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Abstract. We present observations which provide strong1l Introduction
support for a substorm expansion phase onset scenario in

which a localized inner magnetospheric instability developeda, satisfactory understanding of the physical processes that
first and was later followed by the development of a Near|ead to substorm expansion phase onset and subsequent ex-
Earth Neutral Line (NENL) farther down-tail. Specifically, pansion phase activity has eluded researchers since sub-
we find that the onset began as a localized brightening of artorms were first discovered Wkasofu(1964. Numerous
intensified growth phase arc which developed as a periodignodels or mechanisms have been introduced over the past
series of arc-aligned (i.e. azimuthally arrayed) bright spots.40 years in attempts to explain the observed phenomenology
As the disturbance grew, it evolved into vortical structures (e.g.Swift, 1967 Hones et a].1973 Russell and McPherron

that propagated poleward and eventually morphed into an 973 McPherron et a).1973 Hones 1977 Lui, 1978 Lui
east-west aligned arc system at the poleward edge of the awst 51, 1988 Roux 1985 Smith et al, 1986 Rostoker and
roral substorm bulge. The evolution of the auroral intensity Eastman 1987 Kan et al, 1988 Goertz and Smith1989

is consistent with an exponential growth with an e-folding Lui, 1991 Roux et al, 1991 Kan, 1993 Hones and McPher-
time of around 188 s (corresponding to a linear growth rateron 1994 Lyons, 1995 Miura, 200, Zhu et al, 2007, and

y of 5.33x10-3s™1). During the initial breakup, no obvi- \hile some of these models have been rejected or abandoned
ous distortions of auroral forms to the north were Observedover the years, others have been Continuous|y modified and
However, during the expansion phase, intensifications of thg,pdated. Nevertheless, there is still no clear consensus within
poleward boundary of the expanding bulge were observedhe substorm community about which model is most appro-
together with the equatorward ejection of auroral streamersgyiate. Our apparent inability to accept or reject one model
into the bulge. A strong particle injection was observed atoyer another stems, in part, from the fact that none of the cur-
geosynchronous orbit, but was delayed by several minutegently viable substorm models has achieved a level of predic-
relative to onset. Ground magnetometer data also shows fye capability sufficient to allow for definitive data-model
two phase development of mid-latitude positive H-bays, with comparisons. On the other hand, much of the in-situ data
a quasi-linear increase in H between the onset and the injeghat is currently available for such comparisons is also insuf-
tion. We conclude that this event provides strong evidence ifficient in terms of spatial distribution and/or temporal resolu-
favor of the so-called “inside-out” substorm onset scenario intion_ For examp|e, from a pure|y phenomeno|ogica' point of
which the near Earth region activates first followed at a |a.tervieW’ there is still not even consensus on which parts of the
time by the formation of a near-to-mid tail substorm X-line. magnetosphere-ionosphere system activates first at substorm
The ballooning instability is discussed as a likely mechanismgnset.

for the initial onset. Two key observational constraints that have guided the de-

Keywords. Magnetospheric physics (Auroral phenomena; velopment of substorm models to date are: (1) That auro-

Magnetospheric configuration and dynamics; Storms and@l onset (or “auroral breakup”) occurs well equatorward of
substorms) the open-closed boundary on or near the most equatorward

discrete arc and that this activity maps fairly close to the

Earth Akasofu 1977 Kaufmann 1987 Samson et 811992

Murphree et al. 1993 Henderson1994 Samson 1994,

Correspondence tdl. G. Henderson and (2) That reconnection and plasmoid releases are typi-
BY

(mghenderson@lanl.gov) cally associated with substorms and that this activity maps

