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ABSTRACT

In this paper, we described the basic features and observations bases of the scenario for the substorm expansion
phase that we have developed from our research over the past ~10 years. Onset occurs along magnetic field lines
of the inner proton plasma sheet, and is first seen in the aurora as beading along the onset aurora arc, which lies
near the equatorward boundary of the auroral oval. Growth of these onset waves and large amplitude electric
field oscillations indicates that an abrupt transition from a stable to unstable state leads to onset. The transition to
instability occurs as a result of an intrusion of a low-entropy flow burst/channel (i.e., a plasma bubble) to the
inner plasma sheet, and such flow bursts are marked in the auroral oval by the initiation of a poleward boundary
intensification (PBI) that evolves into an auroral streamer. Plasma flows associated with these and other PBIs are
generally associated with enhanced reconnection at the distant tail neutral line, the reconnection being triggered
by an incoming flow channel from the polar cap. It is reasonable that the onset instability is triggered by the
intruding reduced entropy plasma abruptly changing the entropy distribution in the inner plasma sheet, though
the specific onset instability has not been identified. The onset instability is azimuthally aligned and expands
azimuthally, these occurring because, as a bubble moves earthward, lower energy ions tending to follow the
electric field drift towards the dawn side while higher energy ions magnetic drift towards the duskside. Thus
entropy is not conserved along center of mass drift trajectories, and the bubble spreads in longitude and deepens.
The transition to non-linearity of the growing onset waves leads to streamers. How this occurs is another major
outstanding question, but the first streamers could initiate within the plasma sheet ~20 Rg downtail, the region
where reconnection has been inferred to occur soon after onset. It is likely that streamers and their associated
reconnection initiate at the distant tail neutral line once the expansion phase auroral activity reaches the auroral
poleward boundary. The substorm current wedge builds up from a sequence of longitudinally localized flow
burst regions (wedgelets) that are associated with the expansion-phase streamers, dipolarize the local magnetic
field, and give rise to traditional ground onset signatures on the ground, namely auroral zone H bays and mid-
latitude positive H bays and Pi2 pulsations.

1. Introduction

(Nishimura et al., 2011a, and references therein). The initial brightening
occurs along a section of the growth phase arc, and the brightening then

Substorms are a disturbance of the global magnetosphere-ionosphere
system. They have varying sizes and durations, and large ones release
large amounts of solar wind energy accumulated in the magnetotail (e.
g., Rostoker et al., 1980). Substorm expansion phase onset is charac-
terized in the aurora by an initial brightening that occurs along a
pre-existing, growth-phase arc that emerges near the equatorward
boundary of the auroral oval (Akasofu, 1964; Samson et al., 1992; Deehr
and Lummerzheim, 2001). The growth phase arc is latitudinally narrow,
is oriented approximately in the east-west direction, and stays dim for a
few to tens of minutes near the end of the substorm growth phase
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expands in longitude along the growth phase arc (Lyons et al., 2013b;
Sakaguchi et al., 2009; Shiokawa et al., 2009). The brightening appears
as beads along the growth phase arc (e.g., Donovan et al., 2006; Liang
et al., 2008, 2018; Rae et al., 2010), such beading being seen for
virtually all onsets having good auroral viewing (Kalmoni et al., 2017;
Nishimura et al., 2016). The auroral beads propagate azimuthally and
evolve into wavy structures, indicating that the beads are an auroral
manifestation of waves associated with an onset instability.

The onset brightening occurs near the inner edge of the electron
auroral oval and where precipitating protons have been energized to
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energies of the growth-phase, partial ring current (which equates to the
inner region of the proton plasma sheet) (Samson et al., 1992). The onset
is not at the peak of proton precipitation, which would map to the center
of the partial ring current, but within the poleward gradient of the
proton precipitation (Deehr and Lummerzheim, 2001; Liang et al.,
2018) that maps to the equatorial region where the magnetic field
transitions from being highly stretched to more dipolar (e.g., Donovan
et al., 2008; Sergeev et al., 2012, and references therein). Consistent
with this mapping, the onset arc within or at the poleward edge of the
Region 2 field-aligned current (FAC) region at the onset longitude
(Nishimura et al., 2012a, 2012b).

Two examples with good auroral viewing of what is seen at and
following the initiation of substorm auroral onset are shown in Fig. 1,
which displays a sequence of combined auroral images from the THEMIS
all-sky imager (ASI) array over North America (Mende et al., 2008) for
each event. The onset beads initially appear as faint rays (seen by the
convergence of auroral brightenings toward the center of each imager’s
field-of-view (FOV)) identified by yellow arrows in Fig. 1Aa and Ba. The
beads are initially seen to extend in very nearly the east-west direction
over a limited longitudinal range. The beads are regularly spaced like
waves, and they then grow in intensity (Kalmoni et al., 2017; Nishimura
et al., 2016) as the region of detectable wave structure spreads in
longitude, the spreading indicated by orange arrows in Fig. 1Ac-e and
Figures Bb and Bd. The beads show wave-like structure that grows in
amplitude exponentially (Kalmoni et al., 2017), and soon develop
non-linearities that form the active aurora of the substorm expansion
phase (identified by yellow arrows in Fig. 1Ad-g and Bd-h. These
growing waves are the classic signature of an instability that grows and
until it becomes non-linear. Two east-west keograms of differential in-
tensity along the onset arc shown in the lower panels of Fig. 2 to give a
different view of the growth and longitudinal expansion of the waves,
and their evolution into the bright substorm expansion phase aurora.
The event in Fig. 2A is the same as the event in Fig. 1B. Initial onset of
visible waves covers roughly 5° in longitude. Growth and longitudinal
spreading of the region of waves can clearly be seen, along with the
eastward (for these events) phase velocity of the waves. The middle
panel is the maximum emission intensity along the onset arc, and this
can be seen to gradually increase until more explosively increasing when
the non-linear development leads to poleward expansion of the region of
active aurora.

The beads can be seen simultaneously in both hemispheres with
similar wavelengths and periodicities (Motoba et al., 2012), indicating
that the beads are generated by plasma sheet plasma rather than in the
auroral acceleration region or in the ionosphere. Otherwise, different
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ionospheric conditions would create different characteristics of waves in
the different hemispheres. Additionally, highly fluctuating magnetic
fields in the near-Earth plasma sheet have been suggested to be linked to
a magnetospheric substorm onset instability (Takahashi et al., 1987; Lui,
1996; Ohtani, 1998; Shiokawa et al., 2005). The longer period compo-
nent of those fluctuations (several tens of seconds) corresponds to pe-
riods seen in the aurora as the beads pass overhead. Consistent with this,
Rae et al. (2010) reported that, at auroral onset, frequencies are ~30-90
s in the aurora and in the ground magnetic field, and waves with similar
frequencies have been seen within the inner plasma sheet preceding
substorm-related magnetic field dipolarizations and having character-
istics expected from plasma sheet instabilities (Cheng and Lui, 1998;
Park et al., 2010; Roux et al., 1991). While no study has yet evaluated
the connection of the oscillations in the tail to optical onset wave-
s/beads, such a connection appears likely and both are likely be signa-
tures of what can be referred to as the “substorm onset instability”. It is
important to note that the instability does not appear to create a new
wave mode along onset arc field lines, but instead causes the transition
to instability of stable waves that exist along those field lines prior to
onset (Nishimura et al., 2014; Panov et al., 2012; Uritsky et al., 2009).

