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Abstract Meso-scale auroral forms, such as poleward boundary intensifications, streamers,
omega bands, beads and giant undulations, are manifestations of dynamic processes in the
magnetosphere driven, to a large part, by plasma instabilities in the magnetotail. New obser-
vations from ground- and space-based instrumentation and theoretical treatments are giving
us a clearer view of some of the physical processes behind these auroral forms. However,
questions remain as to how some of these observations should be interpreted, given uncer-
tainties in mapping auroral features to locations in the magnetotatil and due to the significant
overlap in the results from a variety of models of different plasma instabilities. We provide
an overview of recent results in the field and seek to clarify some of the remaining questions
with regards to what drives some of the largest and most dynamic auroral forms.
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1 Introduction

Meso-scale dynamic auroral forms, with scale sizes of 10s to 100s of kilometres, were re-
ported as distinct features in some of the earliest schematic diagrams of the auroral oval.
Through combining observations from orbiting and ground-based imagers with in-situ mea-
surements of the magnetosphere and remote sensing observations of the ionosphere, we
have begun to understand the physical processes at the source of these auroral forms and,
in some cases, the associated acceleration of particles into the ionosphere. This is coupled
with a growing body of theoretical and modelling work to help understand the key physi-
cal processes that can give rise to localised enhancements of the aurora. However, mapping
specific auroral features into a dynamic plasma environment that encompasses millions of
cubic kilometres is not straightforward, leaving the coupling of ground and space-based
observations open to interpretation. Furthermore, different theoretical and modelling frame-
works give overlapping results that fit to various aspects of the observations meaning that
the physical processes behind meso-scale dynamic auroral forms are, in some cases, still to
be resolved.

In this chapter, we review the current understanding of the physical processes associated
with auroral beads, poleward boundary intensifications, streamers, omega bands and giant
undulations. For each of these, we provide current definitions, a discussion of the physi-
cal drivers and sources of these features and some of the outstanding issues with regards
to understanding the magnetosphere-ionosphere coupling of these meso-scale forms. We
also discuss the role that magnetic mapping has in our understanding of the coupling of
meso-scale auroral forms to magnetospheric drivers. We note that most of the auroral forms
discussed have been linked, in some way, to the dynamics of substorm activity, although
their appearance is not exclusively during substorm times. Here, we focus on the physical
drivers of these auroral forms rather than their place in the phenomenology of auroral and
geomagnetic activity. For a recent discussion from the magnetospheric viewpoint, we direct
readers to reviews by Keiling et al. (2013) and Sitnov et al. (2019).

2 Poleward Boundary Intensifications

During undisturbed, geomagnetically quiet times, the nightside auroral oval predominantly
consists of relatively diffuse auroral emission covering up to 10° of latitude. At times,
however, the poleward edge of the nightside auroral oval can show rapid, latitudinally lo-
calised brightenings or the formation of new arcs along the poleward boundary that are now
commonly refered to as Poleward Boundary Intensifications (PBIs). While observations of
brightenings at the poleward edge of the auroral oval have been reported throughout studies
of the meso-scale auroral morphology (e.g. Rostoker et al. 1987; de la Beaujardiere et al.
1994; Henderson 1994), the terminology and investigation of PBIs as a distinct class of
auroral structure largely follows on from Lyons et al. (1999).

There is some ambiguity in the literature regarding the definition of PBIs since the term is
used as a general term for brightenings at or near the poleward edge of the auroral oval, with
little or no distinction between different auroral morphologies. Zesta et al. (2002) suggested
that three classes of PBIs could be observed: arcs that propagate across the auroral oval and
are either (a) primarily north-south or (b) primarily east-west aligned arcs originating at or
near the poleward boundary; or (c) arcs that remain at the poleward boundary that tend to be
associated with eastward or westward moving swirls (examples of different PBIs are shown
in Fig. 1). However, these distinctions are not often reported. Furthermore, auroral forms
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Fig. 1 Examples of poleward boundary intensifications seen in Polar (left, after Henderson 1994a), Viking
(center, after Henderson et al. 1994) and THEMIS ASI data (right, after Nishimura et al. 2013c). Left: Spa-
tially periodic bright spots (likely folds or spirals) appear on the poleward edge of the auroral oval prior to
the bifurcation of the arc. Center: Example of a poleward boundary intensification associated with a bifurca-
tion of arcs at the poleward boundary and associated equatorward ejection of streamers into the bulge. Right:
Example of a quiet time PBI appearing at the poleward edge of a diffuse auroral oval

originating at the poleward boundary and extending equatorwards into the auroral oval have
been described both as PBIs and auroral streamers (see Sect. 3). The point at which a PBI
becomes a streamer is undefined, but, in general, streamers are considered to be auroral
features that extend across the auroral oval, forming roughly north-south aligned arcs, and
PBIs are transient auroral intensifications at the poleward edge of the auroral oval (Sandholt
et al. 2002; Zesta et al. 2011). The lack of distinction between these different auroral forms
in the literature means that there is a natural ambiguity in identifying their direct physical
drivers. In the following, we concentrate on those observations at or close to the open-closed
field-line boundary in order to consider the physical processes behind PBIs.

PBIs are reported at all levels of geomagnetic activity, from quiet or pre-substorm times
(Lyons 2000; Kim et al. 2005; Nishimura et al. 2010b; Zou et al. 2010; Lyons et al. 2011;
Zesta et al. 2011; Nishimura et al. 2013a), to during substorms (Sandholt et al. 2002;
Voronkov et al. 2003; Pitkanen et al. 2013) and geomagnetic storm or storm-like events
(Lyons 2000; Yue et al. 2013; Lyons et al. 2018). Global auroral imagers show enhance-
ments of the poleward boundary after significant auroral activity which results in a double
auroral oval (e.g. Henderson 1994). Much of the recent research in this field has concen-
trated on PBIs that extend equatorwards, rather than those that stay confined to the poleward
boundary, and their potential role in the substorm cycle.

2.1 Drivers/Causes

Recent studies of PBIs and the physical processes that drive them have typically focussed
on PBIs that result in auroral streamers by extending across the auroral oval. These are
generally considered to be an auroral manifestation of localised reconnection in the magne-
totail. Unlike the Near-Earth Neutral Line reconnection that occurs during substorms, which
starts on closed field-lines and thus will result in brightenings within the auroral oval, the
occurrence of an auroral enhancement at the poleward boundary of the aurora suggests an
enhancement in reconnection occurring close to the distant neutral line. Evidence of bursts
of reconnection around the time of PBIs has been provided by observations of fast plasma
flows in the magnetotail plasmasheet, commonly known as bursty bulk flows or BBFs (An-
gelopoulos et al. 1992). BBFs are thought to be a signature of localised reconnection having
happened further downtail than the observing spacecraft, with the enhanced reconnection
electric field locally enhancing the convection of flux tubes through the plasma sheet. These
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signatures are often observed at times of PBI activity (Lyons et al. 1999; Zesta et al. 2000,
2006; Nishimura et al. 2010a,b; Zesta et al. 2011; Nishimura et al. 2013a,c; Pitkanen et al.
2013). However, given that the auroral oval is found on closed field-line and the poleward
boundary of the auroral oval lies close to the open-closed field-line boundary, it is unlikely
that observations of BBFs or reconnection signatures well within the magnetically closed
plasmasheet map directly to PBIs. Notably, observations of BBFs inside of ~20 Rg may
be due to near-Earth or far-tail reconnection since the typical downtail distance of the near-
Earth reconnection site is thought to be 20-30 Rg (Imber et al. 2011). Observations from the
ARTEMIS mission at ~60 Rg downtail show that fast plasma flows in close proximity to
PBI activity (Nishimura et al. 2013c) are more likely to originate from a far-tail reconnection
site. The crux of this may be the distinction between PBIs and auroral streamers combined
with mapping effects: a deep-tail BBF may map to a region just inside the poleward edge
of the auroral oval before it extends equatorwards and becomes an auroral streamer. This
feature may be indistinguishable from any auroral features directly arising from the recon-
nection activity which created the BBF. Thus, while it is likely that PBIs are in some way
associated with reconnection, whether they are also caused by propagating fast-plasma flows
in the magnetotail remains unknown.

Observations of the plasma in the vicinity of a PBI have shown enhanced auroral pre-
cipitation, as expected for above bright aurora. Observations from the Cluster spacecraft at
3.5 R altitude enabled the time evolution of this particle population to be examined (Hull
et al. 2010). These closely separated (in time) observations showed an injection of new plas-
masheet plasma in concert with the PBI (see Fig. 2). This plasma initially showed a broad-
band energy distribution, associated with Alfvén wave acceleration, which merged with the
existing plasmasheet population and evolved into a more mono-energetic population, gen-
erally associated with quasi-static electric potential drops. Similar multi-point observations
by sounding rockets at lower altitude showed similar results (Mella et al. 2011; Lynch et al.
2012). Thus, the implication is that the initial formation of the PBI is driven by Alfvéni-
cally accelerated electrons, possibly arising from a reconnection site, which subsequently
become quasi-statically accelerated electrons. Whether this is as a result of magnetosphere-
ionosphere coupling and Alfvén waves ‘digging out’ an auroral cavity, or because the mag-
netospheric source of the aurora switches from an active reconnection site to the quasi-
steady field-aligned currents supporting a BBF in the magnetotail remains an open question.