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

2130 M. G. Henderson: Inside-out substorm onset scenario

to more distant regions in the tail. Many of the early sub-2 Terminology
storm models were constructed by implicitly or explicitly ig-
noring (or at least minimizing the importance of) one or both The term “substorm onset” is customarily used to describe
of these constraints. For example; the “Original” Near Earththe time,T,, at which the expansion phase of an auroral sub-
Neutral Line (ONENL) model (e.g. sédones 1977 vio- storm begins as defined Bkasofu(1964 and we adopt this
lated the first constraint (onset was not as close to the Eartkerminology in the present paper. The expansion phase on-
as required); early versions of the Current Disruption (CD) set is usually preceded by a “growth phase” period (of vari-
model (e.g. sekui, 1978 andLui et al, 1988 and the MI-  able length) during which time energy is accumulated into
coupling model oKan et al.(1989 largely disregarded the the magnetotail. Note that this phase of the substorm was not
second constraint (onset was near-Earth, but X-lines did nooriginally described byAkasofu (1964 but was added later
play an integral role); the Thermal Catastrophe (TC) modelby McPherron(1970.
(Smith et al, 1986 Goertz and Smith1989 and the Bound- The “expansion phase” as defined Akasofu (1964 is
ary Layer Dynamics (BLD) modelRostoker and Eastman divided into three stages (see his Figs. 3-5). The first stage
1987, essentially ignored both constraints (both placed onse{T =T, to ~5 min involves a sudden brightening of the south-
in the Plasma Sheet Boundary Layer (PSBL) and neither inernmost quiet arc and the development of distinct ray struc-
voked X-line formation). However, since these models wereture. The second phas& £~5 to ~10min) is associated
proposed, the general consensus has emerged that a succes#th the development of irregular folds, auroral breakup and
ful substorm model needs to, at least approximately, satisfyapid motion poleward westward and eastward to form an
both of the observational constraints listed above. expanding “substorm bulge”. And the third stage<{~10
Recognition that the substorm process is associated wittho ~30 min) begins when the bulge in the midnight region
both near-Earth and more down-tail regions of activity hasreaches its maximum latitude, but expansion continues to the
played a crucial role in guiding the further development of east and west. Note that the “expansion phase onset” begins
substorm models. In recent years, two main categories ofvith the initial rapid brightening of the southernmost arc and
models have emerged as a result of efforts to satisfy the obis not defined to represent the time at which rapid poleward
servational constraintsLui (1991 proposed a “Synthesis moation is first observed.
Model” in which the onset first initiates in the near-Earth  We frequently refer to auroral “arcs” or auroral “arc sys-
region due to the growth of an instability there. This ini- tems” in the present paper. It is important to note that indi-
tial activity is followed by the tail-ward propagation of a rar- vidual arcs cannot be resolved in the type of global auroral
efaction wave which destabilizes the more distant thin cur-imagery that we present here. Although the arc-like auroral
rent sheet region where an X-line forms and a plasmoid isstructures that we describe are not resolved, they are likely to
released. This category of model has come to be knowrbe associated with discrete auroral precipitation and may in
as an “inside-out” model because the activity starts close taeality represent multiple closely-separated arcs (hence the
the Earth and propagates out to the more distant tail. Suclerm “arc system”).
models tend to fit ionospheric observations particularly well
(e.g. seeFriedrich et al. 2001). The ONENL model was
also modified in order to produce onset-associated activity3 Observations
much closer to the Earth than where the X-line itself was
formed. In this “renovated” NENL model, the substorm X- In Fig. 1, we present a sequence of IMAGE FUV/WIC im-
line forms first in the mid-tail region and drives Bursty Bulk ages showing the evolution of the northern auroral distri-
Flows (BBFs) Earthward. The deceleration or “braking” of bution during a substorm which occurred on 21 November
these flow bursts in the near-Earth region produces the famil2002. The images were taken every 2min and all images
iar current wedge, Pi2 pulsations and breakup activity on oravailable between 13:58:06 and 14:20:38 UT are shown. The
near the most equatorward atdgerendel1992 Shiokawa  location of substorm onset is highlighted by the yellow ar-
etal, 1997 1998. This class of model has come to be know rows in the images taken at 14:00:09 and 14:02:12 UT. Note
as an “outside-in” model because the mid-tail activates firstthat since the cadence of the WIC imagessi& min, we
which later induces activity nearer to the Earth. Testing thesecan only say that the auroral onset occurred some time be-
two classes of models is a major objective of the recentlytween 14:00:09 and 14:02:12 UT. After onset, the auroral
launched THEMIS missiorjonovan et al.2006. distribution develops in typical substorm manner including
In this paper, we present detailed observations of a sinexpansion in the eastward, westward and poleward direc-
gle substorm which provides compelling evidence that thetions. By the final image of the sequence, the auroral distri-
“inside-out” model of substorm development does indeed op-bution displays a classic well-formed substorm bulge in the
erate for at least some substorms. pre-midnight sector. From the first several images of the se-
guence, we can see that the onset was very clearly located
on an intensified “growth phase arc” that was embedded
on closed field lines deeply equatorward of the open-closed
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IMAGE/WIC November 21, 2002
13:58:06 14:00:09 14:02:12