A quite dramatic feature of the instability is its electric field signa-
tures as seen by ground radars (Gallardo-Lacourt et al., 2014b). Fast
oscillating flows (~1000 m/s) are correlated with the onset beads as
they propagate across the meridian of a poleward looking radar beam,
and 2-d radar measurements show a wavy pattern in the azimuthal di-
rection with a wavelength of ~80 km, which is approximately the same
of azimuthal separation of individual beads. The association between
the flow oscillations and beads can be seen in a time-series format in
Fig. 3. The two panels in Fig. 3a show an auroral east-west auroral
keogram along the magnetic latitude of the beading and the latitudinal
profile of the flow velocity measured by the high-time resolution
meridional-looking beam 6 of the SAS SuperDARN radar. This figure
clearly illustrates that strong oscillating flows initiate with the onset
(identified with a red line) and continue for a few minutes. A zoom in
around the time where the beads are observed in shown Fig. 3b. From
top to bottom, the panels show a north-south auroral keogram along the
SAS radar beam 6, a zoomed in version of the east-west keogram in
Fig. 3a, and the average flow velocity along the SAS radar beam 6. The
vertical gray dashed lines give the times when each bead crosses the
radar beam longitude (white horizontal line in the east-west keogram),
and each auroral bead is marked by a white dashed line in the east-west
keogram. The orange and blue arrows in the third panel represent
equatorward and poleward flow enhancements, respectively. As auroral
bead crosses the radar beam longitude, we see an equatorward flow

Fig. 1. Selected mergers of the auroral images from the THEMIS ASIs for the time interval of substorms on (A) 2007 March 7 and (B) 2011 April 6. The dark blue line
marks magnetic midnight, and longitude lines are space 1 h in MLT apart. Moonlight contamination is identified in the first panel of (A).
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Fig. 2. From top to bottom, north-south auroral keograms, maximum intensity along the onset arc, and east-west auroral keograms in 5-min detrended intensity
scales around onset times for substroms on (A) 2011 April 6 and (B) 2013 May 1. The dashed magneta and black vertical lines mark, respectively, the initial auroral
brightening and the initiation of poleward expansion. North-south keograms use maximum intensity within +15° longitude from imager zenith longitude at each
latitude. East-west keograms are sliced along the initial brightening arcs (based on Nishimura et al., 2016).

enhancement followed by a poleward flow enhancement. Since the
onset arc is oriented essentially perpendicular to the north-south radar
beam orientation, the measured flows can be interpreted as flows across
the arc rather than a projection of flows tangential to the arc.

For understanding substorms, the first necessity is to understand
what causes the substorm onset instability. It is also necessary determine
what causes the transition from a stable system to an unstable system,
and what is the resulting instability. Fundamental for this understanding
is that the instability is along a nearly east-west oriented auroral arc the
maps to the inner plasma sheet, and that the instability spreads longi-
tudinally along this arc. It is also necessary to understand what causes
the traditional substorm signatures, namely the magnetic field decrease
on the ground, particle injections, formation of the substorm current
wedge, and features of expansion phase aurora such as the westward
traveling surge, auroral streamers, and the duration of expansion phase
aurora. Here we review what our research has shown about these
fundamental questions and their relationship to flow channels in the
plasma sheet. For a more general review of substorms, refer to Nishi-
mura, Y., L. R. Lyons (2019), Substorms and Storms, AGU Books on
Solar/Heliosphere 2: The active magnetosphere, in press.

1.1. Reduced entropy flow channels: the cause of transition to instability

Auroral observations have given us important information about
what leads to substorm onset and which must be accounted for. First off,
as discussed above, substorm onset is clearly an approximately east-
west-aligned, large-scale instability of the inner plasma sheet and its
electromagnetically connected auroral ionosphere. Furthermore, the
transition to instability is fairly abrupt, in that it occurs much faster than
the several to 10’s of minutes time scales for plasma sheet changes
associated with large-scale convection. Thus something must occur that
causes an abrupt change in conditions in the inner plasma sheet.
Reconnection could cause an abrupt change in plasma parameters, but
substorm onset in the plasma sheet is well earthward of the typical tail
reconnection regions (beyond x = —20Rg).

Nishimura et al. (2010a, 2010b) reported a repeatable sequence of
events leading to substorm onset in observations from the THEMIS ASI
array that should be associated with an abrupt change in conditions in
the inner plasma sheet. As shown by the example in Fig. 4, the pre-onset
sequence starts with formation of a poleward boundary intensification

(PBI) along the auroral poleward boundary, which lies nearly along the
separatrix between open and closed magnetic field lines. A roughly
north-south oriented (NS) auroral form (referred to as an auroral
streamer) then extends equatorward from the PBI towards the equa-
torward boundary of the aurora oval, which may turn into enhanced
auroral brightness that drifts azimuthally (westward or eastward for
auroral onsets in the dusk-cell or dawn-cell, respectively). Onset occurs
when the enhanced auroral luminosity region reaches to near the onset
location, or substorm onset can occur near the location where the
streamer first reaches to near a growth phase arc located near the
equatorward boundary of the auroral oval. An optical connection be-
tween the streamer and the growth phase arc is not expected since, as
discussed below, a streamer demarcates an adjacent flow channel. It is
the plasma within the flow channel that is expected to directly connect
to the onset location along the growth phase arc. This could be the flow
adjacent to the streamer that approaches the growth phase arc or the
flow adjacent to, and equatorward of, the azimuthally moving bright-
ness that follows the flow from the streamer.