Fast plasma flows (up to 1000s of m/s) in the polar cap have been observed in both
coherent and incoherent scatter radar measurements prior to the activation of a PBI (Lyons
et al. 2011; Bristow et al. 2016). Figure 3 shows and example event from Nishimura et al.
(2010b). These have been associated with the drift of polar cap patches across the polar
cap originating from reconnection on the dayside (Nishimura et al. 2014; Zou et al. 2014).
Statistics have shown that ~50% of PBIs can be associated with an isolated fast equatorward
flow in the polar cap, with a further 30% of PBIs associated with multiple polar cap flow
channels (Zou et al. 2014). The isolated flow channels tend to appear in the polar cap a few
minutes prior to the activation of the PBI and the speed of the observed flows can range
from 1000s m/s in the F-region, to up to 400 m/s in the E-region, with E-region velocities
being retarded to the ion acoustic speed. Calculations of the nightside reconnection rates
at PBIs, based on the plasma flow across the OCB, show enhancements in reconnection
localised to the PBI vicinity (Pitkidnen et al. 2011). As such, the arrival of the fast flows at
the polar cap boundary is a potential source of an enhanced electric field that drives a burst of
reconnection, resulting in the PBI. However, reconnection in the far tail may also occur due
to other changing conditions. Whether the reconnection event directly accelerates particles
along the magnetic field to generate the auroral brightening or whether the subsequent fast
magnetotail plasma flows is the source of the PBI remains unresolved.
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Fig. 2 Observations from IMAGE FUV-WIC and electron differential energy flux summed across all pitch
angles from the Cluster PEACE instruments during a crossing of a PBI (adapted from Hull et al. 2010).
Cluster 1 passed over the PBI region first (when there was no PBI), followed by Cluster 3, Cluster 2 and
Cluster 4. The PEACE data shows the injection of new plasmasheet plasma (Cluster 3) next to a region of
Alfvénically driven precipitation, which subsequently merges with the existing plasma and develops into a
electrostatically accelerated population

One theoretical model of PBIs, based on the arrival of fast polar cap convection vortices
at a conductivity boundary in the ionosphere through ionospheric polarization, suggests that
the key aspect that results in the PBI is the change in ionospheric conductivity between the
auroral oval and the polar cap (Ohtani et al. 2018; Ohtani and Yoshikawa 2016). In this
model, the arrival of a pair of flow vortices surrounding an up-down field-aligned current
pair transmitted by Alfvén waves at a gradient in the Pedersen and Hall conductivities re-
sults in enhanced field aligned currents at that boundary — currents that may be sufficiently
large to result in the optical signature of a PBI (Fig. 4). Ohtani and Yoshikawa (2016) suggest
that the finite conductivity of the auroral oval means that the auroral region is not shielded
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Fig. 3 Observations of ionospheric flow bursts seen in SuperDARN line-of-sight velocity data occurring in
the polar cap, polewards of a PBI observed in the THEMIS ASI data (after Nishimura et al. 2010b)
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Fig. 4 From Ohtani et al. (2018): Schematic explanation of the deflection of the fast polar cap flow (light
green arrow coming from the top) at (a) the step-like change of the ionospheric conductance and (b) the band
of the enhanced conductance (as illustrated to the right of each panel). The electrostatic potential is shown by
contours and colors, which was adopted from Fig. Se of Ohtani and Yoshikawa (2016); although their model
calculation was conducted for a step-like change of conductance, we adopted it here for both panels. The
contours are squeezed out of the auroral oval (bottom half) to the polar cap (top half) because of electrostatic
polarization at the poleward boundary. The vertically elongated area of dense potential contours in the middle
of the polar cap corresponds to the flow channel. In panel (b) the intensities of the ionospheric Pedersen
currents (Jp) inside and outside of the conductance band are schematically shown by the arrows in magenta.
See Ohtani and Yoshikawa (2016) for more details

from the incoming flow and that a finite electric field along the conductivity boundary will
permit field-lines to cross into the enhanced conductivity region without the need for recon-
nection (and thus that processes in the magnetosphere are being driven by the ionosphere).
This would appear to be in contrast with observations of reconnection signatures in the mag-
netotail following PBIs, however the generation of Alfvén waves by reconnection may act
to enhance the effects of ionospheric polarization.
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2.2 Implications and Outstanding Issues

The evidence from in-situ plasma measurements of directly above a PBI and of fast plasma
flows in the plasma sheet coupled with remote sensing observations of enhanced plasma
flows (and hence enhanced electric fields) in the polar cap and around PBIs is strongly in-
dicative that reconnection plays some role in the occurrence of certain forms of PBI. How-
ever, open questions remain as to the origins of PBIs and brightenings at the open-closed
field-line boundary, for example: are they associated with reconnection and are brighten-
ings that extend over significant portions of the nightside auroral oval or spatially periodic
brightenings driven by reconnection or some other process? Furthermore, the question of the
whether burst of reconnection at the dayside magnetopause remain cohesive in their passage
through the magnetospheric lobes and lead to PBIs remains open. The modelling work by
Ohtani et al. (2018), Ohtani and Yoshikawa (2016) seeks to address some of these issues by
considering the interaction of plasma vortices with conductivity gradients in the ionosphere,
itignores any reconnection processes occurring in the magnetosphere. Observational studies
have also shown the occurrence of dayside and nightside flow enhancements in concert with
the onset of PBIs (Shi and Zesta 2014). However, the causal link between these events is yet
to be conclusively demonstrated. Observations have shown that fast flows are observed typ-
ically 1-2 min before PBIs are identified (Zou et al. 2014) but often cannot discern whether
the flow impinges on the OCB at the time of the PBI due to limitations in the ionospheric
flow observations. Fast conjugate auroral and ionospheric observations will be key in resolv-
ing these ambiguities, since fast plasma flows need not pass through both lobes at the same
speed or end up in the same location and thus PBIs without an associated plasma flow signa-
ture may be seen conjugate to a PBI with a plasma flow signature. Furthermore, the potential
x-ray imaging of reconnection events and FTEs and their passage along the magnetopause
in concert with auroral observations may provide new insights (Branduardi-Raymont et al.
2012; Branduardi-Raymont and Wang 2017; Sibeck et al. 2018), but will have to be cou-
pled with advanced modelling work, such as that offered by the Vlasiator (Palmroth et al.
2013, 2018), that can predict the lifetime and cohesion of these structures as they pass from
the dayside to nightside. If these processes are the result of reconnection, understanding the
physical mechanisms as well as the global and local plasma conditions that lead to localized
reconnection and dictate where the reconnection outflows and structures propagate to will
be critical.

A major difficulty in unravelling the physical processes behind PBIs is in having space-
craft near or at the open-closed field-line boundary in the magnetotail at the time of these
brightenings. To date, we are only aware of the study by Hull et al. (2010) using a low-
altitude pass of the Cluster spacecraft to examine the changes in plasma at the poleward
boundary of the auroral oval during a PBI. Observations from spacecraft in the magnetotail
tend to be of plasma structures propagating through the closed plasmasheet rather which
likely result from the same process that drives the PBI but are not, in themselves, the source.
Furthermore, definitively determining the link between signatures in the far magnetotail and
brightenings in the auroral oval requires a determination of the Alfvén velocity profile along
the tail magnetic field lines such that the expected delay between in-situ measurements and
their impact on the ionosphere can be accounted for.

While localised PBIs that result in auroral streamers have been widely studied, little at-
tention has been given to PBIs that result in new arcs that remain at the poleward or the
occurrence of trains of auroral swirls along this boundary. Ohtani et al. (2018) examined
four events which extended longitudinally using a variety of ground- and space-based mea-
surements and found that, in these events, the PBI was associated with an upward FAC re-
gion adjacent to a downward FAC region with a flow channel in between. They suggest that
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the Ohtani and Yoshikawa (2016) model can be adapted to reproduce the observed plasma
conditions and thus that longitudinally extending PBIs are also the result of the arrival of
fast plasma flows in the polar cap. However, the dynamics of the aurora during some of
these events mean that the in-situ observations were not of the auroral features when they
were at the poleward boundary but rather had already moved into the auroral oval. Also, a
strong rotation of the structure during its mapping from equator to the ionosphere can partic-
ipate in forming longitudinally extending PBIs (see Sect. 7). As such, further observations,
particularly from the magnetospheric source are required to corroborate these results.

It should be noted that magnetic mapping is particularly challenging at the outer edge of
the auroral oval. In this region, relatively small changes in latitude can map to vast distances
downtail. As such, BBFs and fast plasma flows in the far magnetotail may map very close
to the poleward boundary such as to appear as PBIs, and as such some PBIs may be driven
by the physical processes associated with auroral streamers (as discussed in the following
section). However, given the variety of forms of PBI, from those that extend across the oval
to those that have a spatially periodic signature along the poleward boundary, it is unlikely
that this explanation is universal.

3 Auroral Streamers
3.1 Definitions/Examples

As with many auroral features, streamers have been described by a number of different terms
and have frequently appeared in schematics of the auroral region (e.g. Montbriand 1971;
Akasofu 1976). Early studies often referred to North-South aligned auroral structures, easily
distinguishable from standard east-west aligned auroral arcs by their orientation, however
this alignment is no longer considered a key descriptor. Instead, a whole class of auroral
features that extend across the auroral oval are now described as streamers.

Typically, auroral streamers are observed to extend out of a poleward boundary intensifi-
cation (see Sect. 2) near the poleward edge of the oval or in the poleward-expanding bulge,
and then propagate equatorward (Montbriand 1971; Henderson et al. 1994; Nakamura et al.
1993; Elphinstone et al. 1996; Henderson et al. 1998; Sergeev et al. 1999, 2000, 2004; Naka-
mura et al. 2001; Nishimura et al. 2010a; Henderson 2012). This dynamic motion away from
their origin and (commonly) toward the equatorward boundary are now considered key as-
pects and implies that their magnetospheric source propagates from close to the open-closed
field line boundary toward the inner magnetosphere. Figure 5 shows an example of several
streamers observed by the Polar UVI instrument (adapted from Sergeev 2005). The propa-
gation from the poleward to equator edge of aurora can be seen for the features labelled B,
C, D and E. Their orientation may be north-south (structure A), or more inclined (structures
B-E), sometimes being purely east-west in a particular local time sector (see, e.g., structure
D between 20 and 24 h MLT). Frequently, E-W aligned streamers are an extension of N-S
streamers that turn azimuthally following meso-scale convection pattern after approaching
the equatorward boundary of the auroral oval (Henderson et al. 1994; Kauristie et al. 2003;
Nishimura et al. 2010a). In the duskside convection cell, the azimuthal turning of streamers
appear as a tracer of streamlines along the Harang flow shear with a clockwise loop opening
to the west. Those streamers are called Harang aurora.