—

14:04:15 14:06:18 14:08:21

| | {

14:10:24 14:12:27 14:14:30
1

14:16:33

Fig. 1. Sequence of IMAGE FUV/WIC images showing the evolution of the northern auroral distribution during a substorm which occurred
on 21 November 2002.

boundary — which must have been situated poleward of theexpansion has continued and the forms have begun to dis-
persistent auroral forms seen inside of the nominal oval.  tort into an east-west alignment at their poleward edge. By

A zoomed-in view of the onset region is presented in 14:08:21 UT, the poleward expanding distortions have devel-
Fig. 2. From this more detailed perspective, we can clearlyOPed into a wavy east-west aligned arc system at the pole-

see that the intensified onset region in the 14:02:12 UT im-Ward edge of a small bulge-like region.

age is comprised of a sequence of azimuthally periodic bright A continuation of Fig.2 is presented in Fig3. Here we
spots, and that these bright spots lie precisely on-top of th&an see that by 14:10:24 UT, the arc has fully formed at the
pre-existing growth phase arc. Such spatially periodic aurooleward edge of the bulge and that the entire bulge (includ-
ral spots have been seen prior to the onset of substorm exng the poleward arc) is still fully embedded within the closed
pansion phase in other studies as widibfiderson1994 El- field line region. The next four frames show a classic Pole-
phinstone et a).1995 Samson et 311996 Voronkov et al, ~ ward Boundary Intensification (PBI), followed by the equa-
200Q 2003. In addition, no distortions of the more poleward torward ejection of streamers into the bulge from the pole-
emissions are evident in the auroral images. By 14:04:15 UTward boundary.

the periodic bright spots have clearly grown and intensified In Fig. 4, we present energetic proton data from the Los
and have become distorted in the poleward direction. In theAlamos National Laboratory (LANL) Synchronous Orbit
image taken at 14:06:18 UT, we can see that the polewardParticle Analyzers (SOPA) together with the field inclination
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IMAGE/WIC November 21, 2002

Growth phase arc deep in
closed field line region (far
equatorward of open—closed
boundary.) Begins to
brighten at onset location.

Spatially periodic intens—
—ifications develop on
growth phase arc.

14:00:09 UT

Growth of inner
magnetospheric
instability.

14:02:12 UT

14:04:15 UT

Poleward distortion and
. growth of periodic forms.
Continued poleward
- expansion. Forms begin
to distort into an east-west
alignment at their
poleward edge.

14:06:18 UT

Distortions have

i
e
S . developed into an east-
’ —-west aligned arc system
at the poleward edge of
' the expanding bulge.

Midtail X-line forming.

14:08:21 UT

Fig. 2. A close-up view of the onset region. Descriptive comments are given to the right of each image (white text), and an interpretation of
the underlying physical cause is given in yellow text.

angles measured at GOES-8 and GOES-10 (bottom panelyertical line), but it is very interesting to note that this injec-
Shown in the upper 5 panels are the spin-averaged differention was clearly not associated with the initial substorm onset
tial proton fluxes measured at the LANL-01A, LANL-02A, seen in the FUV/WIC images.

