
Extreme Magnetosphere‐Ionosphere‐Thermosphere
Responses to the 5 April 2010 Supersubstorm
Y. Nishimura1 , L. R. Lyons2 , C. Gabrielse3 , N. Sivadas1 , E. F. Donovan4 ,
R. H. Varney5 , V. Angelopoulos6 , J. M. Weygand6 , M. G. Conde7 , and S. R. Zhang8

1Department of Electrical and Computer Engineering and Center for Space Physics, Boston University, Boston, MA, USA,
2Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, CA, USA, 3The Aerospace
Corporation, Los Angeles, CA, USA, 4Department of Physics and Astronomy, University of Calgary, Calgary, Alberta,
Canada, 5SRI International, Menlo Park, CA, USA, 6Department of Earth, Planetary and Space Sciences, University of
California, Los Angeles, CA, USA, 7Department of Physics, University of Alaska Fairbanks, Fairbanks, AK, USA, 8MIT
Haystack Observatory, Westford, MA, USA

Abstract The extreme substorm event on 5 April 2010 (THEMIS AL =−2,700 nT, called supersubstorm)
was investigated to examine its driving processes, the aurora current system responsible for the
supersubstorm, and the magnetosphere‐ionosphere‐thermosphere (M‐I‐T) responses. An interplanetary
shock created shock aurora, but the shock was not a direct driver of the supersubstorm onset. Instead, the
shock with a large southward IMF strengthened the growth phase with substantially larger ionosphere
currents, more rapid equatorward motion of the auroral oval, larger ionosphere conductance, and more
elevated magnetotail pressure than those for the growth phase of classical substorms. The auroral
brightening at the supersubstorm onset was small, but the expansion phase had multistep enhancements of
unusually large auroral brightenings and electrojets. The largest activity was an extremely large poleward
boundary intensification (PBI) and subsequent auroral streamer, which started ~20 min after the
substorm auroral onset during a steady southward IMF Bz and elevated dynamic pressure. Those were
associated with a substorm current wedge (SCW), plasma sheet flow, relativistic particle injection and
precipitation down to the D‐region, total electron content (TEC), conductance, and neutral wind in the
thermosphere, all of which were unusually large compared to classical substorms. The SCW did not extend
over the entire nightside auroral activity but was localized azimuthally to a few 100 km in the ionosphere
around the PBI and streamer. These results reveal the importance of localized magnetotail reconnection for
releasing large energy accumulation that can affect geosynchronous satellites and produce the extreme
M‐I‐T responses.

Plain Language Summary Supersubstorms are extreme space weather events that involve
unusually intense aurora. The goal of this study is to understand the driving processes and system
responses during a supersubstorm event on 5 April 2010, when the Intelsat Galaxy‐15 experienced an
anomaly and stopped responding to ground commands. We found that the supersubstorm was associated
with a particular type of aurora called poleward boundary intensification and a subsequent auroral streamer.
This type of aurora can often occur, but the one in this event was unusually large (AL = −2,700 nT), in
association with extremely intense currents and relativistic particle acceleration. The accelerated particles
precipitated down to 60 km altitude, much lower than the typical height of aurora (>100 km). This event was
caused by extremely intense magnetic reconnection and fast flows toward the Earth. This event also created
a fast stream of neutral species in the upper atmosphere.

1. Introduction

Particle injection, precipitation, and related electric fields and currents during substorms are a major energy
source for the radiation belts and ring current in the magnetosphere and energy dissipation in the iono-
sphere and thermosphere. Extreme substorm events, called supersubstorms (AL < −2,500 nT) (Tsurutani
et al., 2015), can even give rise to space weather effects such as satellite anomalies, radio signal scintillations,
and ground induced currents. While space weather effects are often perceived as results of major storms and
solar flares, a substantial portion of space weather events is actually tied to substorms due to intense©2020. American Geophysical Union.
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injection, precipitation, and ionosphere currents (Koons & Fennell, 2006; Tsurutani et al., 2015).
Supersubstorms are much less frequent (~2 events per year) than classical substorms (a few events per
day) (Hajra et al., 2016). However, once it occurs, the energy release during supersubstorms is so large
that the magnetosphere‐ionosphere‐thermosphere (M‐I‐T) system can be severely affected.