The identification and tracking of auroral streamers from ground or space-based imagers
is non-trivial. In global auroral images, streamers are seen inside the poleward-expanding
auroral bulge in the substorm expansion/recovery phases or during continuous geomagnetic
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Fig. 5 Example of multiple auroral streamers. Development of four auroral streamers (B, C, D, E which
eventually formed the bright patches B, C, E) and the eastward drift of bright patch A (created by previous
streamer) as observed by Polar UVI imager during a steady convection event on December 11, 1998. The
coordinates are AACGM — MLT (after Sergeev et al. 2005)

activity, in both cases in the so-called double auroral oval configuration (e.g. Rostoker et al.
1987; Henderson et al. 1994, 1998; Forsyth et al. 2008). However, the limited spatial and
temporal resolution of global imagers (typically ~100 km) means that the propagation may
be missed, especially when the width of the auroral oval is small, and a streamer or streamers
could be identified simply as a localised auroral enhancement. From ground-based imagers,
N-S streamers can be seen without PBIs when PBIs are poleward of available imager cov-
erage, and imagers may only detect the E-W segment of streamers when the N-S segment is
outside coverage, which may be confused with more typical E-W aligned arcs.

Ionospheric convection signatures as well as field-aligned currents associated with the
streamers have been examined using ground-based and in-situ measurements. The streamer
itself is associated with a narrow region of intense (2-25 uA/m?) upward field-aligned cur-
rent, with a larger, more diffuse region of weaker downward field-aligned current observed
to the dawnward side, both of which can be deconvolved from ground magnetometer data or
observed by spacecraft (Amm et al. 1999; Sergeev et al. 2004; Nakamura et al. 2005; Forsyth
et al. 2008). Enhanced equatorward convection electric fields resulting in plasma velocities
of >1 km/s and a potential drop of up to 13 kV across the flow channel have also been ob-
served in association with auroral streamers (Amm and Kauristie 2002; Sergeev et al. 2004;
Nakamura et al. 2005; Amm et al. 2011; Pitkédnen et al. 2011; Shi et al. 2012; Gallardo-
Lacourt et al. 2014b). The equatorward flow is observed between the upward and downward
field-aligned currents, with weaker poleward flows observed outside of the current system.
Recent statistical study by Gallardo-Lacourt et al. (2014b) confirmed that in ~90% of 135
studied streamers the SuperDARN radars detected an enhanced equatorward flow with an
average width of 75 km offset by 58 km to the east from the narrow optical streamer.

The entire ionospheric field-aligned current pattern corresponds to the ~1 hr MLT-wide
equatorward flow channel with narrow downward and upward currents on its flanks. Obser-
vations by over-flying spacecraft have shown that a narrow region of monoenergetic electron
precipitation is responsible for auroral signature of the streamer and coincides with the up-
ward FAC on the dusk flank of the flow channel (Sergeev et al. 2004, see Fig. 6). Mapped
into the equatorial magnetotail the streamer width is estimated to be 1.5-2.6Rg (Gallardo-
Lacourt et al. 2014b) in keeping with the observed size of BBFs (e.g. Nakamura et al. 2004).
This picture is valid for the poleward part of the streamer where, in addition, the return (pole-
ward) flows are observed on flanks of the main flow channel in 10% of events (see also a
case study by Pitkdnen et al. 2011; Juusola et al. 2013; Aikio et al. 2018). When approach-
ing the equatorward region where the streamer deforms, its properties change as described
below.
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Fig. 6 Precipitation, convection and FAC patterns of auroral streamer observed by DMSP in the Southern
hemisphere (adapted from Sergeev et al. 2004). Polar UVI observations in the northern hemisphere of the
auroral streamer with conjugate DMSP traversal above the streamer (indicated by pink arrow) together with
the schematic of observed patterns (as viewed from below in the southern hemisphere) are shown on the left
panels. DMSP observations on right panels include particle spectrogram (bottom) together with horizontal
magnetic field variations (black) and convection velocity changes (red line, corresponds to the flow compo-
nent nearly aligned along the streamer). The entire pattern corresponds to the ~1 hr MLT-wide equatorward
flow channel with narrow downward (DFAC) and upward (UFAC) on its flank; narrow streamer precipitation
coincides with the UFAC and located on the dusk flank of the flow channel

3.2 Drivers/Causes

Correlation has been established between appearance and location of auroral streamers and
fast plasma jets (or BBFs) observed in-situ in the equatorial magnetotail (e.g., Henderson
et al. 1998; Sergeev et al. 1999, 2000, 2004; Fairfield et al. 1999; Ieda et al. 2008; Naka-
mura et al. 2001; Zesta et al. 2000, 2002, 2006; Grocott et al. 2004 Forsyth et al. 2008;
Pitkédnen et al. 2011; Zou et al. 2010; Juusola et al. 2013). Various aspects of their relation-
ships are illustrated in Fig. 7 (after Sergeev et al. 2000). In this event, during development
of the streamers recorded by Polar UVI imager (image on the right), three magnetospheric
spacecraft (Interball-Auroral, Geotail and LANL geostationary spacecraft) were magneti-
cally conjugate to the streamer and registered different manifestations of flow channel devel-
opment. Geotail (at r ~ 26 Rg, blue point on the sketch) detected the flow channel directly
in the plasma sheet by observing two enhancements of earthward flow and BZ accompanied
by plasma pressure decreases, which are basic signatures of flow channel. Interball-Auroral
(at ~2 Rg altitude above the ionosphere, red point on sketch) recorded two intense time-
of-flight dispersed injections of accelerated protons into the streamer-related magnetic flux
tube, from which an inferred injection distance (r ~ 40 Rg in both cases) and injection time

@ Springer



Physical Processes of Meso-Scale, Dynamic Auroral Forms Page 11 0of 45 46

=
e
»n
s
s
a

UT  20:f 0:10 20:15 20:20

ALT 2.54. 2.610 2.672 2.728
INVLAT  73.78 73.88 . 73

MLT 22.99 23.27 23.55 23.81

T[T T

)
POLAR Ultraviolet Imager

WU LI R

0.05 = :

‘é L L

20:05 20:10 20:15 20:2¢ 20:25 20:30 20:35 20

Photons-cm2.s

LANLOBO  50-75keV 75 -105 keV 105 - 150 keV

10 20 30 40

T

S
gl o 10

(cmZ.s.st.kev)™

(=3
w

S ma
o

I |
20:05 20:10 20:15 20:20 20:25 20:30 20:35 20:

o

Fig.7 Left: Magnetotail observations of 3 spacecraft, including: proton spectrogram at Interball (top); VxBz
and plasma (and total) pressure observed by Geotail (center panel); energetic particle flux at LANL-080 geo-
stationary spacecraft (bottom). Right panels show: a sketch of flow channels and their field-aligned currents
with colored points indicating spacecraft locations (top); Polar UVI image showing the auroral streamer with
mapped spacecraft locations indicated by asterisk (Interball), cross (Geotail) and triangle (LANL). (Adapted
from Sergeev et al. 2000)

(white triangles in Fig. 11) are found, with both being in close agreement with commence-
ments of Geotail flow channel events. At geosynchronous orbit, the LANL spacecraft (green
point) observed two energetic electron flux increases with a ~8 min time delay after Geotail,
suggesting that the flow channel injected energized plasma into the inner magnetosphere.
As discussed further in Sect. 7, mapping along the magnetic field lines using available
magnetospheric models is rather uncertain, especially for the mapping in the meridional
plane (latitude versus distance downtail). However magnetic mapping in azimuthal direction
is less dependent on which model is used, and a distinct correspondence between Y-location
of the flow channel and reconnection signatures in the plasma sheet and the magnetic local
time of auroral streamer from global auroral images has been established (Nakamura et al.
2001). Typically, the mapped location of the magnetospheric signature is east of the auroral
streamer, however Nakamura et al. (2001) showed that when the magnetospheric spacecraft
crossed through the dusk flank of a BBF, there was better agreement between the streamer
and mapped location. This helped to establish that streamers were mapped to the dusk flank
of the flow channel (AMLT ~O for positive values «y) whereas the dawn flank crossings of
the flow channel (negative values ay) have AMLT ~1-1.5, implying that the entire width
of streamer mapping is about 1 h MLT. This width is consistent with in-situ determinations
of BBF cross-tail width of 2—4 Rg, obtained from statistical studies (Nakamura et al. 2004).
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Fig. 8 (a) Scheme of fast flow channel (BBF), and, (b) — relationship of MLT difference between BBF
ionospheric footpoint and streamer (DMLT = MLTpgpn — MLTjgph) against the angle ay characterizing
which BBF side was crossed by spacecraft (both after Nakamura et al. 2001). Diamonds (or crosses) indicate
the streamers (or localized brightenings) observed in the ionosphere. (¢) MLT comparison of fast tailward
flows (FTFE) footpoint and auroral brightenings from Case et al. (2017); red ellipse helps to see that ~1 h
MLT-wide points cloud lay under the diagonal (shown by dashed black line) indicating a systematic dawn-
ward shift of FTFE footpoints from their related optical effects. See text for discussion

Both conclusions (width and streamer location on the dusk side of the flow channel) are
consistent with the characteristics of ionospheric pattern.