LANL-97A, 1994-084, and 1991-080 spacecraft. The clos- Tpe first WIC image that shows the onset-associated
est satellite to the west of the onset region was LANL-97A brightening was taken at 14:02:09 UT, so the auroral on-
and this is where we would expect to see the sharpest anget occurred sometime between 14:00:09 and 14:02:09 UT.
most prompt increase in the protons resulting from a subrom Fig. 4 this time range clearly does not correspond
storm injection. As can be seen in Fi§.we do see a sharp o any obvious injection feature in the proton data. How-
fluxincrease at LANL-97A at 14:11:31 UT (see dashed greeneyer, it does correspond extremely well to an abrupt change
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IMAGE/WIC November 21, 2002

Arc fully formed at
poleward edge of the
bulge. Bulge still
embedded in closed
field-line region.

Midtail X-line fully
formed. Projects to
poleward edge of bulge.

14:10:24 UT

Poleward Boundary
Intensification (PBI.)
l.e., arc at poleward
edge intensifies.

14:12:27 UT

Ejection of streamers
equatorward,
into the bulge.

Earthward directed BBF
activity driven by plasma
bubbles (localized low
PVY flux tubes) created
at substorm X-line.

-
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Continued equatorward
ejection of streamers
from poleward boundary.

14:16:33 UT

Bulge considerably more
expanded. Streamers
have evolved into
torches (c.f. Henderson
et al., 2002).

14:18:35 UT

Fig. 3. Continuation of Fig2. Note that the images shown here are scaled differently than those & Fig.

in the fluxes at 1994-084 at 14:00:21 UT (see dashed orinjection is seen at 14:11:31 UT. At 1994-084, the change
ange vertical line). At this time 1994-084 was very close from decreasing fluxes to increasing fluxes at onset likely

to local magnetic midnight. The slowly decreasing trend in represents a change from stretching to slow dipolarization of
the fluxes between 13:00-14:00 UT are likely due to growththe field there.

phase stretching of the near-earth field. The stretching causes |n Fig. 5 we show the peak counts within the growth phase

the spacecraft to be threaded by field lines that map progresarc in the 22.25 and 23.00 MLT meridians. These curves
sively farther down-tail as a function of time — where fluxes were obtained by first constructing keograms from the se-
are lower. However, near the onset time, the proton fluxes auence of WIC images and then extracting the peak counts
1994-084 suddenly stop decreasing and begin to slowly inpver a latitudinal range that includes only the growth phase
crease instead. The increasing trend continues until a strongrc. The auroral onset spanned the 22.25 MLT meridian, and
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LANL Geo. Protons + NOAA GOES MAG
November 21, 2002 (2002325)
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Fig. 4. Energetic proton data from the Los Alamos National Laboratory (LANL) Synchronous Orbit Particle Analyzer (SOPA) instruments.
The time at which each satellite crossed local magnetic midnight (noon) is marked with a blue (yellow) line if the crossing occurred in the
time range plotted.

within this meridian the auroral intensity clearly shows two ear fit to IN(C/C,) versus time for the three images taken
distinct intervals of brightening. The first occurred imme- at 14:00:09, 14:02:12 and 14:04:15 UT. A linear growth rate
diately following the 14:00:21 UT time, while the second of y=0.0053s! fits the points reasonably well. However,
was associated with the large injection seen at LANL-97Awe caution that with only three points separated so widely
at 14:11:31 UT. In passing, it is also interesting to note thatin time, we cannot definitively conclude that the brightening
there appears to have been a small but systematic dimmingas associated with a purely linear growth rate. As described
of the aurora during the several minutes prior to onset. by Cowley and Artun(1997), the growth could be have been
associated with an even faster “explosive” instability that

From Fig.5 it is clear that the auroral luminosity in- k v
leads to a “detonation”. Unfortunately, the limited temporal

creased very rapidly after 14:00 UT. In Fgwe show a lin-
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Fig. 6. Linear fitto In(C/ C,) versus time for the three images taken
at 14:00:09, 14:02:12 and 14:04:15 UT.is the peak count rate in
the onset region of the growth phase af% (s the value ofC in

the 14:00:09 UT image). The intensity is consistent with a linear
@rowth rate ofy=0.0053s° 1

Fig. 5. Peak counts within growth phase arc at 22.25MLT and
23.00 MLT as a function of time.

resolution of the auroral imagery precludes a more detaile
analysis of the growth rate. Nevertheless, from Bigt ap-
pears that the growth rate was at least as fast as linear ovafpje 1. Selected 210MM magnetometer stations.
the time span of the 3 images used in the fit.

