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Auroral signatures of the plasma injection
and dipolarization in the inner magnetosphere
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[1] Using auroral TV data and particle precipitation data from low‐altitude satellites, we
identify the ionospheric signature of magnetotail dipolarizations and substorm injections
measured in the near‐Earth near‐equatorial plasma sheet by Time History of Events
and Macroscale Interactions during Substorms (THEMIS). Field line mapping exploits a
recently developed time‐dependent adaptive model which minimizes the variance to
THEMIS in situ magnetotail observations. We present strong evidence that the
equatorward edge of the auroral bulge corresponds to the innermost extent of earthward
propagating dipolarization fronts in the magnetosphere, whereas individual equatorward
moving auroral enhancements correspond to the motion of individual injection fronts
reaching at times distances as close to Earth as 5.5 RE. The region of tail dipolarization
corresponds to the auroral bulge, a broad spatial region of enhanced but structured
auroral emissions, bounded on the poleward side by discrete auroral forms and on the
equatorward side by a sharp drop in auroral luminosity and particle precipitation. Particle
precipitation within the bulge is enhanced considerably at the energies above 30 keV.
Ionospheric protons are isotropic and electrons are anisotropic but with fluctuating fluxes
which are below, but on occasion comparable with, trapped levels. The equatorward
edge of the bulge, herein termed the “Equatorward edge of Auroral Bulge” propagates
during substorm expansion toward lower latitudes, initially fast (corresponding to 100 km/s
in space at r ∼ 7 RE) but with decreasing speed after onset. Our adaptive model mapping
suggests that equatorial points at near‐geosynchronous altitude can map to ionospheric
magnetic latitudes up to 2°–3° off of predictions using standard T96 models. The offsets
can be either toward lower latitudes due to field line stretching before auroral breakup or
toward higher latitudes after breakup due to the near‐Earth tail dipolarization.
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1. Introduction

[2] Auroral observations were the starting point of sub-
storm research, introduced by Akasofu and Chapman [Akaso-
fu, 1964]. A large amount of observational and theoretical
knowledge has resulted since then in the paradigm of a
“magnetospheric substorm” as the dominant global energy
transformation process in Earth’s magnetosphere [Akasofu,
1977]. Auroral dynamics, being one of the consequences

of magnetospheric dynamics but encompassing its own
unique processes (such as particle precipitation, field‐aligned
particle acceleration, small‐scale intense Alfvén wave accel-
eration) superimposed onto the drivingmechanism of magne-
tospheric dynamics, still play a special role in the investi-
gation of substorms as the ionosphere represents the only
present possibility to observe both the global dynamical pic-
ture of a magnetospheric substorm and its fine details.
[3] Substorm dipolarization and plasma injections are

major disturbances of the inner magnetosphere concurrent
with substorm expansion. They are thought to represent an
inward motion of plasma, produced by either near‐Earth
reconnection or current disruption. They are essential compo-
nents of themagnetic reconfiguration and plasma acceleration
occurring at or after substorm onset. Azimuthal progression
of the substorm dipolarization is often synonymous with the
expansion of the substorm current wedge (SCW) current
system in local time. Being historically old concepts [e.g.,
Russell and McPherron, 1973; McIlwain, 1974], dipolariza-
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tions, SCW and injections are so familiar from reviews and
textbooks that they are often accepted as well‐established
descriptions of these processes despite the fact that for indi-
vidual cases, especially involving multiple satellites, this
picture can be an oversimplified abstraction, valid only in
an average sense and over a large timescale. Among the
complications that riddle individual studies today is that
according to observations made between 6.6 and about
10 RE distances [e.g., Ohtani, 1998], the dipolarization con-
tains magnetic fluctuations but at the same time often dis-
plays a sharp inner edge which propagates earthward at
comparatively low speeds (a few hundreds of km/s). On rare
occasions, particle injections at the inner edge have also
been observed by radially separated spacecraft [Reeves et
al., 1996; Apatenkov et al., 2007] at the aforementioned
speed. The information concerning the final stage of this
intrusion is scarce, so the braking of the plasma injection
is one of the major under‐sampled processes and its phys-
ics of interaction with the dipolar field and its dissipation

represents one of the major questions in magnetotail phys-
ics today.
[4] The starting point of any magnetospheric substorm

scenario is the localized auroral breakup which exhibits sig-
nificant poleward expansion and demarcates the onset of the
substorm expansion phase. Its time and location reveal (with
appropriate time delays and to within significant mapping
uncertainties) the time and location of explosive dissipation
in the tail plasma sheet, and the following auroral dynamics
reflects, particularly, changes in intensity, location, and
amount of reconnected flux in the tail. The poleward bright
arc may be an ionospheric projection of the reconnection
separatrix and the velocity of poleward expansion provides
a measure of the reconnected magnetic flux rate, with recon-
nected tubes containing newly accelerated plasma. The pro-
portionality between the magnetic flux stored in the lobe
before substorm onset and the magnetic flux delineated by
the auroral bulge on global images as well as their consistent
mapping has been experimentally confirmed [Shukhtina et
al., 2005; Yahnin et al., 2006].
[5] The poleward surging discrete auroras develop into a

bulge which they also envelop. Within the bulge, the area
of intense precipitation equatorward of the advancing
auroras, the auroral structures are quite dynamic, often struc-
tured (filamented and patchy), and on occasion exhibiting
north‐south arcs and equatorward moving arcs [Nakamura
et al., 1993]. On the equatorward side, the region of enhanced
precipitation may terminate without any distinct arc delineat-
ing its border. We will refer to this border as the Equatorward
edge of the Auroral Bulge, or EAB, and we will see that it is
not necessarily colocated with the inner edge of the plasma
sheet. Unlike the active poleward auroras which have been
in the focus of auroral research, the auroral activity inside
the auroral bulge and near its equatorward edge has usually
been neglected in previous studies.
[6] In this paper we investigate two substorm events with

favorable coverage of both auroral and spacecraft observa-
tions in order to address the auroral morphology and dynam-
ics on the field lines in the inner magnetosphere, where the
dipolarization and plasma injections are simultaneously
observed by Time History of Events and Macroscale Interac-
tions during Substorms (THEMIS). Using auroral TV mea-
surements we address the dynamics and morphology of
the EAB. Using NOAA‐POES observations, we describe
the auroral and energetic particle precipitation in the equa-
torward part of auroral bulge. Using advanced magnetic
field models, we map between the ionosphere and magnetic
equator in order to address the relationship between the
EAB and the dipolarization and plasma injection in the
equatorial magnetosphere.