The well-developed auroral streamers are not as frequently observed in global UV images
as the BBFs are observed in the plasma sheet. For example, Nakamura et al. (2001) found
that more than half of the signatures of BBFs were localized auroral brightenings (marked
by asterisks in Fig. 8b), rather than streamers (marked by diamonds). However, the spatial
ordering of both streamers and localized brightenings with respect to the flow channel is the
same, suggesting that auroral brightenings are also associated with the upward FAC region
on the duskward flank of the BBF. Other studies have shown similar correspondence and
MLT offsets between auroral enhancements and fast flows or reconnection signatures in
the magnetotail (Ieda et al. 2001, 2008; Case et al. 2017), but did not explicitly examine
auroral streamers. These results may reflect an observation bias, with global auroral imagers
unable to resolve the detail of narrow auroral streamers, particularly when the auroral oval
is relatively narrow.

Case studies of auroral streamers based on global auroral images are almost exclusively
from intervals with a wide ‘double oval’ configuration, when the magnetic flux in the plasma
sheet is large. In contrast, ground-based imaging with higher spatial resolution can detect
streamers in a thin auroral oval during the substorm growth phase, where the oval latitudinal
thickness can reduce down to a few degrees (Nishimura et al. 2011). It is also important
to note that growth-phase and quiet-time streamers are dimmer by an order of magnitude
and have little ground magnetic field perturbations and slower motion (c.f., Nishimura et al.
2013a,b). They may also only be apparent within a given wavelength range which can be-
come washed out in white light images (Kepko et al. 2009). Their different properties may
be related to their origins in the magnetotail, as well as to different energies of precipitating
electrons and resulting Hall conductivity. Growth-phase and quiet-time streamers have been
associated with Earthward flows at the lunar orbit, suggesting a distant neutral line origin
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(Xing et al. 2010). The brightest streamers occur during the substorm expansion-phase and
those streamers are associated with tailward flows at the lunar orbit, indicating near-Earth
neutral line origin. BBFs originating closer to the Earth generally have lower entropy and
involve larger acceleration, giving brighter streamers. However, the fact that non-streamer
auroral signatures are reported conjugate to magnetotail reconnection signatures may sug-
gest that auroral streamers are part of a wider class of reconnection flow related auroral
brightenings.

In combination, all these results support the plasma sheet fast flow channel (BBF) as the
origin of ionospheric manifestations of the auroral streamers. BBFs are natural products of
magnetic reconnection pulses in the magnetotail, which are localized in the cross-tail direc-
tion. On the Earthward side of the reconnection X-line, the fast (initially Alfvénic) Earth-
ward flow forms on the closed field lines connected to the ionosphere. These plasma tubes
are underpopulated and carry the enhanced Bz compared to the ambient media (which are
signatures of plasma bubbles), which causes their electric polarization shown in Fig. 7 and
supports the interchange-type Earthward motion of the bubble, although it should be noted
that under certain magnetotail configurations, in which there is a significant Bz maximum in
the middle tail, the interchange instability can occur prior to the onset of reconnection (e.g.,
Pritchett 2005; Sitnov et al. 2013; Birn et al. 2018). A natural consequence of the polarized
flow channel is the formation of Region 1-type field-aligned currents on its flanks, with up-
ward (or downward) FAC delineating the dusk (or dawn) flank. Such plasma/FAC pattern is
invariably reproduced in the RCM simulations (Yang et al. 2011) and MHD simulations of
localized reconnection and plasma bubble motion (see, e.g., Birn et al. 2004; Birn and Hesse
2013) whose results are consistent with in situ spacecraft observations of BBF in the Earth’s
magnetotail (e.g. Sergeev et al. 2012; Wiltberger et al. 2015). The observed upward FAC
region will require the acceleration of electrons along the magnetic field (Knight 1973), con-
sistent with observed monoenergetic spectra in the auroral streamer (e.g., Fig. 6). It should
be noted that not all streamers result from monoenergetic precipitation. Multi-wavelength
observations of streamers have shown that some streamers appear as diffuse aurora in the
630 nm band, with the particle flux responsible for the auroral emission most likely coming
from enhanced scattering of relatively cool plasma from the plasma sheet or an Alfvénic
acceleration process (Kepko et al. 2009). This does not discount plasma sheet fast flows as
a source of this precipitation. In fact, recent observations have shown that whistler-mode
waves observed in fast plasma flows are the dominant scattering process and may enhance
diffuse aurora (Wendel et al. 2019).

3.3 Implications and Outstanding Questions

Auroral streamers are a key indicator of magnetospheric dynamics and the coupling between
the magnetosphere and the ionosphere. They are linked with Poleward Boundary Intensifi-
cations (Sect. 2) and omega band activity (Sect. 4) and their motion across the auroral oval
is linked to the mapping and motion of readily identifiable plasma structures in the magne-
tosphere. However, questions remain with regards to streamer lifetimes and, in particular,
what happens as their source flows enter the inner magnetosphere.

Observations of auroral streamers show that they can turn from N-S aligned arcs to E-W
aligned arcs or rotate to follow convection around the Harang discontinuity as they ap-
proach the equatorward edge of the auroral oval, however the motion and evolution of the
magnetospheric driver at this time remains poorly investigated even though some interesting
material is already available. RCM and MHD simulations of flow channels approaching the
inner magnetosphere show a prominent (about a factor 2) increase of plasma pressure ahead
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of the dipolarization front near its stopping point (Yang et al. 2011; Birn and Hesse 2013),
which impacts on the pressure distribution across the magnetotail as well as the support-
ing field-aligned currents (Shiokawa et al. 1998). Supporting in-situ observations from the
THEMIS spacecraft have been reported (Yao et al. 2013; Sergeev et al. 2014).

In the case of multiple streamers, Nishimura et al. (2011) observed intensifications of pre-
vious equatorward arcs when streamers approached close to but did not immediately reach
those arcs, instead rotating towards the azimuthal direction. Such streamer rotation from
roughly NS direction toward oval-aligned direction, reminiscent of the convection stream-
line, is very typical (Nishimura et al. 2010b). On occasion, this rotation has been associated
with the reformation of convection pattern in this region as reflected in the change of equiva-
lent current pattern (Kauristie et al. 2003). Furthermore, some streamers have been observed
to split as they approach the equatorward edge of the auroral oval, which may be in indi-
cation that some form of ballooning instability is disrupting the plasma flow channel in the
magnetosphere (Pritchett and Coroniti 2013; Pritchett et al. 2014).

While the link between streamers and fast plasma flows in the magnetotail has been
extensively explored and reported, a number of outstanding issues remain. Firstly, individual
flow bursts are associated with an ion-scale dipolarization front which carries a strong field-
aligned current (Hwang et al. 2011; Liu et al. 2013; Sun et al. 2013; Zhou et al. 2013),
however the corresponding narrow auroral feature is yet to be identified. Furthermore, the
magnetospheric plasma flow is a transient feature, whereas streamers can be observed for
10 min or more. The streamer may be the footpoint of a channel of an under-populated
fast flows, as seen in some simulations (e.g. Wiltberger et al. 2015), however how these
flow channels persist and support sufficient field-aligned current to result in a bright auroral
footprint, particularly in the flow braking region where the contrast between the plasma
conditions in the flow and the surrounding plasma is diminished, remains an open question.

Some auroral streamers are seen disconnected from the poleward boundary of the aurora
oval, as can be seen in Fig. 5 and 6. A number of explanations may be plausible. Firstly, if
the fast plasma flow and streamer are the result of a burst reconnection in the magnetotail,
the plasma flow will continue to exist after the reconnection ceases and thus the streamer
would be disconnected from the poleward boundary. Alternatively, disconnected streamers
may indicate that some streamers do not originate from PBIs but instead arise due to re-
connection on closed field-lines within the plasma sheet. Furthermore, the strength of the
FACs at the edge of the fast plasma flows, which is related to the brightness of the auroral
signature, may vary with time or distance along the magnetotail. We note, in particular, that
the auroral luminosity in the red-line aurora reported by Kepko et al. (2009) was weak and
may be missed in white-light imagers, which predominantly observe green-line emissions.
This raises questions as to the sources of streamers with respect to PBIs and the response
of the auroral emission to the evolution of the fast plasma flows as they propagate through
the magnetotail. Understanding these differences is critical in understanding the source of
streamers and their potential implications in the wider dynamics of the magnetosphere.

The arrival of streamers at the equatorward edge of the auroral oval in the premidnight
sector has been shown to be correlated with enhancements in subauroral (westward) con-
vection events (Gallardo-Lacourt et al. 2017) which may play a role in the excitation of
giant undulations (Sect. 6). The arrival of the streamer at the equatorward boundary also
coincides with enhancements in the proton aurora at subauroral latitudes (Nishimura et al.
2014) and can excite omega band activity (Henderson et al. 2002; Sergeev et al. 2005; Hen-
derson 2012; see Sect. 5). This indicates a prompt (on minutes scale) modification of inner
magnetosphere convection by the intrusion of a magnetospheric flow channel. Furthermore,
energetic particle injections at geosynchronous orbit have been observed in concert with
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streamers approaching the equatorward boundary of the auroral oval (Henderson et al. 1998;
Sergeev et al. 2000). Lyons et al. (2002) reported similar results but describes the auroral
activity as equatorward extending, which may also be described as streamers. These findings
are consistent with the results of global RCM simulations by Yang et al. (2015) that show
that flow bursts play an important role in the populating the ring current, providing as much
as 20 to 60% of ion injections into the ring current during magnetic storms. While recent
studies have shown links between injections in the inner magnetosphere and flow bursts fur-
ther out (Runov et al. 2009; Gabrielse et al. 2012), other studies have shown that fast plasma
flows are typically deflected around the Earth outside of geosynchronous orbit (Juusola et al.
2011; McPherron et al. 2011). Understanding how, when and why the magnetotail counter-
part of streamers affects the inner magnetosphere, and how any feedback from the auroral
enhancements impacts upon this, remains an open question.