The 5 April 2010 supersubstorm event, which occurred despite it being a solar minimum, has received strong
attention due to its extreme ALmagnitude and space weather effects. This event (THEMIS AL = −2,700 nT,
Figure 1c) created an unusual level of energetic electronfluxes associatedwith an overdipolarization at night-
side geosynchronous orbit, which have been assessed as a likely cause of the Galaxy‐15 satellite anomaly
through electrostatic discharge (Clilverd et al., 2012; Connors et al., 2011; Loto'aniu et al., 2015). Satellite
and auroral observations showed that the dominant magnetotail response to the interplanetary shock that

Figure 1. Geotail measurements of the (a) IMF and (b) dynamic pressure, (c) THEMIS AU and AL, (d) integrated upward
and downward currents from the SECS method over North America, THEMIS ASI keogram at (e) White Horse
(WHIT) and Fort Yukon (FYKN), (f) Kiana (KIAN), and (g) GPS TEC keogram over Alaska and maximum TEC.
The solid vertical line marks the time of the dynamic pressure jump. The dashed lines correspond to times of snapshots in
Figure 2.
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preceded the supersubstorm was fast flow channels and associated auroral streamers (Yue et al., 2013).
Global Navigation Satellite System (GNSS) receivers at nightside high latitudes during this event detected
large phase scintillation (>1 radian) with numerous cycle slips (Kinrade et al., 2012; Prikryl et al., 2011). In
addition, there is ample community interest in this type of extreme event, and this event has received a par-
ticular attention for investigating extreme responses, including field‐aligned currents (FACs) (Anderson
et al., 2017), ring current (Buzulukova et al., 2013; Keesee et al., 2014), and the ionosphere‐thermosphere sys-
tem (Cander, 2016; Lu et al., 2014; Victor et al., 2016).

To no surprise, supersubstorms are associated with a southward interplanetary magnetic field (IMF) during
interplanetary magnetic clouds or sheaths (Hajra et al., 2016; Tsurutani et al., 2015). However, the level of
the southward IMF (−10 to −20 nT) is not unusual; rather, it is often seen during intense substorms
(AL ~−1,000 nT) and storms (Dst< ~−100 nT). Interestingly, while supersubstorms do occur during intense
storms, they also occur during non‐storm intervals (Hajra et al., 2016). The 5 April 2010 event was during a
non‐storm interval (Dst ~ −20 nT). It has been suggested that some supersubstorms are triggered by solar
wind dynamic pressure pulses (Tsurutani et al., 2015), but as shown below, the 5 April 2010 event was
not directly triggerred by the interplanetary shock.

In the present study, we address (1) what are solar wind driving conditions of supersubstorms and what are
the M‐I‐T system conditions prior to auroral onset of the supersubstorm, (2) what type of aurora and current
system is responsible the supersubstorm, and (3) what are M‐I‐T responses to the supersubstorm. Answers to
these questions will advance our understanding of fundamental Geospace system responses to extreme driv-
ing conditions. Supersubstorms are rare events that release extreme amounts of energy in the magneto-
sphere, posing a unique challenge for understanding the unusual levels of M‐I‐T system responses to
extreme driving and space weather phenomena. Thanks to the unprecedented suite of both space‐based
and ground‐based instrumentation, we now have the instruments required to evaluate and understand
the fundamental properties of supersubstorms.