2. Observations

2.1. General

[7] The auroral observations presented herein include
global imaging by Polar UVI instrument in the Lyman‐
Birge‐Hopfield long filter (LBHL) band at 36 s time resolu-
tion [Torr et al., 1995] in the Southern Hemisphere as well
as ground TV observations at closely spaced observatories
Loparskaya (LOP, 68.63°N, 33.25°E) and Lovozero
(LOZ, 67.97°N, 35.02°E), with magnetic midnight at about
21.7 h UT. Details of the TV recordings and data processing

Figure 1. (top) International Monitor for Auroral Geomag-
netic Effects magnetometer network‐based AE index for
two substorms. (bottom) Trajectories of pairs of THEMIS
probes during two substorm events.
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have been given by Kornilova et al. [2008]. Precipitated and
trapped fluxes of auroral particles (0.3–20 keV, Total Energy
Detector (TED) instrument) and energetic particles (at >30
and >100 keV energies, Medium Energy Proton and Electron
Detector (MEPED) instrument) were measured by the polar
orbiting, low‐altitude (h ∼ 850 km) NOAA‐POES spacecraft
(see Evans and Greer [2006] for a description of the instru-
ments and data formats). The THEMIS mission is a five‐sat-
ellite constellation in the equatorial magnetosphere [see
Angelopoulos, 2008, and references therein]. In this paper
we use spin‐resolution observations from the fluxgate mag-
netometer (FGM) and particle instruments (electrostatic
analyzer (ESA) and solid state telescope (SST)) on two of
the THEMIS spacecraft (probes) in the outbound leg of their
orbits through the inner magnetosphere near themidnight me-
ridian (Figure 1). The inner and outer spacecraft were probes
P5 and P2 in the case of a strong substorm on 6 January 2008,
whereas they were probes P2 and P1 on 31 December 2007.
During both events, around substorm onset the innermost
probes were positioned close to the magnetic equator near
the geostationary distance. The outermost spacecraft were
only 1–2 RE below the neutral sheet, at about 11 RE distance,
yet they observed the plasma sheet boundary and even tem-
porarily exited to the lobe, indicating that the current sheet
was thin at the time. Whereas the innermost spacecraft are

the main source of information concerning the timing of
dipolarization and injection in the inner magnetosphere,
both spacecraft (together with the remaining three THEMIS
probes) provide valuable data for adapting the magneto-
spheric model used in our study for our mapping, an essen-
tial aspect of our study. Our modeling effort proceeds as
follows. First, we used the standard T96 model with input
taken from propagated 5‐min‐averaged solar wind data from
the OMNI data set. Next, we use the simplest adaptive model
(AM‐01) of Kubyshkina et al. [2009] which relies on T96
model formulas, but with coefficients obtained by fitting
the model at any particular time to the magnetic observations
made by the five THEMIS probes. Comparisons between the
two models (standard and adaptive) and between model‐
predicted and observed magnetic fields in the region of inter-
est (at THEMIS) allow us to further evaluate and control the
effects and quality of mapping.

2.2. Auroral and Particle Observations

[8] The substorm on 6 January 2008 had a major onset at
about 2107 UT, after which the Image AE index quickly
rose to about 600 nT in about 20 min (Figure 1). The sub-
storm was also seen in the 36 s resolution Polar UVI data,
as evident by the start of auroral brightening in the premid-
night sector at 2107:01 UT in Figure 2. The ionospheric

Figure 2. Polar UVI LBHL‐band global images (top) in keogram CGLat‐UT format (averaged over
MLT in ±3 h MLT sector near midnight) and (bottom) in MLT‐UT format (averaged over meridians be-
tween 60° and 75° CGLat). Black lines show the trajectories of THEMIS probes P2 and P5 mapped to the
ionosphere.
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footprints of THEMIS probes P2 and P1 are demarcated by
the two solid lines through the UVI spectrogram. The two TV
cameras at LOZ and LOP were located at 23.4 h magnetic
local time (MLT) at this time, i.e., at the dawnside of the
brightening region and near the meridian of the two Themis
probes P2 and P1.
[9] Keograms (Figure 3, two top parts) and all‐sky snap-

shots (Figure 4) from the LOP camera show the auroral
activity in greater detail. In both cases, we used image dif-
ferences to determine auroral features and dynamics more
easily. Specifically, the upper keogram in Figure 3 shows
the total brightness, while the bottom keogram shows dif-
ference images, with a 5 s lag. Similarly, the right parts in
Figure 4 are differences of images shown on the left, also
with a 5 s lag. Prior to auroral onset the equatorwardmost arc
bifurcated and its equatorward portion moved to lower lati-
tudes. Both arcs varied in intensity, but the major activation
(accompanied by poleward expansion) at LOP started at
2107:08 UT. Enhanced auroras behind the active, poleward
expanding aurora also expanded in the equatorward direc-
tion. Both keograms and individual TV camera and UVI
(not shown) images show that the auroral bulge is a region
of enhanced and strongly structured luminosity. The enhanced
luminosity region of the bulge has a distinct equatorward