4 Omega Band and Torches
4.1 Definitions

The omega band is a description of a dynamic diffuse auroral arc predominantly seen to-
wards the end of substorm expansion phases or during substorm recovery phases. Although
no longer commonly used, the term “band” was used by Akasofu and Kimball (1964) to
describe an “arc” that has multiple folds in it and “drapery” as more active and complex
displays of arcs containing rays, folds and loops. An omega band is a folded auroral arc in
which the undulations of the poleward edge resemble a train of inverted capital greek letter
omegas (Akasofu and Kimball 1964). These undulations are observed to move eastwards.
The curved parts of the drifting inverted omegas are rooted to the equatorward regions of
an expanded oval with the tongues of luminosity pointing polewards towards the more ac-
tive expanded substorm bulge or double oval configuration. Along with the diffuse auroral
emissions, the equatorward parts of the omega structures tend to merge together to form a
wavy band of luminosity that dramatically contributes to the lower latitude component of
the double oval distribution.

When a poleward-protruding tongue of luminosity (one of the legs of the omega) ex-
tends dramatically towards the poleward active arc system, the feature is referred to as an
“auroral torch”. These structures are most prominent at the western edge of omega band
trains but can form anywhere along an already existing train. Dramatic examples of auroral
torch structures can be seen in the DMSP imagery examined by Akasofu (1974) (see Fig. 9).
“Brush-like” torches are wider than the “filamentary torch” and tend to appear off the equa-
torward auroral band, whereas the “filamentary torch” forms can connect all the way up into
the high-latitude poleward arcs and are now more commonly referred to as auroral streamers
(see Sect. 3).

High time resolution auroral imaging studies have revealed that auroral torch structures
are “activity centers” for pulsating aurora (Oguti 1981; Tagirov 1993), with a complex
“streaming type” of pulsation occurring within auroral torches inside a boundary enveloped
by a non-pulsating peripheral region (see Fig. 10). The streaming striations have periods
from 5-10 s and apparent speeds of 30-100 km/s. Equatorward of the streaming striations,
diffuse patches are observed that display either quasi-periodic streaming and/or longitudi-
nal “flooding motions” (patches brightening beyond their boundaries and enveloping neigh-
boring patches). In addition, the intense energetic electron precipitation that accompanies
omega band displays has distinctly different spectral characteristics from those found in
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Fig. 9 A variety of auroral
torches seen in DMSP imagery.
The “filamentary torches”
described by Akasofu were
thought to protrude into the polar
cap. Today, we would call these
“auroral streamers” and they are
known to originate at the
poleward boundary arc system.
(Adapted from Akasofu 1974)

3LISHYYd
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FLOODING PATCHES

Fig. 10 An auroral torch is an activity center for pulsating aurora. (Adapted from Oguti 1981)

evening sector arcs or westward travelling surge type forms that are associated with sub-
storm onset and expansion phase activity (e.g. Opgenoorth et al. 1994). The flux of low en-
ergy (~<1-2keV) and high energy (>10-40 keV) electrons is higher above omega bands
than for intense morning sector precipitation. Thus, the formation of torches results from
the enhancement of auroral activity and may be related to the acceleration of particles in the
magnetosphere and irregularities in the cold plasma (Oguti 1981).

On the ground, omega bands are associated with large-scale Ps6 magnetic pulsations that
have periods of 10-30 min (Ps6 are a subclass of Pi3 pulsations) (Saito 1978). Opgenoorth
et al. (1983) demonstrated that these pulsations are causally related to paired upward and
downward field-aligned current (FAC) structures in which the bright tongues are associated
with upward FAC and the dark voids are associated with downward FAC (also see Wild et al.
2000.) The enhanced electron fluxes also lead to low Pedersen/Hall conductivity ratios in
this region and an overall lower altitude of the peak Hall conductivity layer.
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DMSP/F7 Apatity TV Camera

Auroral Torch over
Kola Peninsula

April 1, 1984

Fig. 11 High-time resolution ground-based imaging of an auroral troch-like structure observed over Apatity
on April 1, 1984. Left: DMSP/F7 image showing torch/omega-band forms. Right: Apatity TV camera shows
details of pulsating forms within the western-most torch. (Adapted from Tagirov 1993)

Omega bands have been typically thought to occur in the morning sector during the
recovery phase of substorms (Akasofu 1974; Opgenoorth et al. 1994) or during periods with
an active double oval that often develop out of substorms that remain continuously driven
or from a reactivation of a quiescent high latitude arc system (i.e. Steady Magnetospheric
Convection Type of activity). However, a recent statistical study that combined automated
and manual detection algorithms shows that while omega band occurrence peaks in 02-03
MLT sector, approximately 10% of the observed omega bands appeared in the pre-midnight
sectors. Furthermore, only two thirds of the observed omega bands appeared in the recovery
phase, with the remaining third tending to be observed during substorm expansion phases
(Partamies et al. 2017). Interestingly, omega bands tended to be associated with times of
greater than average geomagnetic activity, with the IL index (AL index from the IMAGE
magnetometer array) being —100 nT smaller than for all substorm, Dst reaching nearly
—50 nT indicating storm-like activity, and Kp averaging 4.

4.2 Drivers/Causes
Mapping auroral omega bands observed in the ionosphere to their source locations in the

magnetosphere is key to understanding their generation. In terms of contextual mapping, as
distortions near the poleward regions of the diffuse auroral region and well away from the
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active high-latitude aurorae, they most likely have a near-Earth source region (Opgenoorth
et al. 1994). In addition, several studies using empirical magnetic field models to map the
structures to the equatorial plane (Min-B surface) concluded that omega bands map to re-
gions quite close to the Earth (<10 Rg) and thus that some type of instability in the inner
magnetosphere is responsible for the development of the distortions (Pulkkinen et al. 1991;
Tagirov 1993; Opgenoorth et al. 1994; Jorgensen et al. 1999). Nevertheless, several past
studies incorrectly placed the omega band at the polar cap boundary rather than the edge of
the diffuse aurora which led them to surmise that the distortions mapped to the open/closed
boundary and the plasma sheet boundary layer on the nightside (e.g. Akasofu et el. 1971).

Due to the wave-like nature of omega bands combined with the pronounced eastward
drift, many studies have invoked Kelvin-Helmholtz types of instabilities as an explanation
(Rostoker and Samson 1984; Lyons and Walterscheid 1985; Buchert et al. 1990; Connors
and Rostoker 1993; Wild et al. 2000). The growth rate of the KHI maximises for a velocity
shear in the direction of the wave growth and perpendicular to the magnetic field (South-
wood 1968; Walker 1981), resulting in large-scale, low frequency waves. Identifying the
region where this occurs has proved trickier. Rostoker and Samson (1984) suggested that
such conditions could arise between the low-latitude boundary layer and the surrounding
plasma, potentially generating omega bands, the westward travelling surge and dayside Pc
pulsations. Other mechanisms place the velocity shear at the inner edge of the plasma sheet
(e.g. Connors and Rostoker 1993). Subsequent observations have shown that the edge of the
diffuse aurora in omega bands corresponds to the boundary between the Region 1 and Re-
gion 2 current systems, mapping further downtail than the LLBL (Wild et al. 2011). Strong
shear flows have been observed by low-altitude spacecraft in this region during the occur-
rence of omega bands (Liu et al. 2018), however these shear flows are a ubiquitous feature
of the boundary between the R1 and R2 currents (Jiang et al. 2015; Archer et al. 2017) and
as such, the occurrence of a shear flow does not appear to be sufficient to generate an omega
band. This region is also generally stable to the KHI particularly when the coupling to the
ionosphere is considered but may be unstable to the hybrid Kelvin-Helmholtz/Rayleigh Tay-
lor Instability (Yamamoto 2009, 2011). However, none of these mechanisms, by themselves,
appear to be consistent with the observation that omega band waveforms are often irregular
in nature and it seems implausible that the KHI can produce the very pronounced torch-like
structures that are commonly observed to extend far toward the poleward active auroras.

Up until the launch of the POLAR spacecraft, most platforms capable of observing
omega bands were limited in what they could say about their development in a global con-
text. Global auroral imagers either lacked spatial-resolution, time-resolution or sensitivity
to observe the detailed formation of omega bands over large space and time scales (e.g.,
DMSP acquired only a single scanned image per orbit, Dynamics Explorer took ~12 min to
acquire an image, Viking was a snapshot style imager with a non-ideal orbit and launched
during solar minimum.) And ground-based all-sky imagers had field of views that were too
small for this purpose. The sensitivity and resolution of the POLAR auroral imagers (UVI
and VIS) combined with the high apogee of the POLAR orbit (and operations throughout a
solar maximum) offered the first opportunity to explore how omega bands form and evolve
in relation to other types of activity especially over long time periods.

Using the POLAR VIS high-resolution imagery, Henderson et al. (2002) and Hender-
son (2009, 2012, 2016) have shown that auroral streamers ejected from the active poleward
auroral arcs can evolve directly into auroral torch structures and contribute to the forma-
tion of auroral omega bands. Figure 12 (adapted from Henderson et al. (2002)) shows an
example of this evolution, with a Poleward Boundary Intensification leading to an auroral
streamer and ultimately a torch structure on the equatorward arc. Henderson et al. (2002)
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Fig. 12 Examples showing evolution of auroral streamers into torches and omega bands. (Adapted from
Henderson et al. 2002)

put forth three scenarios by which the fast magnetospheric flows associated with streamers
(see above) might result in the formation of omega bands: (1) a series of fast flows from
the same region arriving at different times drift eastward creating a series of omega bands
forming from the same location; (2) a group of fast flows from different locations arrive
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near-simultaneously at the auroral boundary and drift eastward creating a series of omega
bands forming at different locations; (3) a single fast flow excites the growth of an azimuthal
wave at the inner edge of the plasma sheet. Since BBFs already have an upward/downward
FAC pair, this framework resolves issues with the FAC structuring and ground signatures
and removes the need for the generated omega bands to be a periodic wave. In addition,
multiple streamers can occur simultaneously and at different longitudes which explains how
pre-existing omega-band structures can be interrupted by new torch-like forms (e.g. Fig. 13).