In Fig. 7 we present 1-s resolution H-component and (50— Station Magnetic ~ Magnetic
100 s period) bandpass-filtered H-component traces from the Name Code Latitude Longitude
ZYK and TIX stations which are part of the 210MM mag- (deg.) (deg.)

netometer chain (see Tatldor magnetometer stations used —
in this study). At onset, these stations were situated equa- Tixie Bay — TIX 65.67 196.88
torward and to the east of the breakup region. As can be zyryanka - ZYK 99.62 216.72
S - . L . Learmonth LEM —34.15 185.02
seen, the 14:11:31 UT injection time is associated quite well Katanning KAT — —46.63 188.24
with both a rapid decrease in H at ZYK as well as the onset
of Pi2 fluctuations there (identified as an increase in power
in the 50-100 s bandpass-filtered H-component traces). Th
ZYK station also shows some Pi2 activity following the
14:00:21 UT time which is closer to the auroral breakup time.
Data in a similar format from two (Southern Hemisphere)

Boundary, and that in the early stages of growth, the breakup
developed as a series of azimuthally arrayed bright spots
along the growth phase arc. Later, during the expansion
o : -/ phase, poleward boundary intensifications (PBIs) are seen to
E'd ?tl$g§ fg\t/'logrsl d(lkilil/l' 2; ?i;AST%;Le :ﬂz(\jvprgss,i(tai?/gei-m occur and this activity is associated with the production of
9.6 P auroral streamers within the expanding bulge. A major in-

bays and Pi2 pulsations, but what is most interesting is the .. o L
. . ection was observed at geosynchronous orbit in association
shape of the H-component increases. At both stations, H

. . . . with th torm, but thi rr veral minut fterth
began increasing a few minutes prior to 14:00:21UT and € substorm, but this occurred severa ures atter e

continued increasing in a quasi-linear manner until the timefirSt signs of breakup were observed in the aurora. In addi-
T ' . . tion, the mid-latitude ground magnetometer data show posi-
of the major injection at 14:11:31 UT. Weak Pi2 pulsations g 9 P

ttive H-bays comprised of a dual slope increase with the first,

can be seen at both stations after 14:00:21 UT. However, a . . !
more gradual quasi-linear increase following the breakup and

14:11:31 UT, H began increasing at a much higher rate and . ; Y .
a much faster increase following the injection several min-

this was associated with much stronger Pi2 pulsations. Note
utes later.

that the strong Pi2 pulsations after 14:11:31 UT can also be Since the auroral onset occurred: (1) deep within the

seen quite clearly in the raw, un-filtered 1-s H-component, .. ol jine region; (2) developed without any discern-

traces shown in Fig8. : : o .
able distortions of the auroral emissions on the poleward side
of it; and (3) developed in the form of periodic azimuthally

4 Discussion arrayed bright spots which evolved into vortical structures
that propagated poleward, we are led to the interpretation that

We have presented observations of an auroral substorrthe initial breakup during this substorm very likely occurred

which show that the onset first appeared on an intensias a result of the growth of a localized inner magnetospheric

fied growth phase arc well equatorward of the open-closednstability. (See the yellow text in Fig2.and3.)

www.ann-geophys.net/27/2129/2009/ Ann. Geophys., 27, 211283-2009
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Fig. 7. One-second ground magnetometer data from the ZYK andFig. 8. One-second ground magnetometer data from the LEM and
TIX stations in the 210MM array. KAT stations in the 210MM array.