border, the EAB boundary that is not delineated by a dis-
crete form, although some structures may occasionally
appear here. The bright structures within the bulge proper
appear like pulsating arcs and first started near the equator-
ward border of the enhanced precipitation at 2108:12 UT.
After a few steps of poleward expansion (2110, 2113,
2117 UT) the auroral intensity in the bulge peaked while
the equatorward propagation of the bulge slowed down
(saturated) on a timescale of approximately 10 min. Follow-
ing that, the luminosity started to decrease and the auroral
features started to fade away. The structures inside the bulge
proper have different geometries and propagation directions
(mostly toward west, east, or equator) and variable appear-
ances in the form of patches and arc segments (including
north‐south elements). While their investigation deserves
further attention, it is beyond the scope of this paper. Here,
we only emphasize the tendency for a predominantly equator-
wardmotion of these structures, which are visible on the differ-
ence keograms as downward sloping auroral enhancements.
[10] In this event the availability of two meridionally sep-

arated TV cameras (at LOP and LOZ) allowed us to observe
the breakup as well as the EAB near zenith for an extended
period of time. The large‐scale character of the equatorward
expansion in this event is also supported by observations

Figure 3. (top) TV keograms for the 6 January 2008 substorm from LOP. Both total brightness and dif-
ferential brightness keograms are presented (top and bottom keograms, respectively), the breakup time is
shown by an arrow, and the poleward border of bright active auroras and the equatorward‐moving auroral
enhancement traces forming together the equatorward border of auroral bulge are marked by red and blue
lines. (bottom) The same but for the 31 December 2007 substorm.
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from two Finnish all‐sky cameras, which documented the
equatorward expansions down to about 100 km southward
of Sodankyla (corrected geomagnetic latitude (CGLat) =
63.9°) and down to about 200 km southward from Kilpisjarvi
(CGLat = 65.8°). Both Finish cameras are located about 1 h
MLT to the west of Loparskaya.
[11] During the secondTHEMIS conjunction, on 31Decem-

ber 2007, there were two separate onsets: a small onset devel-
oping at around 1930 UT and a main substorm onset at
2007:40 UT (Figure 1). The second event was composed
of a few well‐defined individual activations, seen even in
the AE index. The event was observed by the Polar UVI
imager (data not shown), although the postmidnight half
of the auroral oval was not covered by the instrument.
Auroral activations were observed by UVI at 2007:49
(21–22 h MLT), 2012:30 (21–22 h MLT), 2025:20 UT
(21–23 h MLT), and 2039:06 (00 MLT); the first two of
them had clear effects in the inner magnetosphere.
[12] Figure 3 (bottom) displays the TV observations from

Loparskaya. The observation conditions (breakup poleward
of the station zenith) and the character of the auroral bulge
development are similar to the previous event. First the pre-
breakup arc structured (starting at about 2006:15), then a
brightening was seen at its eastern edge (at about 2007:01),
then the brightening propagated to the west and reached the
LOP meridian at 2107:40 UT, and this signaled the major
intensification, breakup, and poleward expansion.
[13] Multiple individual activations in the aftermath of

onset, within the auroral bulge, are very distinct in this
event. They can be distinguished as downward sloping
auroral enhancements in the keograms. Two of the most
distinct activations are seen to start at 2010 and 2012 UT
and are denoted by blue traces a and b in the bottom part
of Figure 3. These activations are seen starting at the pole-
ward edge of the bulge and propagated toward the equator-
ward boundary, on occasion extending to even lower
latitudes than the preexisting EAB and thus demarcating
the new location of the EAB.
[14] Like in the previous event, the large‐scale character

of the EAB expansion is also supported by observations
by the Finnish all‐sky cameras, which documented the equa-
torward expansion of luminosity down to about 100 km
southward of Muonio (CGLat = 64.7), situated about 1 h
of MLT to the west of LOP (data not shown here).
[15] Two nearly simultaneous crossings of the developing

auroral bulge were obtained by NOAA‐POES spacecraft.
The most interesting one was by NOAA 18 in the Southern
Hemisphere. Its conjugate foot point in the northern iono-
sphere moved poleward through the field of view of the
TV camera at LOP between 2016 and 2019 UT. Figure 5
(bottom) shows the precipitating integral energy flux in
the range 0.3–20 keV, as well as precipitating and trapped
energy flux of high energy particles. The unusually coinci-
dent flux enhancement of different species and energies on
the equatorward side of the bulge crossing is collocated with
the EAB, at 2016:25 UT. The boundary is observed at 65.1°
CGLat (mapped to the northern hemisphere). Here, the pre-
cipitating electron energy flux in the 0.3–20 keV range
shows an increase by an order of magnitude up to the
10 erg/cm2 s level inside the auroral bulge. The energetic
electrons above 30 and 100 kev are anisotropic but dis-
play enhanced and fluctuating precipitating fluxes (at 0°