2. Results
2.1. Solar Wind and Aurora

Figures 1a and 1b show solar wind parameters measured by Geotail. Geotail was located just upstream of the
bow shock (XGSM = 14 and YGSM =−3 RE) and provided accurate solar wind conditions that have driven the
5 April 2010 event. Figures 1c1g show the Time History of Events and Macroscale Interactions during
Substorms (THEMIS) AU (red) and AL (blue) indices, upward and downward currents using the spherical
elementary currents systems (SECS) method and the network of ground magnetometers (Weygand
et al., 2011), pre‐midnight auroral keograms from selected THEMIS ASI stations, and global positioning sys-
tem (GPS) total electron content (TEC) in Alaska (Vierinen et al., 2016). The upward and downward currents
were integrated over North America within ±3 hr from midnight and above 50° MLAT. Selected snapshots
of the THEMIS ASI data in Figure 2 give a 2‐D sequence of aurora. The whole sequence is shown in
Movie S1.

Before 08:26 UT, |AL| and upward/downward currents were small (Figures 1c and 1d) and aurora was weak
(Figure 2a) under a small southward IMF (~ − 3 nT). Then, an interplanetary shock arrived with a large
southward IMF (Figures 1a and 1b). The southward IMF lasted until ~09:25 UT, and the elevated dynamic
pressure continued beyond the time interval of interest until 12:30 UT, when a magnetic cloud arrived at
1 AU. During this entire time interval after the shock, Geotail was in the sheath ahead of the magnetic cloud
(Liu et al., 2011). |AL| increased to ~900 nT, and the upward and downward currents increased to 7 MA. The
aurora showed a small brightening and polewardmotion (Figures 1e, 1f, and 2b), but this was not a substorm
but so called shock aurora with global brightening throughout the auroral oval without local breakup (Liou
et al., 2003). The shock aurora was associated with a TEC enhancement from 7 to 11 TECU in the auroral
oval (Figure 1g).

After 08:35 UT, the aurora became weaker and the auroral oval moved equatorward, with the latter being
a typical substorm growth phase signature. The growth phase arc can be seen as a latitudinally thin arc
starting at 8:38 UT at 65° MLAT in Figure 1e and at 66° MLAT Figure 1f, followed by equatorward
motion. The equatorward motion of the growth phase arc was very rapid: The arc moved over 1.8°
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MLAT in 10 min (or at a rate of 11° per hour), which is 2.2–5.5 times faster than that for typical
substorms regardless of upstream conditions (2–5° per hour) (Coumans et al., 2007). The growth phase
|AL| of 900 nT and 7 MA of upward/downward currents are also much larger than those for typical
substorms: ~100 nT (Tanskanen, 2009) and ~0.2 MA (Anderson et al., 2018). The region of enhanced
TEC also moved equatorward at the same rate.

The substorm auroral onset occurred at 63° MLAT along the equatorward‐most arc at 08:46 UT (seen in
Figure 2c). Movie S1 shows a small poleward expansion and surge at 08:47–08:50 UT in western Canada.
The onset was followed by a series of brightenings along the poleward‐expanding arc (Figures 1e, 1f, 2d,
and 2e) and enhancements of |AL| (Figure 1c). |AL| reached 2,000 nT associated with the 09:02 UT aur-
oral brightening (Figures 1f and 2e) and a large TEC enhancement reaching 38 TECU (a 20 TEC jump in

Figure 2. 2‐D sequence of THEMIS ASI mosaics. The yellow dots show THEMIS‐A, GOES‐11, and GOES‐12 satellite
footprints using the T01 magnetic field model (Tsyganenko, 2002). The blue line marks magnetic midnight. The
latitude and longitude contours are given every 5° and 15°.
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2 min, Figure 1g). The next brightening at 68° MLAT starting at 09:08 UT (seen in Figure 2f) was also
intense, where |AL| increased to 2,300 nT and upward/downward currents became greater than 18 MA.
This current is much larger than the nightside currents estimated by AMPERE (4 MA) for this event
(Anderson et al., 2017). It is likely because the SECS currents from the ground magnetometers have
higher temporal and longitudinal resolution, which resolves more localized and fast‐varying currents.
We checked that the SECS current density along the CHAMP satellite orbit in eastern Alaska at ~09:15
UT was comparable to the CHAMP magnetometer observation (not shown). The upward and
downward currents were an order of magnitude larger than those for typical substorms (~1 MA
(Anderson et al., 2018)). This brightening occurred along the poleward boundary of the auroral oval
and was quickly accompanied with southeastward motion (Figures 1e and 2g). This led to an
unusually large streamer, where the entire structure extends over 10° latitude (72–62° magnetic latitude
[MLAT]) and 3.1 hr local time (21.4–0.5 magnetic local time [MLT]) with a southeastward tilt (cf. an