Using the known relation between auroral enhancements and plasma
sheet flow as mapped to the ionosphere (de la Beaujardiere et al., 1994;
Gallardo-Lacourt et al., 2014a; Haerendel, 2011; Henderson et al., 1998;
Lyons et al., 1999; Nakamura et al., 2001; Pitkanen et al., 2011; Sergeev
et al., 1999, 2000; Zesta et al., 2000), the observed auroral sequence
implies that new plasma crosses the polar cap boundary onto closed
auroral oval/plasma sheet field lines (corresponding to localized
reconnection in the distant tail) and then intrudes as a longitudinally
localized flow channel to the equatorward/near-Earth region of the
auroral oval/plasma sheet, leading to the onset instability. In the iono-
sphere, auroral streamers are expected to lie to the right of the direction
of the associated enhanced flow channel, because the enhanced upward
field-aligned currents within the auroral enhancement are fed by
enhanced ionospheric Pedersen currents within the flow channel. When
mapped to the plasma sheet, these flow channels are often referred to as
“flow bursts” or “bursty bulk flows”, which are generally believed to
consist of depleted magnetic flux tubes (i.e., flux tubes with lower total
entropy than the surroundings, sometimes referred to as “bubbles”)
(Dubyagin et al., 2010; Panov et al., 2010; Pontius and Wolf, 1990;
Sergeev et al., 1996, 2012; Wolf et al., 2012; Xing et al., 2010; Yang
et al., 2011). It is thus reasonable that the plasma sheet flow channels
trigger the onset instability by bringing reduced entropy plasma to the
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Fig. 3. (a) From top to bottom panels show an east-
west keogram of the ATHA ASI along the bead mag-
netic latitude (~63 deg) and the ionospheric flow
velocity measured by SAS beam 6 operating in the
high resolution THEMIS mode along the magnetic
meridian. (b) Blow up of the time inteval near sub-
storm onset. From top to bottom, the panels show a
north-south auoral keogram along the SAS radar
beam 6, the east-west keogram along the beading
magnetic latitude, and the average flow velocity
measured by SAS beam 6. Pink vertical line indicates
the onset time. The gray vertical dashed lines show
the time when each bead crosses the radar beam
longitude (horizontal white dashed line in the ewo-
gram). Orange and blue arrows in the third panel
show equatorward and poleward flow enhancements
respectively (from Gallardo-Lacourt et al., 2014b).
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THEMIS ASIs 2008-02-15

Fig. 4. THEMIS ASI data during an auroral onset on 15 February 2008. ASIs used are RANK, FSMI, and GILL. White lines are isocontours of magnetic latitude (every
10° in solid lines) and longitude (every 15°). The blue line in each panel is the magnetic midnight meridian. The onset occurred at 06:13:39 UT (based on Nishimura

et al., 2011a, 2011b).

inner plasma sheet and abruptly changing the entropy distribution in the
inner plasma sheet, the low-entropy plasma being brought earthward
within a plasma sheet flow channel by interchange motion. In particular,
it should lead to decrease in the tailward gradient of entropy, a gradient
change that could be important (e.g., Xing and Wolf, 2007) for an abrupt
transition to instability. This instability must be very different from just
the earthward (equatorward as mapped to the ionosphere) interchange
motion, since onset extends longitudinally along an east-west oriented
auroral arc near the equatorward boundary of the auroral oval.

While there have been some debate about how often auroral
streamers are seen leading to substorms (e.g., Frey, 2010), they are very
commonly seen when viewing conditions are good and the auroral oval
is not very thin making streamer identification from ASIs difficult (Lyons
et al., 2018; Nishimura et al., 2010a, 2011a, 2011b). However, direct
observation of flows in the ionosphere using radars allows a test of the
flows to the onset location scenario without the ambiguities that can
occasionally occur with auroral observations. An example from the
initial study of such flows (Lyons et al., 2010a) is shown in Fig. 5. The
top panes show the F-region velocity vector. (Flow vectors were from a
Bayesian linear fit to line-of-sight (LOS) velocities using all PFISR beams
under the assumption of no longitudinal variations with the radar FOV
(Nicolls and Heinselman, 2007). See Lyons et al. (2010a) for LOS ve-
locities.) Electron densities along two of the radar beams directed
poleward along the magnetic meridian are shown in the second and
third panels, respectively. Altitude is shown along the left axis and
magnetic latitude A along the right axis. Ground magnetic observations
are shown for two auroral stations approximately along the radar me-
ridian and Pi2 observations from EAGLE at lower latitudes can be seen in
the bottom panel. The time of the substorm onset identified by auroral
imager observations is indicated by a dashed vertical line, and the
latitude of initial substorm brightening (at A ~ 66°, (Zou et al., 2009)) is
indicated by a star in the flow vector panel. The densities prior to the

onset in Fig. 10 peak at ~130 km and fall off above ~150 km, which is a
signature of the pure proton precipitation (Zou et al., 2009, and refer-
ences therein) from the partial ring current that typically extends
equatorward of the electron auroral oval and lies equatorward of the
onset.

Starting at ~0710 UT, eastward flows can be seen in the poleward
portion of the radar FOV and westward flows at lower latitudes, indi-
cating the Harang reversal. Then, starting at ~0718 UT, a
southeastward-directed flow enhancement moves equatorward and
reaches the onset latitude at approximately the onset time. This corre-
sponds to the cases of Nishimura et al. (2010a) in which onset occurs just
when the equatorward-moving, NS-oriented auroral structure contacts
the growth phase proton aurora. Onset occurs at the equatorward edge
of the incoming southeastward-directed flow for this case. The substorm
onset is seen in by a prompt enhancement in the E-region ionospheric
densities seen by the radar and is followed by an ~500 nT magnetic bay
and associated Pi2 pulsations at EAGL, a little equatorward of the onset
latitude.

An example using nightside observations from the higher latitude
Sondrestrom runs radar is shown in Fig. 6. The top shows panel flow
velocities within the F-region as a function of A and UT. E-region elec-
tron densities at 130 km altitude, which respond to auroral electron
precipitation, are shown in the second panel. The low-density values and
noisier data seen prior to ~02 UT are indicative of the low energy flux of
precipitations expected along open polar-cap field lines. The high values
seen from ~0207 to 0220 UT are the expected result of the high fluxes of
electron precipitation corresponding to intense aurora during the sub-
storm expansion phase, and the intermediate values seen after that time
indicate less intense electron precipitation from the plasma sheet.
Auroral imaging was not available in the vicinity of Greenland for this
event, but the Sondrestrom run were scheduled so that THEMIS space-
craft (Angelopoulos, 2008) were within the inner plasma sheet in
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Fig. 5. PFISR observations from 0640 to 0750 UT on 4 September 2008. The top three panel shows F-region velocity vectors. Electron densities along two of the
radar beams directed poleward along the magnetic meridian are shown in the second and third panels, altitude being shown along the left axis and magnetic latitude
along the right axis. Ground magnetic observations are shown from BETT and FYKN approximately along the PFISR meridian. Pi2 pulsations from EAGLE are shown
in the bottom panel. The time of the identified substorm onset is indicated by a dashed vertical line; the latitude of initial substorm brightening is identified by a star

in the flow vector panel (based on Lyons et al., 2010a, 2010b).

roughly the same local time sector as the radar. A substorm is shown by
magnetic dipolarization signatures observed by THEMIS (third panel),
as well as by the ground magnetic field decrease (geographic north
component Bx) from available Greenland magnetometers within the
auroral zone and by the positive bay seen by the Canadian mid-latitude
magnetometer STJ nearest the Greenland meridian. We estimated the
substorm onset to be at ~0205 UT, a few minutes before the radar FOV
was engulfed by the expansion phase E-region ionospheric density
enhancement.

