend to be observed with dipolarization [Birn and Hesse,
1996; Tu et al., 2000; Ohtani et al., 2007; Nishimura et al.,
2008]. It is not possible to determine from the present
observations whether the observed electric fields were elec-
trostatic or inductive. Our finding that the magnetospheric and
auroral features were propagating azimuthally at a similar
speed indicates that the intense electric fields detected in the
near‐Earth plasma sheet would be connected to the ionosphere
through Alfvén waves along magnetic field lines. This may
suggest the presence of large electrostatic fields, but we cannot
rule out the possibility of inductive fields since the current
observation points are not sufficient to estimate r × E and
inductive electric fields may modify electrostatic fields
[cf.Heikkila and Pellinen, 1977]. Moreover, a two‐dimensional
particle simulation showed that the thin current sheet in the
magnetotail generally requires an electrostatic potential
which is closed through parallel electric fields at the auroral
acceleration region [Birn et al., 2004]. This study cannot
estimate the magnitude of parallel potential drop, which
might lead to decoupling between the ionosphere and mag-
netosphere. Such electric fields are suggested to be related to
substorm onset turbulence, although the present study does
not give information about the mechanism itself.
[42] This fast auroral feature has rarely been observed

using radars, which typically have a spatial and time reso-
lution of ∼50 km and 1–2 min, respectively. Since we
focused on the leading edge of azimuthal auroral expansion
and its spatial scale was smaller than the typical spatial
resolution of radars, the auroral leading edge would propa-
gate more than several spatial grid sizes of radars during the
observation cadence. Thus, we think that velocity observa-
tions currently available from radar observations would be
insufficient and only represent averaged flows in larger
spatial and time scales than those of a single auroral arc
propagating much faster than the background. Moreover,
during large auroral intensifications, echoes from the iono-
sphere detected by coherent radars tend to disappear because
of the absorption of the radio waves. These would make it

difficult to detect fast azimuthally propagating features in
the ionosphere. Although the velocity measured by radars
tends to be smaller than that of auroral motion, a few radar
observations suggested the existence of fast azimuthal flow
bursts in the auroral ionosphere with speeds of 1–2 km/s
[Walker et al., 1998; Senior et al., 2002]. Further studies
using radar observations of ionospheric electric fields should
be conducted to provide additional direct evidence of the
electrostatic nature of electric fields.

6. Conclusions

[43] In the present paper, we have adopted coordinated
observations of the THEMIS all‐sky imagers and multiple
spacecraft for the investigation of azimuthal auroral expan-
sion associated with magnetic dipolarization. For the first
time, we detected the azimuthal expansion of auroral arcs
that passed near the magnetic footprints of the multiple
spacecraft operating in the near‐Earth plasma sheet, using
high spatiotemporal auroral observations.
[44] During azimuthal auroral expansion at the footprint

locations, the multiple THEMIS spacecraft frequently
observed fast azimuthal flows and intense electric fields as
well as magnetic dipolarization. The time differences of the
observed dipolarization among the multiple spacecraft
indicated that a large‐scale structure propagated azimuthally
with a speed close to the measured in situ plasma flow
speed. The plasma flow speed was dominated by the E × B
drift associated with the dipolarization and intense electric
fields. Two event studies commonly suggest that the leading
edge of the azimuthal auroral expansion corresponds to the
fast azimuthal plasma flow, which is associated with the
front of the magnetic dipolarization and intense electric
field.
[45] We performed statistical analyses of the selected

16 events that showed azimuthal auroral expansion associ-
ated with magnetic dipolarization in the near‐Earth plasma
sheet. The results showed that the speeds of the azimuthal
auroral expansion in the ionosphere and the plasma flow and
E × B drift in the magnetosphere had east–west asymmetry,
i.e., that it was faster in the westward direction. The aver-
aged speeds of the azimuthal auroral expansion were
8.8 km/s (westward) and 5.3 km/s (eastward). When
mapped onto the equatorial plane, these speeds (267 km/s
and 162 km/s) were comparable to the averaged azimuthal
speeds observed by the spacecraft (193–239 km/s westward
and 112–139 km/s eastward). A faster westward propaga-
tion in the ionosphere and magnetosphere implies that the
auroral onset tends to occur in the distorted duskside con-
vection cell in the ionosphere, which haswestward background
convection in the Harang flow shear at the premidnight sector.
[46] We detected intense electric fields in the near‐Earth

plasma sheet associated with auroral expansion. The auroral
motion approximately at the E × B flow speed suggests that
the effects of the intense, large‐scale electric fields, which
are possibly generated through substorm onset turbulence,
propagate toward the ionosphere along the magnetic field
lines and lead to azimuthal expansion of an auroral arc.
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