Figure 3. Upward (red) and downward (blue) currents overlaid onto the auroral images in Figure 2.
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average streamer extends across 1.67 hr MLT; Gallardo‐Lacourt et al., 2017). The large streamer contains
smaller‐scale streamers and seems to move as a group of streamers. TEC increased from 12 to 19 TECU
3 min. The eastern tip of the streamer reached the THEMIS‐A satellite footprint. The streamer was long
lasting (~10 min) and was followed by a few smaller streamers until ~09:30 UT (Figure 2h), which
correspond to the peak |AL| of 2,700 nT. The peak THEMIS |AL| index was larger than that used by
Connors et al. (2011) because of the addition of more stations after their work. Then the aurora and
electrojet decayed under the northward IMF. The duration of the southward IMF was only about 1 hr,
which could explain why the supersubstorm occurred under the small |Dst|. The southward IMF
arrived after a quiet time, and the duration of the southward IMF was sufficiently long to drive the
substorm but was too short to develop into a storm.

Figure 4. Horizontal currents overlaid onto the auroral images in Figure 2. Magnetometer stations at Kiana (KIAN),
Dawson City (DAWS), and Kaktovik (KAKO) are indicated in panel (a). The location of most‐intense currents are
traced in yellow.
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The sequence of |AL| enhancements started with the solar wind dynamic pressure enhancement. However,
unlike the hypothesis that enhanced dynamic pressure triggers supersubstorms (Tsurutani et al., 2015), the
pressure pulse in this event only caused the shock aurora and ~900 nT |AL| enhancement. The auroral onset
occurred ~20 min after the shock, and the peak |AL| occurred 1 hr later under the period of steady dynamic
pressure without an additional pressure pulse. The peak |AL| was established by a series of auroral and elec-
trojet intensifications, and those intensifications do not correspond to the substorm onset but to activations
that occurred during the substorm expansion phase. The extremely large PBI and streamer activation that
occurred during the expansion phase ~20 min after the onset, and the weaker activations that occurred soon
thereafter, were associated with the peak |AL| index. Considering the known relation between streamers and
plasma sheet flows (Sergeev et al., 2004), this association indicates that localized and intense magnetotail
reconnection and plasma sheet flows drove the large PBI, streamer, and the ionosphere currents producing
the large |AL|. This is similar to what has been seen for classical substorms, during which the expansion
phase streamers, and not the substorm onset, give rise to the maximum ground magnetic field depression
(Engebretson et al., 2019; Lyons et al., 2013).

2.2. Spatial Evolution of the Ionospheric Currents

The upward, downward, and horizontal currents from the SECS method are overlaid onto the auroral
images and shown in Figures 3 and 4. An east‐west oriented sheet of upward currents was associated with
the shock aurora in the pre‐midnight sector (Figure 3b). Downward currents were located poleward of the