On the other hand, the auroral activity that occurs dur-the time at which the east-west aligned arc system developed
ing the expansion phase shows that; (1) a bright east-wesit the poleward edge of the bulge (close to the images taken
aligned arc system at the poleward edge of the expandingt 14:08:21 UT in Fig2).
bulge develops; (2) intensifications of this poleward arc sys- Although this picture is conceptually consistent with the
tem occur and are associated with; (3) the equatorward ejednside-out model of_ui (1997), lack of sufficiently detailed
tion of auroral streamers into the bulge. This type of activ-in-situ measurements within the magnetosphere precludes
ity is likely to be due to dynamics associated with a newly a definitive assessment of exactly what instability may be
created substorm X-line in the tail. Bursty and/or localized responsible for the initial auroral breakup. However, that
reconnection across the X-line leads to the production of lo(1) the breakup likely maps close to the Earth near the region
calized depleted flux tubes (localized tubes of I&WV?) separating dipole-like field lines from more stretched tail-like
or “bubbles” that rapidly propagate Earthward and producefield lines Samson et al1992), (2) the breakup disturbance
streamers as an ionospheric signature (e.g.Glmen and developed as an azimuthally arrayed series of bright spots
Wolf, 1993 Nakamura et a.1993 Henderson1994 Hen-  that distorted poleward as they grew, and (3) the intensity of
derson et a).1994 Henderson et gl.1998 Lyons et al, the disturbance grew exponentially (with a linear growth rate
1999 Sergeev et al.1996 Zesta et al.200Q Nakamura  of y of 5.33x10-3s™1) qualitatively points to an instability
et al, 2005. such as the ballooning instability.

With the interpretations given above, we conclude that the A hypothetical development of the ballooning instability
onset initially developed as a growth of an instability close toin the inner magnetosphere is shown schematically inFig.
the Earth, and that at some later time a substorm X-line wagafter Roux et al, 1997). In Fig. 9c, an initial perturbation
created. In terms of timing, this scenario is consistent withof the surface separating dipole-like and tail-like field lines
an “inside-out” onset scenario as proposedLiy (1991). in the near-earth magnetotail is shown. Since We-drift
And, we surmise that the X-line probably formed close to velocity is higher in the tail region than it is in the dipole
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region, charges will begin to accumulate at the boundaries of
the wave as shown. The induced perturbation electric field, =TT
8Eg, will be directed dusk-ward on the tail-ward side of the e
boundary and dawn-ward on the earthward side. This pertur- ,"
bation electric field will then tend to cause the plasma em-
bedded in the crests and troughs of the wav&toB drift
earthward and tail-ward respectively, thereby enhancing the
initial deformation resulting in a potentially unstable situa-
tion. However, whether or not the magnetotail is truly un-
stable to the ballooning instability depends upon the stabiliz-
ing effect of other factors. For example, one must determine
what compression/expansion effects occur within plasma el-
ements as they are displaced Earthward or tail-ward in the
presence of gradients and curvatures in the magnetic field
(e.g. seeOhtani and Tamaadl992. Just as in the more fa-
miliar Rayleigh-Taylor instability, it is entirely possible for
a lighter fluid to support a heavier fluid if (for example) up-
ward (downward) displacements of the fluid elements results
in sufficiently stabilizing compression (expansion) effects.
Since appropriately detailed in-situ measurements are un-
available for this event, we have no way of quantitatively test-
ing the ballooning instability criteria. However, we speculate
that such an instability may well have occurred across a rel-
atively limited azimuthal extent in the onset region of the _ ) o __
intensified growth phase arc (between 22:00-23:00 MLT).,F'g' 9. Schematic represer)tgtllon of the balllloolnlng instability show-
The negative charge accumulations (blue circles in Bjg. "9 the development of an initial perturbation in the surface separat-
would precipitate into the ionosphere to produce upwardmg dipole-like and tail-like field lines in the near-earth magnetotail.
Field Aligned Currents (FACs) and auroral emissions, while
the positive charges would lead to adjacent downward FACs
(see Fig9a). We therefore expect the instability to produce looning mode becomes more unstable when the tail current
the type of azimuthally arc-aligned periodic auroral vortical Sheet becomes thiner. Thus one way in which the instabil-
structures that were observed at onset (top panel ofdBig. ity could occur is if the tail current sheet thinned beyond a
Further growth of the instability would produce a tail-ward certain instability threshold. This threshold could be crossed
and/or Earthward propagation of the wave crests and troughgPontaneously as the current sheet slowly thinned giving rise
until the instability saturated. Precisely this type of behav-t0 “Un-triggered” or “spontaneous” substorms. Or perhaps
ior can be seen in the 14:04:15UT image (lower panel ofthe threshold could be crossed more impulsively giving rise
Fig. 9b). to “triggered” substorms. For examplBjrn et al. (2003