Figure 4. Examples of all‐sky TV images, illustrating the
development of auroras on 6 January 2008. Each part
includes the (left) total brightness and (right) differential
brightness images taken at the same time.
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PA) inside the bulge. The energetic protons show large iso-
tropic fluxes within the bulge. The proton isotropy boundary
(IB) is also located near the EAB. The auroral bulge is pop-
ulated by enhanced but fluctuating electron fluxes up to very
high energy. The characteristic energy of the total energy
detector was about 18 keV for protons and about 8–11 keV
for electrons (not shown).
[16] The other NOAA‐POES spacecraft, NOAA 17, also

crossed the auroral zone at around the same UT, but moved

in poleward direction in the Northern Hemisphere, 2 h MLT
westward of the NOAA 18 crossing. It observed similar sig-
natures, although the EAB at that MLT was about 1° CGLat
poleward relative to the near‐midnight value measured at
NOAA 18 (Figure 5, top). Note that again, all channels
exhibit a simultaneous flux increase near the equatorward
boundary. It is also interesting to note that the proton IBs
have an energy‐latitude dependence that is opposite to what
is commonly observed; that is, the 30 keV proton IB is located
0.2° equatorward of the >80 keV proton IB, whereas the typ-
ical behavior is that decreasing energies have IBs arranged in
increasing latitudes, as was seen during the NOAA 18 cross-
ing. This feature is extremely rare and indicates that the iso-
tropic precipitation near this equatorward boundary was
likely formed by wave‐particle interactions which scatter
particles into the loss cone rather than by a more general
mechanism of nonadiabatic scattering in the tail current
sheet [e.g., Sergeev and Kubyshkina, 1996]. It indicates that
very effective particle scattering mechanisms likely operate
near the EAB boundary in the equatorial magnetosphere. As
seen in NOAA 17, the proton precipitation into the bulge
seen on NOAA 18 also displays a plateau in flux while both
ion and electrons are rather energetic; the peak energy flux
was at 11–16 keV for protons and at 2–3 keV for electrons
(not shown).

2.3. Magnetospheric Observations Near the Substorm
Onset

[17] Figure 6 shows THEMIS observations of the magnet-
ic field, plasma, and energetic particle flux during the first
substorm. The outermost probe P2 was at r ∼ 10.5 RE in
the southern plasma sheet boundary near onset. As a conse-
quence it did not observe strong plasma flows. The earliest
feature to notice was a drop of the total (magnetic+plasma)
pressure and an increase of the Bx and Bz components of the
magnetic field, which all started at about 2104:40 UT. We
interpret this as a signature of plasma sheet expansion and
the start of the unloading phase in the tail, consistent with
recent statistical results by Miyashita et al. [2009]. The ear-
liest breakup determination at 2107:08 (TV at LOP) and
2107:01 (Polar UVI) is delayed by about 2 min after this
time.
[18] The innermost THEMIS probe P5 crossed the inner

boundary of the electron plasma sheet at about 4.8 RE,
22.4 h MLT at around 1930 UT (as observed by the ESA
instrument), moving outbound through the middle of the
inner plasma sheet. It was at 6.9 RE distance at the time of
substorm onset. P5’s observations are a bit complicated
since the injection features in energetic protons and electrons
as well as the dipolarization signatures were all observed at
different times. The first one was a smooth flux increase
in the lowest energy (about 28 keV) proton SST channel,
observed at 2106:10. At this time about 1 min period oscil-
lations of plasma flows also started (with only about 10 km/s
amplitude, not shown). A clear flux increase was seen in the
low energy SST electron channels combined with a drop at
the electron energies above 200 keV at 2108:10 UT; it was
not accompanied by corresponding proton flux increase.
These are typical signatures of dispersionless electron injec-
tions, observed at the dawnside flank of the injection region
[Birn et al., 1997]. At this time the dipolarization was not
yet observed, as the Bz component rather decreases (note

Figure 5. Observation of precipitated and trapped particle
fluxes at NOAA 17 and NOAA 18 polar low‐altitude space-
craft during the auroral expansion event on 31 December
2007. Corrected geomagnetic coordinates are given for the
spacecraft foot point in the Northern Hemisphere; for com-
parison, the TV auroral observations are made at 115° CG
meridian. The legend indicates different acceleration and
precipitation domains according to Sergeev and Kubyshkina
[1996]: red indicates the current sheet acceleration, blue in-
dicates the acceleration in the newly dipolarized region, and
hatched plateau precipitation indicates the main body of the
dipolarized magnetic field region which is bounded from
equatorward side by the EAB boundary.
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that Bz > ∣Bx∣), exhibiting superimposed about 1 min period
oscillations. Bz gradually starts to increase after 2110:20 UT,
the increase lasting for 10 min. The strong B field fluctua-
tions superimposed on top of this Bz increase are associated
with modulations of the energetic particle flux; they may
contribute to the structure of auroral precipitation.
[19] The general magnetospheric features and relative tim-

ing during the 31 December 2007 substorm are similar to
the 6 January 2008 one (Figure 7). The outermost THEMIS
probe P1 was at the lobe–plasma sheet boundary, at r ∼
11.8 RE distance, near the main onset. P1 observed the start
of unloading (decrease of the total pressure) at 2006 UT,
while the Bz increase started a minute later. There was one
more activation at about 2012 UT shown by the second
dashed vertical line, and this activation sequence nicely cor-
responds to the second electron injection at about 20:14 UT
on P2, located in the inner magnetosphere.
[20] The inner THEMIS probe P2 crossed the inner

boundary of the electron plasma sheet at about 5.8 RE,
22.7 h MLT at around 1930 UT. By the time of substorm
onset, it was near 6.9 RE at the 23.1 h MLT meridian. Like
in the previous case, the earliest tail signature is a 28 keV
proton flux increase which starts gradually, not later than

2007:30 UT (but 1.5 min after the unloading signature com-
menced at P1). The two‐step Bz‐component increase
(against its decreasing trend on the outbound trajectory)
started at 2009:00 UT and became more abrupt at 2013:40
UT. Corresponding high energy electron injections started
at 2010:20 (dispersionless) and again at 2014 UT (evidently
with a weak energy dispersion). Both electron injections
were not accompanied by proton injection, which is com-
mon for observations at the dawnside of the injection center.
Closer to the Earth, at 6.6 RE, the effects of two electron
injections were observed by the LANL‐02A spacecraft posi-
tioned at 00.5 h MLT, about 1.5 h MLT dawnward of P2
(Figure 7, bottom). Here, both injections displayed an ener-
gy dispersion (which was larger for the second injection).
From the dispersion, we inferred the injection times to have
occurred at about 2011 and 2014 UT at earlier local times, i.
e., consistent with the timing and location of the injections
observed at P2.