As the forms drift eastward, further evolution, growth and distortions of the torch-like
disturbances occur. The arrival of the fast flow, which is typically a plasma-depleted flux
tube (e.g. Chen and Wolf 1993; Sergeev et al. 1996) may be sufficient to create the inward
energy density necessary for the generation of KH/RTI waves (Yamamoto 2009) and so these
mechanisms may work together. However, magnetospheric observations of such a shear flow
are yet to be reported. Observations from the magnetotail during the occurrence of omega
bands have shown the occurrence of fast flows at the same time but different locations of
omega bands, although fast flows are fairly ubiquitous during substorm activity (Weygand
et al. 2015). Similarly, broadband, <1 keV electron populations have been observed close to
the mapped location of omega bands, but the variation in electron fluxes did not align with
the passage of the bands (Wild et al. 2011).

Figure 14b also shows the development of a torch-like structure on the western edge of
the omega-band region, but this is seen to grow in intensity and expand poleward ultimately
leading to the development of a new “embedded” auroral substorm onset. This type of ac-
tivity had been noted much earlier by Oguti (1973) (but not in the context of streamers,
torches and omega bands) who referred to such events as “contact breakups”. It is likely that
at least some of the streamer-induced breakups observed by Nishimura et al. (2010b) with
the THEMIS ASI imagers are contact breakups of this sort.

4.3 Implications and Outstanding Issues

The proposed BBF generation mechanism for torches, omega bands and streamer-induced
contact breakups provides a unifying framework for the complex auroral dynamics ob-
served during sustained driving conditions that typically accompany driven substorm re-
covery phases and active double oval configurations (representative of SMC-like intervals).
The mechanism resolves a number of previously puzzling features of omega bands includ-
ing: why the bands are often so irregular, the nature of the paired up/down FAC structures
and Ps6 pulsations, the fact that torches are activity centers for pulsating aurora, the ener-
getic precipitation signatures. It also provides a potential mechanism by which the plasma
in the inner magnetosphere may become unstable to KH-based instabilities that facilitate
further excitation of distortions at the poleward edge of the diffuse aurora. However, sev-
eral issues remain. Firstly, not all omega bands are observed to form following the arrival of
streamers or magnetotail flows and the proportions of flow-driven bands is unclear. This also
raises the questions as to what causes the non-flow driven bands. Furthermore, omega bands
predominantly occur during periods of enhanced Kp while magnetotail fast flows are fairly
ubiquitous during substorm so what plasma conditions prevent or allow the occurrence of
omega bands. Also noted is that torches evolve over their lifetime, but it is unclear what
controls this evolution and how this is linked to the evolution of magnetotail fast flows or
depleted flux tubes in the magnetosphere.

The excitation of torches and omega bands in the westernmost auroral bulge seems to co-
incide with that region becoming more unstable to further distortions. This region (typically
pre-midnight) is where auroral onsets (spontaneous or contact breakup types) tend to occur.
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POLAR VIS Auroral Images November 5,1998
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Fig. 13 Evolution of the northern auroral distribution over ~2 h time interval on Nov 5, 1998 acquired with
the POLAR/VIS LR camera. This sequence clearly shows how streamers can evolve into torches and how
pre-existing omega forms can be interrupted by new torches (see yellow annotation as an example). Note that
additional evolution/growth occurred following the creation of each torch. Also note that not all instances of
streamer -> torch formation has been annotated here

Thus, the occurrence of torches and omega bands may be indicative of changing plasma
conditions in the magnetotail that increases the likelihood of different modes of variability.
Understanding and isolating the different physical processes that arise throughout the mag-
netotail and how this arises from changing plasma conditions remains a key open question
in magnetospheric physics and hence in the understanding of meso-scale auroral forms.
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(a) Lifecycle of an Embedded Substorm
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Fig. 14 A schematic showing the development of torches and omega bands. Top panel shows how this
activity is related to the substorm cycle and the bottom panel shows an SMC-like interval of activity without
the occurrence of new substorm onsets. From Henderson (2012)

5 Auroral Beads
5.1 Definitions

The term ‘auroral beads’ has become the commonly used term to describe spatially peri-
odic auroral forms typically detected at or just before the substorm auroral onset. Originally
described as ‘azimuthally spaced auroral forms’ (Henderson 1994; Elphinstone et al. 1995;
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14:04:15

Fig. 15 Examples of auroral beads observed by the IMAGE FUV instrument (Henderson 2009),
the THEMIS ASI at Gillam (Kalmoni et al. 2015), and from the International Space Station (from
https://www.cosmos.esa.int/web/arrrgh/)

Voronkov et al. 1999, 2000) from data from the Viking global auroral imagers, the initial
brightening along a preexisting or a newly formed arc at substorm onset is almost always
observed in the form of a wavy auroral pattern (Kalmoni et al. 2017). The availability of
data from networks of ground-based optical instruments has provided unprecedented ob-
servations of the these structures, which are now commonly referred to as auroral beads
(Donovan et al. 2006; Liang et al. 2008; Rae et al. 2009; Sakaguchi et al. 2009). Unlike
omega bands (see Sect. 4), auroral beads appear as are localised bright patches of aurora as-
sociated with an accelerated electron population (Motoba and Hirihara, 2016), as opposed to
enhancements of diffuse aurora, that may or may not eventually take on the form of a series
of auroral curls. Figure 15 shows a series of examples of auroral beads taken by the IMAGE
FUV instrument, a THEMIS ASI and by astronauts on the International Space Station.

Early observations of auroral beads showed regularly spaced auroral bright points sep-
arated along a quiet arc by 130-585 km (Elphinstone et al. 1995). More recent statistical
studies using ground-based data have shown wavelengths down to of 50-100 km (Liang
et al. 2008; Nishimura et al. 2016) when tracking the brightest features in auroral keograms.
However, quantitative analysis of the auroral power at all observable wavelengths has shown
the presence of waves down to 1.6 km scales (Sakaguchi et al. 2009; Kataoka et al. 2011;
Kalmoni et al. 2015), but that waves at the 100 km scale tend to have much larger power,
thus are the most prominent. From both space and ground-based observations, the scales
observed have been limited by the resolution of the instruments. These smallest observed
wavelengths are smaller than the electron inertial lengths above the auroral region and that
the larger wavelengths map to ~1000-3000 km widths in the magnetotail.

One of the key features of auroral beads is the near simultaneous exponential growth in
their brightness across a range of scales. The exponential growth rate of the total auroral
brightness (Nishimura et al. 2016) and of the individual wavenumbers (Kalmoni et al. 2015)
of the auroral beads is typically ~0.04 s~!, although different wavelengths grow at different
rates and for different lengths of times. Growth rates above 0.1 s~! have been derived from
ASI data (Rae et al. 2010) and of 0.005 s~! (Henderson 2009) have been reported from
global auroral imagers. The differences in the growth rates from ground and space-based
observations may result from differences in resolution; just as global imagers cannot resolve
small scale (~10 km) waves, individual ground-based ASIs cannot examine larger scale
(>500 km) waves, thus there are significant difficulties in examining the whole parameter
space.
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5.2 Drivers/Causes

The exponential growth of auroral beads, with similar rates to the growth in wave power
observed by co-located ground magnetometers (Sakaguchi et al. 2009; Rae et al. 2012),
and their spatially periodic form indicates that they arise from the linear phase of a plasma
instability. Observations from conjugate auroral observatories has shown nearly coincident
growth of auroral beads in both the northern and southern hemispheres, pointing to a com-
mon, magnetospheric source (Motoba et al. 2012) at a distance of ~10 Rg downtail. How-
ever, which instability remains an open question.

A number of instabilities have been implicated in the generation of auroral beads includ-
ing shear flow ballooning (Viflas and Madden 1986; Voronkov et al. 1997), kinetic balloon-
ing (Cheng and Lui 1998), kinetic ballooning interchange (Pritchett and Coroniti 2010) and
cross-field current (Lui et al. 1991). Each have been suggested due to producing growth
rates or wavenumbers similar to those observed for auroral beads for reasonable, but unob-
served, conditions in the source region (Friedrich et al. 2001; Cheng and Zaharia 2004; Liang
et al. 2008; Sakaguchi et al. 2009; Rae et al. 2010). However, there is sufficient variation in
the plasma conditions close to the mapped source of the beads that the theoretical growth
rates and wavenumbers can be made to match the observations. By examining the observed
profile of the normalised growth rates against wavenumber, which showed a distinct peak
for wavelengths of ~100 km, with the profiles predicted for the shear-flow ballooning and
cross-field current instabilities, Kalmoni et al. (2015) found that while both provided com-
parable growth rates, only the shear-flow ballooning instability reproduced the observed
growth rate vs wavenumber profile. From the same underlying data, Lui (2016) showed that
the profile of the average, rather than normalised, growth rates could be reproduced by the
cross-field current instability. A further statistical study examining the propagation speed vs
wavelength of the dominant auroral beads and their growth rates vs duration also concluded
that the cross-field current instability was unlikely to be the source of auroral beads, but
that the kinetic ballooning interchange instability provided a good fit to the data (Nishimura
et al. 2016). Results from these studies are summarised in Fig. 16.