Figure 5. (a) THEMIS AL compared to the horizontal (H) magnetic field component at KIAN, DAWS, and KAKO.
(b) THEMIS ASI keogram at WHIT and FYKN, (c) THEMIS ASI keogram at KIAN, and (d) NORSTAR FSMI ASI
630.0 nm keogram.
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upward currents, and westward currents were located between the upward and downward currents
(Figures 3b and 4b). Currents did not show clear changes during the auroral brightenings in the early
expansion phase perhaps due to the limited spatial resolution (Figures 3c and 3d), but the brightening at
09:02 UT was detected as a localized intensification of upward and westward currents at 65° MLAT and
21 MLT (Figures 3e and 4e). The largest auroral brightening starting at 09:08 UT was associated with
more intense and extended currents with the same orientation as the auroral streamer (seen in Figures 3f,
3g, 4f, and 4g). At those times, the tilted streamer marked the upward current portion of the substorm
current wedge (SCW), and the downward currents were located to the east of it. The horizontal currents
shifted poleward in accordance with the poleward‐expanding aurora. Northwestward horizontal currents
peaked between the upward and downward currents near the pre‐midnight auroral poleward boundary,
although the coarser spatial resolution of the horizontal currents does not adequately resolve spatial
structure of the currents. Note that the peak upward and downward currents were only separated by
~1 hr MLT, despite that the enhanced auroral activity spread more broadly (beyond ±3 hr around
midnight). The magnitude of the SCW was unusually high (10 μA/m2) compared to that during typical
substorms (a few μA/m2; Hoffman et al., 1994). The currents then extended over a ~2 hr MLT width at
the peak of |AL| (Figure 3h). The azimuthally localized extent of the enhanced currents indicates that the
current system that created the peak |AL| is not a global‐scale current system but is a localized SCW that
abruptly intensified during the late expansion phase.

Figure 6. (ae) THEMIS‐A measurements of the magnetic field, E × B drift velocity, pressure, and ion and electron energy flux. (f, g) Magnetic field from GOES‐11
and GOES‐12, (hk) fluxes of 0.6 MeV electrons, 2.0 MeV electrons, and 6.5 MeV ions. The two vertical lines mark two‐step dipolarizations.
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To show the location of the intense currents more precisely, we plotted magnetometer data from three repre-
sentative stations in Figure 5a. Three successive enhancements in |AL| were detected by these three stations.
The 1,700 nT |AL| deflection at 09:03 UT was seen at KIAN, where an auroral poleward expansion was
detected (Figure 5c). KAKO detected the 09:08 UT PBI currents, and DAWS detected the currents associated
with the equatorward‐propagating streamer. The |AL| peak was seen at KAKO at 09:29 UT during the sub-
sequent streamers. Because eachmagnetometer responded at different times, the intense currents were loca-
lized to the separation between the magnetometers or smaller (less than a few 100 km), and its current
location dynamically changed over time.

The 630.0 nm meridian scanning photometer (MSP) data at Fort Smith (FSMI) are shown in Figure 5d.
Auroral emission at this wavelength is more sensitive to low‐energy precipitation than the white‐light
THEMIS ASI data and is useful to evaluate if auroral emission is located at the poleward boundary. It can
be seen that the 09:02 UT auroral brightening started several degrees equatorward of the poleward‐most aur-
oral arc, while the 09:08 UT auroral brightening started along the poleward‐most pre‐existing arc (marked by
the white arrows). Thus, the 09:02 UT brightening (and possibly earlier brightenings) was located within the
auroral oval, while the 09:08 UT brightening is a PBI.

2.3. Nightside Magnetosphere

As shown in Figure 2g, the footprint of THEMIS‐A was located near the large streamer. Although the mag-
netic field mapping during the disturbed time cannot give us precise mapping location, it is expected that the
THEMIS‐A footprint was in the vicinity of the streamer and that THEMIS‐A therefore detected the

Figure 7. GPS TEC over Alaska overlaid onto the auroral images.
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magnetospheric counterpart. The footprint of Geostationary Operational
Environmental Satellite (GOES)‐11, which detected the overdipolariza-
tion (Loto'aniu et al., 2015), was located near THEMIS‐A.