2.4. Magnetic Mapping

[21] The Bx and Bz magnetic field components observed
by the two THEMIS probes, together with the values of the
field predicted by the models, are plotted for the 6 January

Figure 6. THEMIS observations (top) near the plasma sheet–lobe boundary at about 11 RE distance (P2
spacecraft) and (bottom) in the near‐geosynchronous region (P5 spacecraft) during the 6 January 2008
substorm. Red line indicates the time of auroral breakup, and other dashed vertical lines indicate other
times of interest (see Table 1 for timing information).
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2008 substorm in the bottom part of Figure 8. Only the exter-
nal part of the magnetic field is shown (i.e., the International
Geomagnetic Reference Field (IGRF) contribution was sub-
tracted from both data and models) in order to better resolve
the variations, which would otherwise be dominated by the
spacecraft motion in the strong dipole field. The standard
T96sw model is computed based on 5‐min‐averaged, prop-
agated solar wind interplanetary magnetic field (IMF) para-
meters (Pd, By, Bz) available from the OMNI data set. This
model predicts the approximate value of the observed field
but fails to reproduce the considerable magnetic variations
observed before and after the substorm onset. Another model,
AM‐01 [Kubyshkina et al., 2009] is obtained by varying the
T96 input parameters to achieve the best fit to the magnet-
ic fields observed by the five THEMIS probes (avoiding
the r < 5 RE near‐perigee region). Both models are routinely
computed at 5 min time resolution for the THEMIS tail season
and are available at http://geo.phys.spbu.ru/themis/models_
public. The AM‐01 model reproduces the observed variations
much better than the T96 model, particularly the Bz decrease

(P5, P2) and ∣Bx∣ (P2) increase, corresponding to magnetic field
stretching prior to the onset. Moreover, as the Bz (P5, P2)
increase and ∣Bx∣ (P2) decrease after substorm onset, corre-
sponding to the typical field dipolarization at substorm expan-
sion phase, AM‐01 again models these signatures with high
fidelity compared to the standard T96 model. AM‐01 therefore
makes it possible to estimate the variations of spacecraft foot
point locations at around the substorm onset relative to the pre-
dictions of standard model. The CG latitudes of the iono-
spheric foot point of the P5 spacecraft are shown in the
top part of Figure 8 using both models. Compared with the
smooth trace predicted by the T96 model, the B‐field‐adapted
AM‐01 model predicts an ionospheric foot point for 2°–3°
lower latitude prior to substorm onset (due to the stretched con-
figuration) and 2°–3° higher latitude after substorm onset (due
to dipolarization). The entire latitudinal variation of the space-
craft foot point due to the changing magnetic configuration can
be as large as 5°–6° around the substorm onset. This clearly
demonstrates the importance of constructing adaptive models

Figure 7. THEMIS observations (top) near the plasma sheet–lobe boundary at about 12 RE distance (P1
spacecraft) and (bottom) in the near‐geosynchronous region (P2 and LANL‐02A spacecraft) and during
the 31 December 2007 substorm.
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when doing mapping both prior to the substorm onset and after
the onset.
[22] The CG latitudes of the bulge’s equatorward bound-

ary (EAB) and of other auroral boundaries, including the
breakup arcs and the poleward arcs, are also shown on this
plot for comparison. They are obtained from the location of
the lower border of the auroral forms in the keograms of
LOP and LOZ stations, under the assumption that the lower
altitude of auroras is 110 km, followed by a conversion of
geographic to CG coordinates. Although the meridians of
the two stations are very close in longitude (3° longitude dif-
ference), and the stations are separated by only about 80 km
along the meridional direction, the EAB determinations may
differ at times by as much as 0.7° CGLat. We attribute this
to the complex shape of the boundary and/or the variations
in the actual altitude of the auroral emissions in the auroral
bulge. For example, on the basis of the hard spectra of the
precipitating electrons measured at NOAA 18 it is possible

that on occasion the auroral luminosity lower border is below
100 km in altitude. With two models and two determinations
of the EAB location, the time interval when the P5 foot
point crosses the EAB location is predicted to be between
2113 and 2117 UT (Figure 8, top). During this time the Bz

component at P5 was increasing, starting gradually at about
2111 UT. Impulsive Bz increases start at 2115 UT. There is
no single feature which we can definitely associate with a
sharp EAB boundary, a point that we shall examine again
in section 3.
[23] Similar analysis for the 31 December 2007 substorm

results in Figure 9. In this case the standard AM‐01 fails to
reproduce the dipolarization as clearly, probably because of
the smaller magnitude of variations compared with the
6 January 2008 substorm. We repeated the adaptive proce-
dure by increasing the weight of the P2 magnetic field input
by a factor of 3 compared with other spacecraft. The resul-
tant model (AM‐01c) more closely follows the Bz variation