Auroral observations provide information on the growth of the instability associated with
auroral beads, but limited information about the plasma conditions and movement. Fol-
lowing on from observations of fast flows near auroral beads by Hosokawa et al. (2013),
Gallardo-Lacourt et al. (2014a) used SuperDARN radars working in high-resolution mode
to infer a clockwise flow shear around auroral beads, which indicated the presence of an
upward field-aligned current in the center of the shear giving rise to the individual beading
structures. These flows were qualititatively similar to those reported from simulations by
Pritchett and Coroniti (2010, 2013), also associated with the kinetic ballooning interchange
instability.

Understanding the mechanism by which particles are accelerated along the magnetic field
to generate bright auroral beads provides constraints on the physical mechanisms at play.
As has been examined at length (e.g. Paschmann et al. 2003), both broadband and mono-
energetic electron populations can result in bright aurora, and the mechanisms by which the
quiet arc from which auroral beads arise remain a mystery. As noted above, observations
of the ionospheric plasma motions associate with auroral beads indicates that the auroral
bright spots are associated with upward field-aligned currents. Given the known limitations
of the magnetosphere-ionosphere system to support field-aligned currents (Knight 1973), the
driving process or processes in the magnetotail must either accelerate electrons or provide
the conditions for electron acceleration at some point along the magnetic field.

By comparing in-situ observations of the electron pitch-angle distribution taken by
Reimei above auroral beads with optical emission at the spacecraft footpoint, Motoba and
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Fig. 16 Comparisons of auroral bead properties with those predicted for various instabilities. (Top) Nor-
malised growth rates versus mapped longitudinal wave number overlaid by the expected results for (left) the
cross-field current instability and (right) the shear-flow ballooning instability. Greyed out bars indicate those
observations that are no statistically significant (from Kalmoni et al. 2015). (Bottom left) Growth rate ver-
sus mapped longitudinal wave number (from the same data) overlaid by an alternative calculation from the
cross-field current instability (from Lui 2016). (Bottom right) Wavelength versus phases speed overlaid by
the expected results for the current driver ion cyclotron instability (Perraut et al. 2000, grey line), the kinetic
ballooning instability (Pritchett and Coroniti 2010, black line) and the cross-field current instability (Lui et al.
1991, dashed line) (from Nishimura et al. 2016)

Hirahara (2016) inferred that the optical emission was associated with a 3—7 keV mono-
energetically accelerated electron population (see Fig. 17) associated with a quasi-static
potential drop rather than from an Alfvén wave accelerated population. However, their ob-
servations do not show a clear horseshoe distribution as is typically associated with mono-
energetic electron acceleration, but rather higher energies at pitch angles close to 90. Qual-
itatively similar distributions arise from simulations of inertial Alfvén waves (Watt et al.
2006). From detailed 2D analysis of the all-sky images of beads, Kalmoni et al. (2018)
determined an observational dispersion relation from a set of auroral beads which had a
remarkable match to that of waves on the kinetic branch of shear Alfvén waves with short
perpendicular scales, as modeled by Watt et al. (2006), strongly suggesting a wave driven
electron acceleration mechanism.

5.3 Qutstanding Issues

While much progress has been made in understanding auroral beads, there is still no consen-
sus as to which instability or instabilities are the drivers of these meso-scale auroral forms,
although the various ballooning instabilities seem to be favoured. Largely, this has arisen
due to qualitative rather than quantitative comparisons between observations and theory or
simulations or comparisons based on different assumptions of the conditions in the source
region. Given that the various instability theories give non-unique wave scale sizes, growth
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(e) Electron pitch angle spectrogram averaged over energies of 1-7 keV for 1 s from 10:18:47.700 UT, to-
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(2016)

rates and propagation speeds for reasonable plasma conditions in the source region, it is
unlikely that ground-based observations will be able to unequivocally identify the source
mechanism. However, coordinated auroral and in-situ observations of the instability region
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will be challenging, given its predicted small size and the necessity to measure, for example,
plasma gradients in three dimensions on short time-scales.

Auroral beads are uniquely discussed in terms of their association with substorm onset.
Evidence suggests that most, if not all substorms, are preceded by auroral beads (Nishimura
et al. 2016; Kalmoni et al. 2017). However, substorms are relatively easily identified in
auroral data and can easily be searched for using automated routines (e.g. Forsyth et al.
2015). Conversely, auroral beads are relatively difficult to identify in such an automated
manner and, as such, whether or not they appear at other times has largely been overlooked.
Their appearance (or lack of appearance) at times not leading into substorm activity, and
the plasma conditions at those times may provide useful insights into the conditions and
physical processes that lead to large-scale dynamic changes in the magnetosphere.

6 Giant Undulations
6.1 Definition

Although the equatorward edge of the diffuse aurora is typically quite smooth, at times
large-scale undulations can develop. These were first discovered by Lui et al. (1982) using
Defense Meteorological Satellite Program (DMSP) imagery. They predominantly occur in
the afternoon to evening sector and have amplitudes of 40-400 km and wavelengths of
~200-900 km. When the amplitude of the undulation is comparable to the wavelength,
they are classified as “Giant Undulations” (GUs). Some examples of GUs acquired with
the DMSP/OLS imager are shown in Fig. 18 (from Henderson et al. 2010). Observations of
GUs the TIMED/GU VI spacecraft-borne imager mostly occurred during geomagnetic storm
times (Zhang et al. 2005), but observations from ground imagers across a solar cycle showed
that more than half of the observed GU events occurred outside of storm times (Baishev et al.
2012).

GUs are quite different from omega bands. As discussed above, omega bands are a pre-
midnight to morning sector phenomenon but, more importantly, the tongues of luminosity
in omega bands point poleward, i.e. they are extensions into the auroral oval, while for
GUs the tongues of luminosity point equatorward. In addition, omega bands are often quite
irregular and occur near the poleward edge of the diffuse aurora while GUs are much more
wave-like and appear on the equatorward edge of the diffuse aurora. To further illustrate
the differences, Fig. 19 shows a composite image of DMSP/OLS and POLAR/VIS Earth
camera data from a storm that occurred on Nov 9, 1998 (both images were taken at similar
times.) The DMSP image shows a series of very well-defined GUs on the equatorward edge
of the dusk-side diffuse aurora. Farther to the east, prominent auroral streamers can be seen
which occurred copiously throughout this storm in association with torch and omega band
formation (note that this is the same storm event that is shown in Fig. 12 above.)

Although DMSP photographs were incapable of detecting motion associated with the
GUs, using successive orbital passes of the DMSP spacecraft Lui et al. (1982) were able to
determine that GUs can persist for time periods of 0.5-3 hours, although subsequent statisti-
cal studies have shown typically shorter durations (Baishev et al. 2012). While early studies
of undulations by Provadakes et al. (1989), Mendillo et al. (1989), Murphree and Johnson
(1996) were not able to detect azimuthal motion of the forms, subsequent studies have con-
sistently shown that the undulations propagate sunward on the duskside. Nishitani et al.
(1994) reported a duskward phase speed of 540—-650 m/s combined with a strong latitudinal
velocity shear during a 22 min period of observation and Baishev et al. (2000) reported a
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Fig. 18 An example of giant
undulations of the equatorward
edge of the diffuse aurora as seen
in DMSP/OLS imagery. The
value of the Kp index at the time
of the undulations is shown. The
arrows indicate the direction of
the equator. Typically, giant
undulations occur during high Kp
intervals that are associated with
high convection intervals.
Adapted from Henderson et al.
(2010)

Fig. 19 A composite of a DMSP
OLS image on top of a
POLAR/VIS Earth Camera
image showing where giant
undulations tend to occur in
relation to the large-scale auroral
distribution. Omega bands are
also typically seen to form in the
region where the auroral
streamers form. From Henderson
et al. (2010)
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duskward phase speed of ~700 m/s for undulations that developed following a substorm and
persisted for more than an hour. Henderson et al. (2010) also reported a sunward phase speed
of ~600 m/s also in association with strong SAPS observed by multiple DMSP crossings.
Pc5 magnetic pulsations are also observed on the ground in association with the passage of
giant undulations (Baishev et al. 2000; Henderson et al. 2010).

6.2 Drivers/Causes

Originally, Lui et al. (1982) suggested that undulations in the equatorward edge of the diffuse
aurora may be due the Kelvin-Helmholtz Instability at the plasmapause. On the dusk-side, a
velocity shear is expected between the corotating plasmasphere (tailward on the dusk-side)
and the sunward plasma sheet flow. However, this hypothesis was called into question by
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Kelley (1986) who showed, that the nominal shear at the plasmapause is much too small for
such an instability to develop, based on the “shear flow ballooning instability” analysis of
Vifias and Madden (1986). Instead, Kelley (1986) proposed that a much larger shear flow
on the duskside associated with “subauroral ion drift” events (SAIDs) or “polarization jets”
(PJs) was responsible. In more recent literature, these are referred to as SAPS (Foster and
Burke 2002). Yamamoto et al. (1993, 1994) used to 2D particle simulation to suggest that
a polarized arc sheet, arising from a quasi-statically driven auroral arc just equatorward of
the diffuse proton aurora, would be unstable to the Kelvin-Helmholtz instability and could
account for the observations of GUs. Using global auroral imaging results from POLAR and
IMAGE, Henderson et al. (2010) studied the development of a GU event from start to finish
and were able to confirm that the development of GUs is associated with strong SAPS (see
Figs. 19 and 20).

Henderson et al. (2018) also showed an unusual breakup-like event that appears to have
grown explosively in the dusk-to-midnight sector near a region of growing undulations
(though not giant undulations). Following the onset, the equatorward edge of the diffuse
aurora in this sector was violently disrupted in an unusual manner. They “speculate that the
event may be due to an explosive disruption of the plasmapause—possibly due to an in-
stability like the shear flow-ballooning instability driven by large shear flows between the
plasmasheet and plasmasphere resulting from enhanced SAPS flows. These types of events
might only occur during storms and may be responsible for structuring the plasmapause,
feeding long-lived drainage plumes and possibly feeding into Steve-like subsuroral emis-
sions.”