Although much circumstantial evidence points to the bal- find that magnetotail boundary deformations can lead to the
looning instability as a likely candidate for the substorm sudden formation of thin current sheets in the tail. Although
onset, a number of outstanding questions remain to be arfhey implicated this effect as a possible trigger for the onset
swered: (1) “What triggers the growth of the ballooning of instabilities such as collisionless tearing, the lower-hybrid
instability in the first place”, (2) “Why does it go unsta- drift instability, ion Weibel or modified two-stream modes,
ble where it does (i.e. across a pre-midnight portion of theand drift-kink modes, it is possible that it could lead to the
growth phase arc)”, and; (3) “How does the growth of this growth of the ballooning instability in the near-Earth region
instability subsequently lead to the establishment of a mid-as Well. Another possibility is that pressure pulses could per-
tail X-line?". turb the magnetospheric pressure profile enough to lead to

Over the past decade, numerous studies have been carriégstability when the inner magnetosphere is already close to
out that are directly relevant to the first two of these questionghe threshold. The time-dependence of the tailward propa-
(seeMiura, 2001, andZhu et al, 2007, for detailed reviews).  9ating pressure pulse may be important in such a scenario.
In general, it is found that the ballooning mode is most un- It is interesting to note that, while the radial localization of
stable in the near-Earth magnetosphere near the region whethe ballooning instability to the near-Earth region has been
field lines transition from dipole-like to tail-like in character reasonably well addressed in the literature, the azimuthal lo-
and that, at times, the criteria for the growth of the insta- calization of the onset to the pre-midnight region (for typical
bility are likely to be met within the Earth’s magnetosphere. substorms) is an almost universally ignored aspect of most
In addition,Zhu et al.(2003 2004 2007 find that the bal-  theoretical studies conducted to date. Indeed this appears to
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well be the case that for other events, an outside-in model is
more appropriate. This naturally leads us to ask the follow-
ing two questions: (1) For what fraction of events does the
inside-out model operate?; and (2) Does the inside-out model
only operate under specific magnetospheric conditions?
Since data available for most substorms are not sufficiently
detailed to distinguish between the inside-out versus outside-
in models, the first of these questions cannot be answered re-
liably at this time. However, the second question can be par-
tially addressed. We note that the event examined here is very
Fig. 10. A 3-D sketch showing how the tailward growth of fingers Similar to a handful of events that have been studied in the
due to the development of the ballooning instability could protrude Past. Early examples obtained with the Viking UV imager
into the thin current sheet region. It is possible that such a scenari®iave been presentetiénderson1994 Elphinstone et a).
could lead to the onset of reconnection in the mid-tail region fol- 1995 and more recently, a few cases from ground-based im-
lowing the initial growth of the ballooning instability closer to the agers have been reportedotonkov et al, 2003 Donovan
Earth. et al, 200§. Two of the clearest substorm onsets showing
arc-aligned azimuthally periodic bright spots from the Viking
o ) ) imagery occurred on 24 November 1986 at 10:12:11 UT and
be a deficiency in most substorm models, not just those f0g, 23 September 1986 at 20:51:46 UT. Both of these cases
fculseddor; fthe b:;llooning instabiIity.bNe\E)(IartheIessl, a SEFC?SS&S well as the event presented here occurred during storm in-
ul model for substorm onset must be able to explain this im- ; ; i
portant observational characteristic. In terms of the balloon-irsvlt;rjt,_it?il,gI;,;(‘_:J :Ir?gvfg ;??ﬁrlggnosf g’ésvéasvﬁe’}]é_, ’ﬂ?g (;ilstorm
ing instability, it is possible that cross-tail pressure gradients;g, pe characterized as a so-called “sawtooth substorm” (e.g.