Figure 8. (top) Corrected geomagnetic latitudes of the equatorward auroral boundaries observed at LOP
and LOZ, together with time variations of ionospheric foot point of the innermost THEMIS spacecraft.
The latitudes of polewardmost arc and of the breakup arc (red) are also shown. (bottom) Magnetic field
Bx and Bz components (dipole contribution subtracted) observed by two near‐midnight THEMIS probes
as well as the same components as predicted by solar wind–based T96 model and by the AM‐01 model
adapted to fit THEMIS observations.
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at P2, although the agreement with the observed magnetic
field is still not as good as in the previous event. We notice,
however, a reasonably good agreement between predicted
and observed external contributions for all models (within
about 5 nT difference for 20–40 nT inputs), which means
that the models still provide a reasonable basis for mapping.
The auroral response in this case displays a few traces of
downward sloping auroral enhancements seen on both the
total and differential brightness keograms as mentioned ear-
lier (Figure 3, bottom). The two clearest traces a and b cor-
respond to two intensifications of the westward electrojet as
evidenced in the Image AE index (Figure 1). The intensifi-

cations correspond to the times of the double dipolarization
and double electron injection observed at P2 and LANL‐
02A (Figure 7). According to Figure 9, these auroral features
cross the predicted locations of P2 foot points at 2011–2012
and at 2014–2015 UT, which is in a good agreement with
onsets of two dispersionless injections at 2011 and 2014 UT
at that spacecraft, and the associated Bz increases.
[24] We note in passing that earlier in this event, another

breakup with a clear trace of equatorward moving auroral
brightness increase was recorded at 1930 UT (evident in
Figure 4). According to our models, this trace approaches
but does not cross the modeled P2 foot points. No signs

Figure 9. Same as in Figure 8 but for the 31 December 2007 substorm. Image AE and magnetic H‐com-
ponent variation in Nurmijarvi are also shown for reference to emphasize the impulsive development.
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of dipolarization at P2 and no comparable injection at
LANL spacecraft were observed. This provides further sup-
port for our interpretation of the equatorward moving auro-
ral structures as the ionospheric manifestation of the
earthward moving injections and dipolarizations.
[25] The mapping of the EAB to the magnetosphere for

both events is shown in Figure 10. The difference between
the standard and adapted models is significant: The inner-
most penetration distance varies by 1 RE at r ∼ 5–6 RE

and the velocities of the inward motion of the boundary dif-
fer by a factor of 2 at about 7 RE distance where the inner-
most THEMIS probes are located. Using the adaptive model
we estimate these velocities to be about 100 km/s, which is
consistent with previously reported velocities of dipolariza-
tion fronts at 7–9 RE [Ohtani, 1998; Apatenkov et al., 2007].

3. Discussion

3.1. EAB and Its Magnetospheric Counterpart

[26] The two events analyzed indicate that following a
substorm onset an area of active auroras is formed in the
wake behind the poleward expanding discrete auroral forms,
forming the auroral bulge proper, which is expected to be
the ionospheric counterpart of the plasma sheet that is ener-
gized during the substorm [Yahnin et al., 2006]. These
auroras typically appear in the form of enhanced precipitation
which contains complex and dynamic embedded structures.

[27] Particularly, the bulge includes distorted arcs, patches,
and arc fragments (Figure 4), including elements of north‐
south arcs [see also Nakamura et al., 1993]. Under favorable
observing conditions, with active auroras starting (breakup)
in the northern sky, these enhanced auroras display a distinct
EAB boundary, which progressively expands in the equator-
ward direction. Distinct from the poleward boundary of the
bulge, this EAB boundary is not delineated by any single
arc‐like structure (though equatorward moving arcs may
reach it and redefine its location), but rather looks like a
boundary between undisturbed and activated precipitation
regions (see, e.g., the individual images in Figure 4). Initial-
ly the speed of equatorward expansion is rather large (30–
50 km/min, Figures 8 and 9) and then it slows down. The
development can be nonmonotonic in the case of several
distinct injections. The timescale of the major development
of the EAB is about several to 10 min; on this timescale, the
equatorward motion of the EAB stops and the intensity of
precipitation fades away.
[28] The equatorward expansion of the EAB has been pre-

viously reported by many observers who presented their
auroral data in a keogram format, although it did not attract
as much interest as the poleward boundary. The interpreta-
tion of the EAB was not conclusive because of mapping
uncertainties and the general lack of concurrent near‐Earth
spacecraft observations. Eather et al. [1976] analyzed auro-
ral observations made near the foot point of geostationary
ATS‐5 spacecraft. During moderate and strong activity they

Figure 10. Mapping of the equatorward boundary of the active auroras to the equatorial near‐midnight
magnetosphere using both standard and adapted models.
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observed energetic flux enhancements at ATS‐5 (plasma
injections) in associationwith auroral enhancements propagat-
ing equatorward. They suggested that their equatorward border
is the precipitation from the injection boundary [McIlwain,
1974], a phenomenological construct whose detailed physics
was unknown at that time, but which can now be associated
with the intrusion from the magnetotail of the fast flows gen-
erated by reconnection or other mechanism (see, e.g., the
simulations by Birn et al. [1998]). Close association between
multiple auroral activations and multiple electron injection
to geostationary orbit was mentioned by Nakamura et al.
[1991]. Using TV observations of small substormsNakamura
et al. [1993] also confirmed that the auroral features within
the poleward expanding bulge systematically develop toward
west, east, and equatorward from the breakup region and
emphasized that the north‐south auroras participate in the
equatorward expansion. This is close to what we observed,
although in our observations the north‐south forms appear
as an occasional detail, which may or may not be present
at any specific time during the equatorward progression of
the EAB.
[29] Our study suggests that the EAB is not identical to

the inner plasma sheet (PS) boundary, as suggested in some
early studies. This is most clearly evidenced in the first sub-
storm event, in which the electron boundary was crossed at
4.9 RE, prior to the substorm, whereas the EAB developed in
the middle of the inner plasma sheet for the first 10 min after
the breakup, and it could only reach the inner boundary loca-
tion not earlier than about 20 min after the onset (Figure 10).
The EAB can, however, propagate down to (and pass inward
of) the previous inner plasma sheet boundary as evidenced
during our second substorm, so it can contribute to the rapid
and large‐scale inward motion of the inner PS boundary
observed during the substorm expansion [Runov et al.,
2008]. This interaction is an interesting topic for future
studies.
[30] The EAB, as viewed in the ionosphere, is akin to a