THEMIS‐A was located in the plasma sheet (β ~ 0.5, Figure 6c) except
for a brief period (09:07–09:08 UT). THEMIS‐A detected a two‐step
dipolarization at 09:03 and 09:08 UT, characterized by Bx reductions.
Those two steps coincide well with two of the expansion‐phase bright-
enings shown in Figures 1 and 5. The second step corresponds to the
large PBI/streamer, and it was associated with the strong earthward
E × B flow of 1,400 km/s. Particle acceleration was also extremely
intense. Both ions and electrons show flux enhancements up to
~1 MeV despite being at 11.4 RE radial distance. Considering again
the connection between plasma sheet fast flows and auroral streamers
(Sergeev et al., 2004), the large auroral streamer in this event corre-
sponds to the unusually large dipolarization, injection, and fast flows
in the plasma sheet.

THEMIS‐A measured the total pressure reaching ~2 nPa during the
growth phase, a few times larger than the total pressure during a typical
substorm growth phase (Forsyth et al., 2014; Yue et al., 2015). The high
pressure indicates a much larger amount of thermal energy accumulated
in the plasma sheet.

The dipolarization at GOES‐11 reached 140 nT in Bz (Figure 6f), exceeding
the quiet‐time level (~100 nT) and hence called overdipolarization
(Connors et al., 2011; Loto'aniu et al., 2015). The dipolarization and rela-
tivistic electron fluxes (Figures 6h and 6i) at GOES‐11 also had a two‐step
structure and occurred within 1min from the time of the THEMIS‐Amea-
surements. The dipolarizations and electron flux enhancements were also
detected at GOES‐12 (1 MLT to the east of GOES‐11) but were much smal-
ler, indicating that GOES‐12 observed the edge of an azimuthally localized
dipolarization. Because injections have been associated with dipolariza-
tion (e.g., Gabrielse et al., 2014, 2016, 2017), the GOES observations sug-
gest an azimuthally localized injection. The fact that the relativistic
particle injections were observed is consistent with the finding by Dai

et al. (2014, 2015) and Tang et al. (2016) for ~1,000 nT AE substorms, but the fluxes in the magnetotail
and at geosynchronous orbit were 2 and 30 times larger in the present event, likely contributing to the anom-
aly of the Galaxy‐15 satellite, which was located near GOES‐11. An unusually large reconnection that
released the large accumulation of energy could be the likely driver of the fast flow, overdipolarization,
and particle acceleration.

2.4. Particle Precipitation and Neutral Wind

Here we examine the ionosphere density, conductance, plasma drift and neutral wind from GPS TEC, Poker
Flat incoherent scatter radar (PFISR), and scanning Doppler imagers (SDIs) in Alaska around the supersub-
storm location. Figure 7 presents 2‐D distributions of the GPS TEC data. As in Figure 1g and section 2.1, TEC
increased associated with the solar wind dynamic pressure enhancement, and the enhanced TEC was seen
along the shock aurora (Figure 7b). TEC further increased during the expansion‐phase auroral brightenings
(Figure 7c) and reached the peak TEC (38 TECU) during one of the large brightenings (Figure 7d). The region
of enhanced TEC extended poleward and equatorward as the aurora expanded poleward and equatorward
(Figure 7e). The large auroral streamer was also associated with a localized TEC enhancement (Figure 7f).

The altitude profile of the plasma density along the magnetic field‐aligned beam from PFISR is shown in
Figure 8c. The PFISR density data were used to derive precipitating electron energy flux (Figure 8d),
conductances (Figure 8e), and ion‐neutral coupling time scale (Figure 9d) using methods described in
our previous studies (Sivadas et al., 2017; Zou et al., 2018). Input parameters were obtained from

Figure 8. (a) THEMIS AU and AL, (b) THEMIS ASI keogram at FYKN, (c)
PFISR plasma density, (d) precipitating energy flux, and (e) Hall and
Pedersen conductances.
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PFISR (density, temperature, and ion composition), and the Mass
Spectrometer Incoherent Scatter (MSIS), and International Reference
Ionosphere (IRI) models. Collision frequencies of Schunk and
Walker (1973) and Schunk and Nagy (1978) were used for the conduc-
tivity and ion‐neutral time scale.