While some data are missing due to the low F-region densities within
the polar cap that occur during solar minimum conditions, at several
latitudes a substantial southeastward directed flow enhancement can be
seen to initiate at 0157 UT, ~8 min prior to onset. This time, identified
by a dotted line in the figure, is close to the average time before onset
that Nishimura et al. (2010a) reported the intensification of a PBI (~5.5
min). The entire E-region FOV of the radar (A ~72.3° to 74.3°) was
within the polar cap when the flow enhancement was first observed, and
enhanced flows were observed up to the poleward edge of the radar
F-region FOV (A ~73.5°). Thus, the flow enhancement gave enhanced
plasma transport across polar cap field lines towards the plasma sheet, as
first observed by de la Beaujardiere et al. (1994)) for flows associated
with PBIs. The flow enhancement extended to the equatorward bound-
ary of the radar F-region FOV, and thus likely crossed the polar cap
boundary at about that time. While the transition to plasma sheet

E-region densities was equatorward of the radar E-region FOV at this
time, the F-region flow enhancement is seen to extend ~2° equatorward
of the E-region FOV, so the enhanced flows likely crossed the open-close
field line boundary as observed by de la Beaujardiere et al. (1994). These
flows likely enhanced transport of plasma lying along polar cap field
lines into the plasma sheet, and they were seen at a time and location
appropriate for leading to the substorm onset.

A more and thorough evaluation of radar flows associated with
substorm onset has recently been completed (Lyons et al., 2020a; Radar
Observations of Flows Leading to Substorm Onset over Alaska, submit-
ted to J. Geophys. Res). That analysis identified 9 events, including one
studied in detail by Nishimura et al. (2014), for which a substorm
auroral onset was identified within the FOV of the Poker Flat ASI 557.7
nm imager and within or just equatorward of the latitudinal coverage of
the PFISR beams. PFISR flow vectors and available SuperDARN LOS
flows are overlaid on selected full 557.7 nm images in Fig. 7 for a sub-
storm with onset seen in the aurora at 0803:20 UT on November 21,
2012. THEMIS ASI images extend outward from the Poker Flat ASI FOV.
Inserts show LOS flows along the PFISR beams overlaid on blowups of
the images in the vicinity of the PFISR FOV. Since the ASI images have
12 s resolution whereas the radar integration time has been taken as
1min, the insert images are for two ASI time steps prior to the full
images.

Initially (0800 UT panel), the flow vectors show westward flow as
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February 2009. The top panel show the F-region vector as a function of magnetic

laitude and UT. E-region densities at 130 km altitude as a function of magnetic latitude and UT are shown from each radar scan in the second panel. Values below and

above ~3 x 10 m

-3 indicate polar cap and plasma sheet, respectively. The three magnetic field components from the THEMIS D spacecraft and Bx and Bz from

available Greenland magnetometers ground stations and Canadian mid-latitude magnetometers nearest the Greenland meridian are shown in the bottom panels to
identify onsets of Fig. 1. A vertical dashed line indicates the identified time of a substorm onset. The vertical dotted line identifies the initiation time of the observed
pre-onset flow enhancement. A possible PBI signature is identified in E-region density panel. The THEMIS spacecraft location at the center of the time interval in the

figure is given as (x,y,z) in GSM (based on Lyons et al., 2010a, 2010b).

expected from dusk cell convection, and the LOS flows are consistent
with this inference. The aurora shows a typical east-west oriented arc
very near the equatorward limit of the PFISR beam measurements, this
arc being typical of the growth phase arc seen during a late substorm
growth phase Then, in the 0801:40 UT insert, the LOS flows indicate a
flow with a strong equatorward component intruding into the poleward

portion of the PFISR beams (indicated by a yellow arrow), the equa-
torward flow also being shown by the two most poleward flow vectors.
This flow had then intruded all the way to the growth phase arc at the
next radar measurement time (0803:07 UT insert and 0803:32 UT full
ASI mosaic). The flow was also seen by the western-most SuperDARN
radar beam in the 0803:32 UT panel, and onset occurred during this
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Fig. 7. 557.7 nm images from Poker color ASI, with THEMIS ASI image mosaics for the region surrounding the Poker image FOV for the 21 November 2012, 0803:20
onset. Images are shown every ~1 min, except for last image which was chosen to show the substorm poleward expansion ~4 min after the previous image. Objective
flow vectors along the PFISR magnetic meridian are overlaid on the 557.7 images in each panel. LOS flows measured along the radar beams are shown overlaid on the
lower image inserted into each of the 557.7 panels. These lower images are blowups of the 557.7 nm images over the region covered by the PFISR beams, and, to not
repeat images, these images are for a slightly earlier time than the time of the full mosaics (except for the last panel). Yellow arrows in the 557.7 nm inserts are to
illustrate flow directions inferred from the PFISR LOS flows and substorm auroral onset is identified by the white arrows (based on Lyons et al., 2020a, Radar
Observations of Flows Leading to Longitudinal Expansion of Substorm Onset over Alaska, submitted to J. Geophys. Res).

radar measurement minute. The beginning of wave growth from the
initial onset beading can been seen in the 0804:10 UT insert, with
further wave growth seen in the 0805:25 UT insert. Furthermore, the
onset was first seen just to the west of the PFISR meridian and just where
the intruding flow channel was observed. The intruding flow continued
during the next measurement minute as the auroral expansion started to
develop, and the flow then turned eastward. Poleward expansion of the
auroral activity is represented by the final full ASI image at 0808:57 UT.
This was a thin auroral oval event, so it would be difficult to identify a
streamer associated with the intruding flow channel. However, with the
PFISR data, we see the flow channel very clearly heading to the onset
location just before onset.