precipitation boundary (but not necessarily the acceleration
boundary). Its distinct particle property is the rather high
energy of the precipitating electrons, being about approxi-
mately 10 keV in the case of NOAA 18 and 2–3 keV in
the case of NOAA 17 observations presented in Figure 5.
The bulge proper also includes considerable energetic parti-
cle precipitation; in our cases the >30 and >100 keV ions
were isotropicwhereas the energetic electronswere anisotropic
and their fluxes are more structured and increased almost (but
not quite) up to levels of the trapped fluxes.
[31] The equatorward expansion has a relatively large

size in MLT and can be seen in global auroral images
(see Figure 2, top) even if such images may not have suffi-
cient spatial resolution (about 100 km) to explore the details.
Nearly simultaneous detection of the equatorward auroral
expansion by a few all‐sky cameras distributed over more
than 1 h MLT sector, mentioned in section 2.2, confirms a
nonlocal appearance of the EAB on the auroral bulge scale,
although the details of dynamics on a global scale still have
to be explored, especially in the case of multiple injections.
[32] Individual auroral activations contribute, on occasion,

to the EAB location andmotion, as was most clearly observed
during the 31 December 2007 event. Each next activation,
following the initial breakup, starts to develop at the pole-
ward boundary of the bulge and then propagates equator-

ward for several minutes passing through almost the entire
bulge before reaching the area where the previous activation
saturated. The multiplicity of the downward sloping auroral
enhancements on the keograms during strong injections was
noticed by Eather et al. [1976]. This description is similar to
the dynamics of the poleward boundary intensifications
(PBI) [Lyons et al., 2000; Zesta et al., 2006] or the auroral
streamers [Sergeev et al., 2000], except that the above men-
tioned studies emphasized their origin at the poleward oval
boundary (the polar cap boundary) and subsequent equator-
ward motion, but did not consider the final stage of the strea-
mers. In our case, the arc activations within the bulge pertain
to the initial expansion phase of the substorm and are
contained within the active substorm region; that is, they
are not late substorm expansion or recovery‐type phenome-
na as the PBIs. The later stage of PBI/streamer intrusion has
been investigated in one case by Kauristie et al. [2003], who
documented enhanced luminosity with embedded dynamical
structure as well as evidences of azimuthal deflection of the
injected accelerated plasma near the low‐latitude termina-
tion of the streamer intrusion. However, one important dif-
ference to the bulge streamers is that, unlike the EAB, the
PBIs/streamers have a limited longitudinal extent, being
about 300–400 km scale across the structure in the Kauristie
et al. [2003] case. The EAB can be understood as the inte-
gral effect of multiple injections, some of which are intense
and discrete enough to be clearly observed.
[33] Our results confirm a close relationship between indi-

vidual auroral injections contributing to the EAB formation
and dipolarizations and plasma injections observed in the
conjugate inner magnetosphere, as was previously noticed
also by Nakamura et al. [1991]. This is most evident in
the second substorm event which exhibited a double injec-
tion at THEMIS P2 and at LANL‐02A spacecraft. The onset
of magnetic and particle injection signatures in the magneto-
sphere coincides to within 1 min with the time of EAB pass-
ing over the P2 foot point (Figure 7). This association is
what we expect based on a simple acceleration model, tak-
ing into account that the magnetic field increase in the mag-
netosphere (spatial or temporal) is related to the betatron and
Fermi particle acceleration and that precipitation of ener-
gized plasma behind the magnetic field discontinuity will
contribute to the enhanced and structured auroral luminosi-
ty. Both Bz and electron fluxes show considerable short‐
scale variations which may be the manifestations of spatial
structuring of auroral precipitation seen in Figures 3, 4,
and 5.
[34] The situation is more complex, however, during the 6

January 2008 substorm event because there the dipolariza-
tion front was not as sharp and is delayed relative to the
injection of energetic electrons by about 2 min (Figure 6).
A possible explanation for this apparent inconsistency to
our model is that the observation point was at the dawn
flank of the injection, as suggested by the absence of com-
parable ion flux increase during dispersionless electron flux
increase and by the auroral imager data in Figure 2. This is
supported by a reconstruction of the SCW from midlatitude
magnetic variation, which provides the location of SCW
downward current at 23.5 h MLT. Thus initially P5 was
likely just outside of the injection‐SCW region, observing
only a weak negative Bz perturbation and drifting electrons
accelerated from a nearby but nonlocal source.
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[35] Supporting this interpretation is also the realization
that while in auroral records the EAB is a well‐defined 2‐D
boundary, a few tens of kilometers across, an associated
sharp structure was not observed on P5. The Bz increase
(dipolarization) is not sharp, it continues for about 8–
10 min, and a spatial interpretation of the Bz variation would
result in a radial scale being of the order of about 5 RE, i.e.,
inconsistent with the mapped scale size of the EAB. A non-
local dipolarization front explains this inconsistency: if the
dipolarization front (sharp spatial boundary) was not crossed
at this location, then the Bz increase can be interpreted as a
temporal variation due to the global relaxation of the magne-
totail. Moreover, the sharp electron injection at P5 comes too
early to be interpreted as a propagating EAB at P5’s location
because the P5 foot point at 2108 UT was 2°–3° CGLat
below the EAB location (Figure 8). One may speculate that
both difficulties can be due to the proximity of the SCW
downward current, which is absent in the adaptive model,
but which can considerably distort the mapping. We con-
clude that this is a tentative explanation and that more events
with observations in the middle part of the SCW have to be
analyzed to finally identify the magnetospheric counterpart
of the EAB.