The interplanetary shock created enhanced density down to 70 km alti-
tude at 08:35 UT. The inversion of the density data shows that this density
enhancement was created by electron precipitation up to ~300 keV and a
Hall conductance enhancement of 25 S. This was a more highly conduct-
ing portion of the ionosphere than for a typical substorm growth phase (a
few S; Kirkwood et al., 1988).

The density increased again at 09:02 and 09:15 UT, corresponding to the
expansion‐phase auroral brightenings starting at 09:02 and 09:08 UT.
Particularly noteworthy, the density enhancement after 09:15 UT was
seen down to 60 km altitude, lower than that for the 1,400 nT |AL| event
studied by Sivadas et al. (2017). The inferred precipitating energy flux in
Figure 8d increased across all energies up to 1 MeV, by an order of mag-
nitude or more. The energy distribution occasionally shows a peak at a
few keV, which it could be due to a parallel potential drop over PFISR.
At other times, the energy flux monotonically decreases with energy up
to 100 keV, indicating that the parallel potential drop was less than
1 keV and precipitation is driven by magnetospheric particle accelera-
tion and scattering. The flux peak at ~100 keV corresponds to the den-
sity peak at ~80–90 km altitude, indicating an additional acceleration
process for particles of that energy. The fluxes are comparable to the
measured level at THEMIS (Figure 6e, though an exact match is not
expected due to the large local time separation between the radar and
satellite). The ionosphere conductances also increased substantially
(65 S Hall and 20 S Pedersen), which would allow for the intense elec-
trojet of |AL| >2,500 nT. The conductance values, however, are compar-
able to typical substorms (Gjerloev & Hoffman, 2000; Kirkwood
et al., 1988). Although 10 MeV protons could also reach ~60 km alti-
tude, proton fluxes of those energies above 6.5 MeV at GOES were at

a noise level (Figure 6j), and thus, the density enhancements at low altitudes were created by
electron precipitation.

Figures 9e9h and 10 show plasma flow and neutral wind measurements. The plasma flow vectors were cal-
culated by combining line‐of‐sight velocities from the PFISR beams looking at different directions
(Heinselman & Nicolls, 2008). SDI measures F‐region neutral wind and gives wind vectors using the techni-
que described by Conde and Smith (1998). The flow and wind data were averaged over the PFISR coverage
(65°68° MLAT). Soon before the interplanetary shock, the plasma flow was westward and the neutral wind
was southwestward (Figure 10a). The westward flow is typical pre‐midnight plasma convection, and the
southwestward wind is also a typical wind due to the day‐night pressure gradient and Coriolis force
(Conde & Smith, 1998). The wind direction and strength right before the shock impact was nearly at the
quiet‐time wind level (dashed lines in Figures 9g and 9h). Because the neutral‐ion coupling time scale
was longer than a few hours (Figure 9d), the ion drag force was not effective at that time.

Soon after the shock arrival, the plasma flow switched to southeastward, aligned with the shock auroral arc
(Figure 10b). The neutral wind did not immediately respond but started being deflected southeastward
10 min after the shock arrival (Figures 9g and 9h). This wind change deviates from the quiet‐time wind
and is thus in response to this specific event. The short response time of the neutral wind is likely due to
enhanced ion drag as can be inferred from the shorter neutral‐ion coupling time scale (Figure 9d).
However, the wind speed remained low (~100 m/s) until the substorm onset (8:46 UT), and thus, the wind
does not likely contribute to a precondition of the supersubstorm.