As noted above when discussing the example in Fig. 6, the flow
channels that initiate substorm onset appear to come from polar cap
flow channels that cross the auroral oval poleward boundary and enter
the closed field line region of the auroral oval. This is as initially pro-
posed by Nishimura et al. (2010a), based on the observation that the
pre-onset substorm sequences as seen in the aurora start with a PBIL. That
PBIs are associated with flow channels that enter the auroral oval from
the polar cap was clearly demonstrated in the first paper that identified
the feature now known as PBIs (de la Beaujardiere et al., 1994), and has
been demonstrated in a number of subsequent studies (Lorentzen et al.,
2004; Moen et al., 2007, p. 204; Pitkanen et al., 2013; Shi et al., 2012),
including on a statistical basis by Zou et al. (2014). In the tail, these
flows correspond to localized flow that crosses into the plasma sheet
from the lobes, corresponding to an increase in the local reconnection

rate (Blanchard et al., 1996). Evidence for such enhanced flows crossing
from the lobe into the plasma sheet prior to substorm onset has been
seen with the THEMIS spacecraft near the outer boundary of the plasma
sheet (; Angelopoulos et al., 2008, 2009; Lyons et al., 2010b), and in the
ionosphere with radars (Lyons et al., 2011) and from optical observation
of F-region ionization patches and polar cap arcs (Nishimura et al.,
2013a).

2. East-west alignment and expansion of transition to instability

Tail flow bursts are normally thought as being flow channels that
extend radially but are narrow in azimuthal extent, as seen in MHD
simulations of flow bursts (e.g., Birn et al., 2004)). If this were true when
flow channels reached the inner plasma sheet, they could not account for
the azimuthal alignment and spreading of the substorm onset instability.
However, Rice Convection Model (RCM) modeling show a very clear
longitudinal expansion of the reduced entropy plasma that comprises a
plasma sheet flow channel as it extends to the inner plasma sheet (Wang
et al., 2018; Jian Yang et al., 2014). This offers a viable explanation for
why the onset instability initially extends, and then expands,
longitudinally.

2.1. RCM-UCLA modeling

Fig. 8 shows results in the equatorial plane using the UCLA equilib-
rium version of the Rice Convection model (RCM-UCLA) of Wang et al.
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(2018) for times 3, 9, and 15 min after a meso-scale perturbation with a
1 h in MLT width was imposed on the RCM outer boundary, which is
near X = —20 Rg at midnight. Since the perturbation (Run 1 of Wang
et al.) had a density decrease by a factor of 6 and a temperature increase
by a factor of 6, the bubble was created by the divergence of the heat flux
vector resulting from the higher magnetic drift speeds of the hotter
plasma particles relative to those of the cooler background. Note that
violation of plasma entropy conservation is a unavoidable consequence
of magnetic drift, but is not allowed by ideal MHD models (See review,
Lyons et al., 2009). As the bubble moves earthward, the lower energy
ions tend to follow the electric field drift (along equipotentials, which
are shown as the black contours in the middle row). However, the higher
energy ions magnetic drift towards the duskside. As a result, entropy is
not conserved along center of mass drift trajectories, and the bubble
spreads in longitude and deepens as it moves earthward. The spreading
is seen in the top row of Fig. 8, which shows the flux tube integrated
entropy S normalized to the integrated entropy S, at t = 0 (S = PV>/3,
where P is plasma pressure and V is flux tube volume), with a crimson
curve illustrating the approximate boundary of the expanding bubble for
each time. The gradient of S is typically tailward in the plasma sheet.
However, the bubble spreading leads to an approximately
azimuthal-aligned decrease in the tailward gradient in S at t = 15 min, a
gradient change that expands azimuthally with time and is of the
appropriate sign (e.g., Xing and Wolf, 2007) to give azimuthal expansion
of the substorm onset instability.

FACs as mapped to the ionosphere as shown in the middle row of
Fig. 1, downward currents being positive. An enhancement of the Region
1 and 2-sense FACs can be seen with the bubble as it moves earthward (t

t=15 min
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Fig. 8. Nightside RCM-UCLA results for times 3, 9,
and 15 min after a meso-scale perturbation witha 1 h
in MLT width was imposed on the RCM outer
boundary that lead to bubble formation from energy-
dependent magnetic drift. The top row shows the
ratio of flux tube integrated entropy S to the inte-
grated entropy S, at t = 0. The middle row show field-
aligned current density at the top of the ionosphere
and equipotential contours with 2 kV separation, and
the lower row should the electric field drift speed
both color coded and as vectors. Crimson curves in
the top row illustrate the approximate boundary of
the expanding bubble for each of the three times, and
the crimson curve from the top row at t = 15 min is
copied onto the middle and lower rows. Red and
white rectangles are drawn to help identify the loca-
tions for making the comparison between equipo-
tentials and electric field driftsatt = 3 and t = 15 min
based on (based on Wang et al., 2018).

-10 -15 -20
X (RE)

= 9 min), and these FACs become longitudinally broad Region 1 and
Region 2-sense current enhancements that are associated with the
azimuthal spread of the bubble after it approaches the subauroral region
(t = 15 min). The enhanced Region 1-sense FACs at t = 15 min are
approximately collocated with the bubble itself, as can be seen by
comparing the FACS to the crimson curve that has been copied from the
top row at t = 15 min onto the middle and lower rows of Fig. 8, whereas
the enhanced Region 2 FACs are earthward of the bubble. (There
additional more poleward FAC changes at t = 15 min are not considered
here.)

The enhanced FACs are related to changes in the electric field,
changes which maintain current continuity in the ionosphere. The
electric field changes appear as azimuthal turnings of the flows as the
flow channel moves earthward (t = 9 min) toward the inner plasma
sheet. By t = 15 min on the dusk side, the change is an electric field
enhancement that corresponds to significant enhancements in the sub-
electron auroral region flows that are referred to as subauroral polari-
zation streamers (SAPS) (e.g., Foster and Burke, 2002). On the dawn-
side, the electric field change is an enhancement that is more poleward,
such an electric field enhancement giving strong flows that have
recently been referred to as dawnside auroral polarization streams, or
DAPS (Liu et al., 2020). Both of these flows occur in the regions of the
enhanced downward FACs (Region 1 for SAPS, Region 2 forDAPS),
where conductivities are substantially lower than in the upward FAC
regions. These enhancements can be seen by comparing the electric
equipotentials and the electric field drift velocities in the middle and
bottom rows, respectively, at t = 3 and t = 15 min. Red and white
rectangles in Fig. 1 are drawn to help identify the regions for making this
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comparison. Also, comparison with the crimson curve, shows that the
DAPS increase is within the plasma sheet bubble, while the SAPS in-
crease is adjacent to the equatorward boundary of the bubble.

The azimuthal turning of the flows in the plasma sheet at t = 9 min is
similar to that seen by Ogasawara et al. (2011) within the plasma sheet
during substorm azimuthal expansion and offers an explanation for the
connection between azimuthal flows and adjacent streamers as sug-
gested by Haerendel (2015), and the current and flow enhancements at t
= 15 min are very much like those seen from the ground by Zou et al.
(2009) during the azimuthal development of the substorm expansion
phase. These correspondences indicate the plausibility that azimuthal
expansion of the substorm onset instability is related to the expansion of
incoming reduced entropy bubbles. Note that the spreading and flows
are beyond the capabilities of current MHD simulations of bubbles (e.g.,
Birn et al., 2004).