3.2. Timing of Substorm Onset and Injections

[36] The TV cameras were well positioned to observe the
auroral onsets during the two isolated substorms studied,
and there were two THEMIS probes at the same meridian
in the near‐geosynchronous region as well as near the plas-
ma sheet boundary at r ∼ 11 RE (Figure 1). The timing
results summarized in Table 1 are similar in both events.
In every case the auroral onsets were preceded by a total
pressure drop (unloading onset) at about 11 RE. Note that
the associated decrease of ∣Bx∣ and increase of Bz were the
first manifestations to be observed in both cases. The major
brightening of the auroral arc (auroral breakup) followed 1–
2 min after the start of lobe energy unloading. The earliest
injection or dipolarization signatures at r ∼ 7 RE were
observed 1–2 min after the breakup, which is consistent with
an average 1.8 min time lag of geosynchronous particle
injections after the auroral breakup observed by Polar UVI
reported by Liou et al. [2001]. Our study suggests that this
time lag characterizes the inward propagation of the injected
particle cloud. The earliest signature at about 7 RE was,
however, observed much earlier; it was a smooth growth

of about 30 keV proton flux, presumably signaling the growth
of plasma pressure. Consistent with results by Nishimura et
al. [2008] and Sergeev et al. [2008], this may indicate
the early arrival of the fast wave launched by the inward
injection of an accelerated plasma cloud. An extended dis-
cussion of the timing interpretation is beyond the scope this
paper, yet we present this material herein for the benefit of
future statistical studies.

3.3. Significance of Accurate Mapping

[37] The magnetospheric configuration undergoes large
changes before and after the substorm onset, which makes
the interpretation of auroral dynamics in terms of magneto-
spheric processes difficult. In the inner magnetosphere the
magnetic field is stretched before the expansion onset, and
it is dipolarized after the onset, so the mapping may not
be accurate with existing standard empirical models. The
mapping error was, however, unknown, but it was a general
opinion that it is not as large (about 1° of latitude) if mapped
to the ionosphere from the geosynchronous distance. In our
study we are able to construct a time‐dependent THEMIS
data‐based model [Kubyshkina et al., 2009]. During the first
intense substorm (AE ∼ 600 nT), we are able to reproduce
the values and variations of the magnetic fields measured
at P2 and P5 fairly well (Figure 8) and obtain the following
results. First, the P5 foot point variations (starting from r ∼
7 RE) are large, about ∓3° CGLat, within ±30 min from T0,
i.e., during the growth and expansion phases. Accordingly,
the total variation of the spacecraft foot point latitude is as
large as 5°–6° CGLat, which is about the size of the field
of view of one all‐sky camera in the ionosphere. Second,
the spacecraft foot point moves nearly at the same speed
as the EAB boundary moves (see Figure 8), so the actual
velocity of the inward injection in the magnetosphere is
roughly twice as large compared to the EAB mapping veloc-
ity in stationary magnetospheric models (Figure 10). The
importance of constructing time‐dependent models when
studying the substorm phenomena, by using coordinated
ground and spacecraft observations, like in the THEMIS
system, is well illustrated by this example.
[38] Such extreme mapping distortions may explain the

seeming contradiction between recent THEMIS observa-
tions of midtail onset location [e.g., Angelopoulos et al.,
2008] and a near‐Earth inference of onset mapping derived
solely from ground currents or images [e.g., Rae et al.,
2009].

4. Conclusion

[39] Using conjugate observations in the ionosphere and
magnetosphere, we show that the enhanced structured
auroras activated after the breakup have a well‐defined
EAB boundary which expands equatorward with an initial
speed exceeding 30–50 km/min and then gradually stops
(saturates). Multiple activations can participate in the EAB
formation. Low‐altitude satellite observations confirm that
precipitated electrons are accelerated over the auroral bulge
and have a clear equatorward termination. The mapping of
the EAB to the magnetosphere indicates its inward motion
at a velocity decreasing with the decreasing distance from
the Earth and about 100 km/s at r ∼ 7 RE, which is consistent
with previous velocity estimates of the earthward moving sharp

Table 1. Substorm Onset and Injection Timing

Feature 6 January 31 December

Breakup 2107:08 2007:01

InnerMSP P5 P2
P‐growth 2106 2006
e‐Injection 2108 2010:20/2014:00
+dBZ 2110–2011 2009:00/2013:40
Distance 6.9 RE 6.9 RE

Predicted
EABcross 2113‐17 2010–11/2014–15

OuterMSP P2 P1
+dBZ 2105? 2007?/2012.5
Ptotdrop b21:04:40 2006/2012.5

Distance 10.5 RE 11.8 RE
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dipolarization or injection front. In one event (31 December
2007) this dipolarization and injection front was observed
at the location and time predicted by the mapping of EAB
structure into the ionosphere. In another event we report a
nontypical observation of the dipolarization and injection
signatures which do not coincide with each other and have
no classic dipolarization front; this was tentatively explained
by the location of the inner magnetospheric spacecraft out-
side the SCW (on the dawnside, consistent with the observa-
tion of drifting electron injection). By using the model
adapted to THEMIS magnetic observations we illustrate
the importance of time‐dependent variations of the magnetic
field and of the ionosphere‐magnetosphere mapping, with
variations of mapped latitude being as large as 5°–6° CGLat
from the geosynchronous distance during the relatively
modest substorm event. We conclude that studies of auroral
processes complemented by adapted time‐dependent mag-
netospheric modeling can be a valuable tool for investigat-
ing the inward penetration of plasma injections as well as
the onset and dynamics of the auroral structures. Such a
study should cast light on the nature of particle energization
and heating inside the dipolarization region as well as the
location and physical process governing substorm initiation.
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