or asymmetries in field stretching intheinnermagnetosphereseeHenderson2004 Henderson et al2006ab). On the
could produce aregion in the pre-midnight sector that is mosiper hand, the two events reportec\ioyonkov et al (2003
susceptible to the growth of the ballooning instability, but 5nqponovan et al(2006 occurred under much quieter non-
much more work needs to be done in order to verify that thegiorm conditions K, was 3_ and 3, respectively). It would
ballooning instability not only produces a near-Earth onsetiherefore appear that these types of onsets can occur under a
but also predicts a pre-midnight onset for typical events.  \ariety of conditions and are not isolated to storm-time con-
A possible way in which reconnection could be initiated gitions.
as a consequence of the growth of the ballooning mode is
that the azimuthally periodic fingers characteristic of the in-
stability could grow radially outward into the thin current 5 Conclusions
sheet region that resides in the near-to-mid tail region (see
Fig. 10). This may behave like a tail-ward propagating rar- We have presented observations that provide strong evidence
efaction wave as hypothesized byi (1991), but due to the  that the auroral expansion phase onset was associated with
azimuthal periodicity of the instability, it would also carry an “inside-out” substorm onset scenario. Specifically, we
considerable cross-tail structure into the thin current sheefind that the expansion phase onset began as a rapid brighten-
region. As suggested by the numerical investigationghef  ing of an equatorward growth-phase arc that developed arc-
et al. (2007, this may well trigger reconnection in the thin aligned spatially periodic bright spots prior to rapid poleward
current sheet region. The introduction of azimuthal struc-expansion and the development of vortical structures. Such
ture there may naturally lead to cross-tail localization and/ordevelopment is completely consistent with Akasofu’s origi-
burstiness of reconnection along the NENL. In other words,nal description of expansion phase onset. The evolution of
its possible that the azimuthal periodicity of the initial insta- the auroral intensity was consistent with a linear growth rate,
bility could become “imprinted” into reconnection process y of 5.33x10-3s~1. The ejection of auroral streamers equa-
to produce locally enhanced reconnection quasi-periodicallytorward from an east-west aligned arc system that formed
across the near Earth tail. The locally enhanced reconnectiopoleward of the original onset region together with the obser-
would lead to the copious production of locally depleted flux vation that poleward emissions remained undisturbed during
tubes and these would rapidly propagate Earthward (via inthe onset argue strongly that a near Earth disturbance devel-
terchange) during the expansion phase to produce the aurorgped first followed by the development of a substorm X-line
streamers observed in the ionosphere. farther downtail. We have also argued that the ballooning in-
Although the data presented here strongly supports thetability is a likely cause for the initial inner magnetospheric
inside-out model of substorm development, it is important todisturbance and that the substorm X-line could be produced
stress that since we have presented only a single event studyy the outward protrusion of ballooning fingers into a thin
we cannot generalize this result to all substorms. It may verycurrent sheet region. The localized (in the cross-tail sense)
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reconnection required to produce the Earthward-penetrating J. D., and Akasofu, S.-1., p. 37, Geophysical Institute, University
bubbles believed to be responsible for the auroral streamers of Alaska Fairbanks, 1994.

may result from the azimuthal periodicity of the initial bal- Henderson, M. G., Reeves, G. D., and Murphree, J. S.: Are north-
looning disturbance. south aligned auroral structures an ionospheric manifestation of

bursty bulk flows?, Geophys. Res. Lett., 25, 3737-3740, 1998.
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