2.2. Observations

Since the electric potentials associated with a bubble give current
continuity and map from ionosphere to the magnetosphere, bubble-
related electric field enhancements within the ionosphere have the po-
tential to be used of a signature of the longitudinal expansion of bubble.
This provides a test of the RCM model predictions for azimuthal
expansion of a bubble in the inner plasma sheet, and in particular the
idea that the substorm onset instability initially extends, and then ex-
pands, longitudinally because the instability is triggered by the low
entropy plasma of an incoming flow burst. For example, ground radar
observations have previously shown SAPS enhancements following
auroral streamers and their associated flow channels in the absence of
substorms (Gallardo-Lacourt et al., 2017; Lyons et al., 2015; Makarevich
et al., 2011), and DAPS enhancements can be inferred from the
connection of the formation of dawnside, auroral omega bands to aurora
streamers (Henderson et al., 2002) and to strong DAPS flows (Liu et al.,
2018). These are both consistent with the RCM results.

Lyons et al. (2020b) (Radar Observations of Flows Leading to Lon-
gitudinal Expasion of Substorm Onset over Alaska, submitted to J.
Geophys. Res) analyzed several substorm events for consistence with the
RCM modeling results. Fig. 9 shows observations from a quite fortunate
event on 15 March 2013 that occurred where the radar observations
allowed all the flow features associated with on incoming bubble to be
seen. The format in the upper panels is the same as in Fig. 5, and the
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lower panels of show a sequence Poker 630 nm images for this event
with plasma densities along each radar beam overlaid of the images. LOS
flows from available SuperDARN radar echoes are shown in the 557.7
nm and 630 nm image panels, the spatial extend of the coverage shown
being larger in the 630 nm panels. The incoming flow channel leading to
the onset was seen by SuperDARN adjacent to a polar cap arc, and is
identified in the 1043:45 and 1050: 25 UT 630 nm panels of Fig. 9. In the
1052:05 and 1055:25 UT 630 nm panels, the SuperDARN echoes show
very clearly a flow increase that is likely SAPS, since it is equatorward of
detectable aurora. The increase is first seen just after onset but before
auroral poleward expansion, and thus it is as expected from a pre-onset
flow channel that led to onset. Additionally, an increase can be seen in
DAPS flows as onset spread eastward into the PFISR FOV, and this in-
crease also was first seen before significant auroral poleward expansion.
(There is also a sharp transition to westward flows at the poleward
boundary of the DAPS flows. This transition appears to correspond to the
auroral poleward boundary, and the more poleward SuperDARN LOS
flows are consistent with flows being westward within the nearby polar
cap.)

3. Post-onset flow channels: cause of substorm current wedge
and classical substorm onset signatures

The concept of a substorm (initially referred to as a magnetic bay)
was initially based on ground magnetometer observations (Akasofu,
1968; Chapman, 1956; Silsbee and Vestine, 1942, and references
therein). Its onset was later defined and identified by the initial auroral
brightening (Akasofu, 1964). However, the auroral onset has a general
association with sudden H increases (positive bays) (e.g., lijima and
Nagata, 1972) and with suddenly enhanced Pi2 pulsations seen by
ground magnetometers at mid-to-low latitudes (e.g., Rostoker, 1968;
Sakurai and Saito, 1976; Lester et al., 1983), and with sudden negative
changes of the ground H component at auroral latitudes (i.e., initiation
of magnetic bays) (e.g., Akasofu and Meng, 1969; Nishida and Kokubun,
1971). The above H changes are a manifestation of the
three-dimensional current system that is referred to as the substorm
current wedge (SCW) (Bonnevier et al., 1970; McPherron et al., 1973),
which had been generally viewed as a single current system that expands
azimuthally with time during the substorm expansion phase (e.g., Nagai,
1982, 1987). Pi2 enhancements have been attributed to the current
enhancement leading to the substorm current wedge (Baumjohann and

_15 March 2013 1051:15 UT ons
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j Prisw
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Fig. 9. The upper panels of each row show 557.7 nm images from the Poker color ASI, with THEMIS ASI image mosaics for the region surrounding the Poker image
FOV for the 1051:15 onsets on 15 March 2012. Images are show at times selected to illustrate features of interest. Objective flow vectors along the PFISR magnetic
meridian are overlaid on the 557.7 images in each panel. LOS flows measured along the radar beams are shown overlaid on the lower image inserted into each of the
557.7 panels. These lower images are blowups of the 557.7 nm images over the region covered by the PFISR beams, and, to not repeat images, these images are for a
slightly earlier time than the time of the full mosaics. The lower panels of each row show a sequence of Poker 630 nm images for this event. In case a reader might be
interested, the plasma densities along each radar beam overlaid of the images. LOS flows from available SuperDARN radar echoes are shown in the 5577 nm and 630
nm images panels, the spatial extend of the coverage shown being larger in the 630 nm panels because of the larger spatial FOV of the 630 nm images due to their
higher emission altitude (taken to be 120 km for the 557.7 nm and 210 km for the 630.0 nm). Yellow arrows in the 557.7 nm insert are to illustrate flow directions
inferred from the PFISR LOS flows, substorm auroral onset is identified by the white arrows, and yellow arrows in the 630 nm panels identify an equatorward moving
polar cap patch (Based on Lyons et al., 2020b, Radar Observations of Flows Leading to Longitudinal Expasion of Substorm Onset over Alaska, submitted to
J. Geophys. Res).
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Fig. 10. (A) Keograms of the maximum auroral intensity over all measured longitudes from the FSIM and FSMI ASIs and the three components of the ground
magnetic field from the stations identified by the red plus signs in Figure (B), covering the time interval of the 2007 January 27 event. “All max” means that each data
point in the keogram is from the longitude having maximum intensity, all measured longitudes being included. The dashe vertical magenta line identifies substorm
onset; vertical black dotted lines give the start and end times of intervals of streamers in the vicinity of the identified ground stations. Orange arrows identify the very
weak and gradual H decreases at FSIM and FSMI between the times of onset and streamer formation that indicate the formation of a very weak westward electrojet.
(B) Selected mergers of the auroral images from the THEMIS ASIs for the time interval of the of the 2007 January 27 event. Yellow arrows and associated text identify
the main auroral features discussed in the text. Red plus signs (text) give the locations (names) of the gound magnetometer stations used in Fig. 10A. The cyan line
marks magnetic midnight, and longitude lines are space 1 h in MLT apart. Moonlight contamination is identified in the first panel (based on Lyons et al., 2013a).