Figure 9. (a) THEMIS AU and AL, (b) THEMIS ASI keogram from WHIT
and FYKN, (c) PFISR plasma density, (d) neutral‐ion collision time
scale, (e) eastward and (f) equatorward plasma drift averaged over 65°68°
MLAT, and (g) eastward and (h) equatorward neutral wind averaged over
65°68° MLAT. The dashed lines in panels (g) and (h) show wind
observations during a quiet day for a reference (3 April 2010).
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Figure 10. Plasma drift (cyan) and neutral wind (green) 2‐D vectors overlaid on the FYKN THEMIS ASI.
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After 09:02 UT, the plasma flow showed dynamic variations with a few enhancements and shears associated
with the auroral intensifications (Figures 10c10g). The neutral wind rapidly increased more toward the
direction of the plasma flow after 09:10 UT and peaked at 09:45 UT. This wind response is also likely due
to the enhanced ion drag, and the ~35 min response time is consistent with the calculated neutral‐ion cou-
pling time scale (Figure 9d). The wind magnitude reached 280 m/s (250 m/s above the quiet‐time back-
ground) at 09:45 UT. The wind speed is larger than the ~100 m/s change seen in typical substorms,
although the response time scale is comparable to typical substorms (Anderson et al., 2011). The measured
wind changes are driven by local forces because propagation of accelerated wind from outside the measure-
ment area would take >1 hr to propagate across the field of view (~700 km) with the measured wind speed.
Other forces such as pressure gradients could contribute to the wind variations. The Coriolis force is not
effective because it would turn the southward wind to the west, but the measured wind turned from south-
westward to southeastward. These results show unusually large ionospheric density and conductance, and
fast neutral wind responses. Those are likely driven by the enhanced particle precipitation from the
plasma sheet.

3. Conclusion

We presented M‐I‐T observations during the 5 April 2010 supersubstorm event and discussed driving pro-
cesses and system responses. This event occurred during an elevated solar wind dynamic pressure and south-
ward IMF Bz after an interplanetary shock, but unlike the shock‐triggering hypothesis, the shock did not
directly cause the supersubstorm. Instead, the shock created shock aurora and TEC enhancement followed
by the unusually large growth phase of the substorm. The growth phase arc moved muchmore rapidly, and |
AL| and upward/downward currents increased much higher than those for typical substorms. The magneto-
tail total pressure, ionosphere density, precipitating electron fluxes, and conductances were also substan-
tially elevated. The plasma drift and neutral wind in the pre‐midnight auroral oval stayed at a typical
level. The unusually rapid and large accumulation of energy in the magnetotail and the highly conducting
ionosphere under the strong solar wind driving seem to have been the energy source of this supersubstorm.

The substorm auroral onset only showed a small brightening, and it was not directly connected to the largest
auroral electrojet in this event. The expansion phase of the supersubstorm is composed of a series of auroral
electrojet enhancements on the poleward‐expanding auroral arc activity. One of them was associated with
an extremely large PBI and streamer. Fast plasma sheet flows and intense particle injection, presumably dri-
ven by intense and localized magnetotail reconnection, have driven the large PBI and streamer. The super-
substorm electrojet is fed by a SCW associated with the PBI/streamer, and it was much more localized than
the entire extent of the nightside auroral activity. The individual magnetometers also showed that the super-
substorm electrojets were localized to a few 100 km size and dynamically changed locations. The TEC struc-
ture was overall correlated well with the auroral structure and showed large enhancements associated with
the auroral brightenings. The intense particle precipitation up to relativistic energies penetrated down to the
D‐region ionosphere and created unusually large conductance. The precipitation shortened the neutral‐ion
coupling time scale, and the neutral wind speed was larger than that for typical substorms. The ion drag is
suggested to contribute to the wind acceleration.

These results emphasize the importance of magnetotail reconnection, plasma sheet flow channels, and par-
ticle acceleration processes for driving the extreme M‐I‐T responses. It is still, however, an open question
why the reconnection was unusually intense and whether the measured M‐I‐T responses can be reproduced
by simulation. Numerical modeling should be conducted to quantify the system responses. The observed
responses documented in this study would be beneficial for the modeling community to test simulation cap-
ability of extreme events in the future.
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