Glapmeier, 1984; Lester et al., 1983)]. Due to their general association
with the auroral onset, the onset of the Pi2 enhancements and of the
mid/low- and auroral-latitude H changes have all been viewed as sig-
natures not only of the initiation of current-wedge enhancement, but
also of substorm onset.

Formation of the SCW has often been viewed as a fundamental aspect
of the substorm onset process and critical for understanding the sub-
storm expansion phase (Lyons, 1996). Traditionally, it has been viewed
as a large-scale, wedge-shaped current system (Chu et al., 2015; Gelpi
et al., 1987; Liang et al., 2018; McPherron et al., 1973). On the other
hand, a number of studies have reported signatures of multiple localized
currents (wedgelets) that are separated azimuthally by hundreds of km
(Kauristie et al., 2000; Liu et al., 2015; Lyons et al., 2012; Palin et al.,
2015; Pytte et al., 1976; Sergeev, 1974). Particularly clear are obser-
vations multispacecraft observations from perigee passes of Cluster
spacecraft during a substorm by Forsyth et al. (2014). As the spacecraft
traveled east-west azimuthally above the substorm auroral region, the
SCW was seen to be comprised of significant azimuthal substructures on
scales of 100 km at altitudes of 4000-7000 km. It now seems clear that
the SCW is built up by multiple wedge-type currents located across the
longitude range of the substorm bulge, and Liu et al. (2015) showed that
each of these wedgelets are drvien by flow bursts in the tail that contain
stronger magnetic field within them (referred to as “dipolarizing flux
bundles”) than does the surrounding plasma.

As with flow bursts in general, SCW wedgelets should be associated
with auroral streamers; however, the initial aurora beading is not
comprised of auroral streamers so that it should not be associated with
the onset of the SCW. We would expect SCW formation, and its initial
signatures that are traditionally used to identify substorm, to be post-
onset features that occur once the non-linear evolution of the auroral
bead waves leads to streamers (Keiling et al., 2009; Lyons et al., 2013a;
Rae et al., 2009). The corresponding fast flows within the plasma sheet
can then initiate current wedge formation and the associated substorm
magnetic signatures on the ground and dipolarization within the
near-Earth plasma sheet. Because the initial streamers after substorm
onset develop from the onset waves within the plasma sheet, the initial
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streamers could be associated with reconnection signatures seen within
the plasma at Xgs, at a near-Earth neutral line, which occurs at distances
of ~ —20 Rg soon after onset (e.g., Machida et al., 2009; Nishimura et al.,
2013b).

That the ground magnetic responses to SCW formation traditionally
viewed as signatures of substorm onset may be related to post-onset
auroral streamers rather than to substorm onset was considered in
Lyons et al. (2012, 2013a). An example of the ground magnetic and ASI
observations they evaluated is given in Fig. 10. Keograms in Fig. 10A
give the maximum auroral intensity over all measured longitudes (to
show all aurora that may contribute to the local ground magnetic field)
from a more western ASI (FSIM) and a more eastern ASI (FSMI) station.
Selected snapshots of combined ASI images from stations covering the
onset and subsequent expansion phase activity are shown in Fig. 10B.
The first panel of Fig. 10B shows the location of the stations for which
magnetic field data are shown in Fig. 10A. Substorm onset is determined
from the auroral brightening at 0829:30 UT, and subsequent slow
auroral brightening and poleward expansion are clearly seen in the FSIM
keogram. The intensified onset auroral arc is identified in the second
panel of Fig. 10B, and the beading along the onset arc is clearly seen in
the subsequent (0835:39 UT) image as the onset aurora continued and
expanded eastward to FSMI.

Substantial poleward expansion initiated at ~0836 UT, and after that
time, streamers started to evolve and move equatorward from the
auroral poleward boundary. Several of the most prominent ones are
identified in the last 5 panels of Fig. 10B. The first vertical black dotted
line in Fig. 1A identifies the time when the sequence of auroral streamers
started to develop in the longitude region from near YKC to FSMIL. This
continued for ~9 min, as indicated by the second vertical dashed line,
and was followed for a few more minutes by streamers in approximately
the same longitude region, but emanating from more poleward latitudes
closer to that of EKAT in association with the continued poleward
expansion of the aurora.

Following the auroral onset, but before the onset of the streamers,
the magnetometer observations show only very weak and gradual H
decreases at FSIM and FSMI following the onset. This would indicate the
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formation of a very weak westward electrojet. No mid-latitude positive
bay or Pi2 enhancement was seen. Traditional magnetic onset signatures
were then seen at the time of the formation of the streamers, ~7 min
after auroral onset, the signatures including the sharp drop in the H
component at YKC, the sharp increases (decreases) in the Z component
at the lower (higher) latitude auroral zone station FSIM (EKAT), and the
mid-latitude positive bay and Pi2 pulsation initiation. The strongest H
decreases moved poleward from YKC to EKAT as the streamer initiation
location moved poleward, consistent with these decreases being a
response to the expansion phase streamers.

It is clear that the ground magnetic features that are traditionally
viewed as signatures of substorm onset, and of significant current wedge
formation, were all associated with the post-onset streamers, the delay
from onset in the events considered in Lyons et al. (2013a, 2013b)
varying from 1 to 10 min. For all events, the onset of streamers was at
the time of the onset of the ground magnetic signatures and the largest H
decreases where located in the vicinity of the streamers. This is all
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consistent with the substorm current wedge developing by a series of tail
flow bursts, which can be referred to as wedgelets, and are seen in the
ionosphere by auroral streamers.

While not noticed in the above papers, an interesting feature can be
seen by comparing the H decreases at FSMI with the H increases seen at
the subauroral station LETH, about 10° equatorward of FSMI and along
almost the same magnetic meridian. This is indicated by the vertical
maroon arrows near the bottom of Fig. 10A. Each H decrease at FSMI,
which are responses to individual streamers and their associated flow
channel, has a 1-to-1 correspondence with and H increase at LETH (and
also with the H decreases at the more poleward auroral station YKC).
This indicates that the H increases, which comprise the traditional
substorm Pi2 pulsations, are not is fact a wave, but are the response to
individual flow channels near that meridian. The field-aligned currents
with each flow channel each give an elemental incremental increase of
the H component at LETH, and each acts to build up the midlatitude
positive bay and thus the large-scale substorm current wedge.
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Fig. 11. FSMI auroral keograms and magnetometer data during the ~0830 UT substorm on 27 January 2007. Three components of ground magnetometer data are
shown from stations approximately along the YKC magnetic meridian. The dashed magenta line shows the auroral onset time. The solid black vertical lines mark

initiations of each Pi 2 pulse (based on Nishimura et al., 2012a, 2012b).
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This feature was noticed and examined in detail in Nishimura et al.
(2012a, 2012b). Fig. 11 repeats the auroral keogram from FSMI from
Fig. 10A, but with its color scale adjusted so as to emphasize the more
intense auroral streamers and inclusion of observations only from near
the central meridian of the FOV (to see local auroral modulation). The
YKC magnetometer is repeated, and is shown with 4 ground magnetic
field measurements from 4 progressively lower latitude stations, all
along approximately the same magnetic meridian. After ~0836-37 UT
(first black vertical line), the auroral intensity during the poleward
expansion seen by the FSMI ASI shows quasi-periodic intensifications as
marked by red arrows in Fig. 11a. Each of these is a separate intensifi-
cation occurring near or slightly poleward of the poleward edge of the
pre-existing auroral bulge, leading to a stepwise poleward expansion of
the expansion-phase aurora. Each intensification led to an
equatorward-propagating auroral streamer some of which are identified
in Fig. 10B.

As indicated by the vertical lines in Fig. 11, the initiation of each
expansion-phase auroral intensifications is correlated remarkably with
initiations of individual Pi2 pulses at all the mid-latitude stations. Each
Pi 2 pulse started to rise with each auroral intensification without a
significant time lag. As noted above, the negative bay in the H compo-
nent in the auroral zone at YKC located near the streamers (Fig. 10B)
oscillated in anti-phase with the midlatitude Pi 2. The coherence of the
expansion-phase intensifications, and the midlatitude and auroral zone
Pi 2 indicates that these three phenomena were driven by flow channels
comprising the SCW wedgelets. Note that we focus primarily on initia-
tion of H pulses and do not discuss the timing of the peaks, since peak
timing depends not only on auroral intensity but also on azimuthal
propagation and orientation of the streamers relative to an observing
ground magnetometer station.

Latitude
Low —— High
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4. Summary and future directions

As described here, and schematically summarized in Fig. 12, our
research has shown the following about the substorm expansion phase
and where we believe there are important outstanding questions.

1. Substorm onset occur within the outer portion of the growth
phase partial ring current, which equates to the inner region of
the proton plasma sheet, and maps to the equatorial plane to
where the magnetic field transitions from being highly stretched
to more dipolar.

2. The auroral beading at onset and subsequent growth of these
onset waves indicate that substorm onset occurs as the result of
an abrupt transition from a stable to unstable state along field
lines of the inner plasma sheet. This is also supported by the large-
amplitude electric oscillations that are seen in the ionosphere to
initiate at the onset of the auroral beading.

3. The unstable region is azimuthally aligned in the ionosphere and
expands azimuthally after initial onset.

4. The observation of streamers leading to onset indicates that the
transition to instability occurs as a result of an intrusion of a low-
entropy flow burst/channel (i.e., a plasma bubble) to the inner
plasma sheet, and this is strongly supported by radar observations
showing the ionospheric mapping of incoming flow channel
directed to the time and location of onset.

5. Such flow bursts are marked in the auroral oval by the initiation
of a PBI that evolves into an auroral streamer. Plasma flows
associated with these and other PBIs and streamers appear to
generally be associated with enhanced reconnection at the distant
tail neutral line, the reconnection being triggered by an incoming
flow channel from the polar cap.

Pre-onset

Latitude

Latitude

SAPS increase

bulge formation===----

Low = High Low =¥ High

Longitude Sast

Fig. 12. Schematic summary of the substorm onset sequence envisoned in this review.
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6. It is reasonable that the plasma sheet flow channels trigger the
onset instability by bringing reduced entropy plasma to the inner
plasma sheet and abruptly changing the entropy distribution in
the inner plasma sheet. Identification of the onset instability is
crucial outstanding question. It could perhaps be related to a local
reversing of sign of the radial gradient of entropy, leading to a
ballooning type of instability such as the kinetic ballooning/
interchange instability found by Pritchett et al. (2014) using
three-dimensional electromagnetic particle-in-cell simulations.

7. The onset instability is azimuthally aligned and expands
azimuthally as a result of the azimuthal expansion of the
incoming low entropy plasma bubble that initiates the instability.
The azimuthal expansion occurs as the bubble moves earthward,
the lower energy ions tending to follow the electric field drift
towards the dawn side, while the higher energy ions magnetic
drift towards the duskside. As a result, entropy is not conserved
along center of mass drift trajectories, and the bubble spreads in
longitude and deepens as it moves earthward. This crucial aspect
of the plasma sheet bubbles and substorm onset is beyond the
limits of ideal MHD models.

8. The growth of the onset waves leads to streamers. How this oc-
curs is another major outstanding question, but the first streamers
could initiate within the plasma sheet ~20 Rg downtail, the re-
gion where reconnection has been inferred to occur soon after
onset. It is likely that streamers and their associated reconnection
initiate at the distant tail neutral line once the expansion phase
auroral reaches the auroral poleward boundary. It is not known
whether or not the distant tail neutral line is same one that
existed before onset, or results from the tailward expansion of a
nearer Earth reconnection region that forms as a result of the
growth of the onset waves.

9. The SCW wedge builds up from a sequence of longitudinally

localized flow burst regions (wedgelets) that dipolarize the local

magnetic field, these regions also giving rise to traditional sub-

storm onset signatures on the ground, namely auroral zone H

bays and mid-latitude positive H bays and Pi2 pulsations.

There are other potentially very important consequences of sub-

storm expansion phase flow channels for which there is now some

evidence but which require further investigation. These may
strongly affect the longitudinal extent, polar extension, and
duration of substorm expansion phase activity and include:

10.

a. Are polar cap flow channels directed toward the poleward
boundary of the nightside auroral oval important in controlling pole-
ward expansion and duration of post-substorm onset auroral activity as
indicated by the observations in Lyons et al. (2011)

b. The westward traveling surge initiates later than does the longi-
tudinal expansion of the brightening of the onset arc, and typically de-
velops after auroral activity reaches the polar cap boundary and then
protrudes into the pre-existing polar cap. Do polar cap flow channels
feed cold plasma from the open polar cap field lines into the westward
traveling surge and thus play a critical role in surge initiation, westward
propagation, and poleward expansion as indicated by the observations
of Lyons et al. (2013Db).

c. What is the role of multiple flow channels in controlling the
development of substorm expansion? In particular, can there be more
than one flow channel that sets of the substorm onset instability and
contributes to the longitudinal expansion of the substorm expansion
phase? These could be two flow channels that are separated in longitude
that intrude to the inner plasma sheet at the time of onset, or the result of
low channels that intrude after onset but are outside the longitude range
of expansion phase activity at their time of intrusion.
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