Recent observations combining THEMIS ASI data and in-situ observations from the Van
Allen probes suggest that auroral undulations are a manifestation of ULF waves in the plas-
masphere (Motoba et al. 2015). To date, these observations appear to be the only reported
observations of the in-situ plasma close to the source of auroral undulations. The ground
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observations were used to infer that the ULF waves associated with the undulations had
an azimuthal wave number of m ~ —103, while the in-situ observations of the electric and
magnetic fields revealed that the waves were a second harmonic poloidal wave existing just
outside the plasmasphere. Motoba et al. (2015) reported, but did not show, an ionospheric
flow of 300—450 m/s just equatorward of the undulations, hinting at a possible SAPS chan-
nel. The propagation of the undulations was 3—4 km/s, significantly faster than the reported
ionospheric flows, but this may be as a result of the SuperDARN flows being determined by
E-region echoes (as discussed above). However, although the ULF waves may provide the
mechanism by which electrons with energies of 10s of keV are scattered into the ionosphere,
particularly if they have a compressional component (Rae et al. 2018), the source of these
waves and their relationship to SAPS was not resolved by this study.

6.3 Implications and Outstanding Questions

Giant undulations have, thus far, received relatively little attention in the literature. This
may, in part, be to their relatively sparse occurrence (54 events in solar cycle 23 — Baishev
et al. 2012) or due to the lack of corroborating in-situ observations in the magnetospheric
source region. However, they are a clear, long-lived indicator of large-scale processes occur-
ring in the inner magnetosphere, far from the plasmasheet dynamics that drive many other
meso-scale auroral forms. As with other spatially period auroral forms, plasma instabilities
in the source region are key to the growth of GUs. Both the shear-flow ballooning instability
and Kelvin-Helmholtz instabilities remain potential candidates, but observations of a shear
flow at near-ionospheric altitudes are insufficient to rule out either. Further robust modelling
of this region, with a view to isolating the dominant instability, is required to provide indi-
cations of the required conditions to be measured by spacecraft and whether these plasma
conditions can be measured by existing instrumentation. Such modelling must not only gen-
erate the undulation itself but, unlike auroral beads for which the instability can grow until
the system breaks down, enable the large-scale waves to exist for long periods of time.

In-situ observations of the inner magnetosphere, in particular the conditions at and
around the plasmapause, may provide further insights into the formation of GUs. The non-
linear growth of instability responsible for GUs may lead to a layer of intermixed plasma
near the plasmapause, which in turn may help to explain some observation of some puz-
zling subauroral structuring. Sustained activity of this sort may also feed long-lived drainage
plumes observed by Borovsky et al. (2014). Finally, a firm grasp on the driving mechanism
combined with observations of undulations may provide a new capability to remotely sense
strong SAPS flows.

7 Magnetic Mapping

Whereas the short-time and small-scale auroral processes can significantly be controlled
and/or modified by the ionospheric processes, it is common opinion that the magnetosphere
is mainly responsible for generating and shaping the mesoscale auroral structures and large-
scale auroral distributions. However, as discussed above, directly linking auroral features to
plasma structures and dynamics in the magnetosphere is non-trivial, especially during active
and dynamic intervals.

Directly mapping the magnetospheric source to bright aurorae by examining the parti-
cle distribution functions is challenging because the loss-cone size in the high-beta (source)
region is so small as to be unresolved with current instrumentation. Similarly, the effect of
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magnetic focusing means that ion beams generated by auroral acceleration processes in the
strong-B region above the ionosphere become increasingly narrow and similarly unresolv-
able by the time they reach the weakest magnetic field strength regions in the magnetotail.
Thus, in order to learn about the magnetospheric roots of particular auroral forms we have
to map these forms into the equatorial magnetosphere along the magnetic field lines using
some magnetospheric model.

It is commonly accepted that most of auroral oval is mapped to the magnetotail plasma
sheet, a large hot plasma reservoir captured on closed magnetic field lines. Most of its vol-
ume is occupied by the region of weak magnetic field in the plasma sheet center (say, where
Bz is below 20-30 nT, a value comparable to the lobe magnetic field) where the plasma-8
parameter is large. As magnetic field here is significantly modified by local electric cur-
rents generated by the hot plasma itself, and plasma motions are not fully dictated by the
applied boundary conditions, this region plays an active role in the tail dynamics. This par-
ticularly manifests on the global scale as the energy storage/explosive dissipation phases in
the magnetotail constituting the substorms, as well as a rich inhomogeneous structure of the
active plasma sheet on medium-to-small scales, which exists at any activity level but highly
enhanced during substorms.

One of most available mapping tools is still the mapping along the magnetic field lines
using the magnetospheric magnetic field models. Currently three kinds of such models are
available: statistical empirical models, adaptive models and global MHD models, each with
advantages and drawbacks. In general, statistical models are relatively quick to run, but pro-
vide the average conditions and thus struggle with more dynamic times; adaptive models
build on statistical models by providing further boundary conditions to be met, but are lim-
ited by the number of observations available; global MHD models can be slower to and more
complex to run and, in the past, have not been accurate enough to represent magnetospheric
magnetic field and its variations.

The most well-known and widely used models are statistical empirical magnetospheric
models, constructed based on a huge historical archive of spacecraft observations. These
models typically attempt to deconstruct the observed magnetic field into a series of defined
current systems, the strength of which is then related to solar wind drivers and geomag-
netic activity measures (see review by Tsyganenko 2013), although more recent models use
empirical basis functions with no imposed current system configuration (e.g. Andreeva and
Tsyganenko 2016; Tsyganenko and Andreeva 2016). Two major problems of these models
for mapping purposes are known. Firstly, since these models describe average configura-
tions, they fail to reproduce large dynamical changes or localised changes. For example,
both the highly-stretched magnetotail and locally (and globally) dipolarised magnetotail,
which develop during substorm growth and expansion phases significantly deviate from the
average model. Statistically the average mapping errors from the nightside magnetosphere
near GEO orbit to the ionosphere are estimated to be about 1-2° (Shevchenko et al. 2010).
Another problem is that, because of their fitting method (minimizing the RMS deviation
of modelled and observed B over the entire magnetosphere), these models do not particu-
larly care about Bz values in the regions where Bz is small. Therefore, the details of Bz
distribution and mapping are especially questionable in these models in the midtail region.

Adaptive modelling, which is a kind of data assimilation, combines in-situ magnetic
field measurements with statistical models to optimize their input parameters. With good
spatial coverage, this makes possible to reconstruct the concurrent configuration and fol-
low its time-dependent behaviour in that region (Sitnov et al. 2008; Kubyshkina et al. 2011;
Stephens et al. 2019) and generally improves the results compared to unoptimized versions
of the models (Brito and Morley 2017). Quite expectedly, using more satellites in the opti-
mization procedure yields more accurate results, thus the effectiveness of adaptive models
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Fig. 21 Ionospheric mapping of equidistant equatorial contours (distances change by 1 Rg step between 4
RE and 19 RE, equatorial distances are labeled for selected circles). The red lines show neutral sheet mapping
using the T89+IGRF model; the green lines show mapping of the same points using the SCW2+T89+IGRF
model. Ionospheric locations of upward (downward) FACs are indicated by diamond (cross) symbols corre-
spondingly (after Nikolaev et al. 2015)

is tied to the available observations. However, these models still rely on the underlying
current systems prescribed within the model. While some prescriptions of these are fairly
rigid (e.g. Kubyshkina et al. 2011), others expand the magnetic perturbations in terms of
basis functions (e.g. Stephens et al. 2019). In either case, these models can only account for
current systems that are included and may struggle to resolve small-scale current systems
adequately.

Previously the global MHD models, which solve the physics equations under realistic
time-varying solar wind conditions, were not accurate enough to represent magnetospheric
magnetic field and its variations. However, recent benchmarking of all kinds of models indi-
cate that predictions of current GMHD models (incorporating the drift physics in the inner
magnetosphere) may approach and even outperform the predictions of best statistical mod-
els during disturbed conditions (Kubyshkina et al. 2019), so their further development may
provide us a useful tool for future research.

The effects of large-scale field-aligned currents may be under-represented in the statis-
tical magnetospheric models. Structured FACs of different scale (absent from these mod-
els) are formed in the plasma sheet and linked to the aurora during active conditions (e.g.
Murphy et al. 2013; Forsyth et al. 2014; Kepko et al. 2015). FACs strongly affect mag-
netic mapping by changing both the shapes of field-lines and the latitude/longitude/distance
range of projections, but so far this aspect is poorly studied. Nikolaev et al. (2015) numer-
ically investigated the problem by applying the recently-developed two-loop SCW model
whose parameters (intensity and longitudes of SCW currents) can be evaluated from mid-
latitude magnetic variations. As illustrated by ionospheric mapping curves in Fig. 21, when
the SCW is absent (red lines) the field line mapping of equidistant lines from the equatorial
current sheet (tailward of 10 Rg) provides the smooth lines in the ionosphere resembling
the auroral oval. The addition of a 1 MA (Region 1 current) SCW causes two major effects
illustrated by green lines: (a) ionospheric projections leap poleward in the dipolarized sector
of the SCW resembling the poleward expansion of auroras by as much as 8° latitude; (b) the
overall deformation displays the pattern resembling an auroral bulge. The counter clockwise
rotation pattern resembling the westward travelling surge is formed in the region around a
major upward SCW current, it has a ~1 hr MLT azimuthal scale for the cited parameters.
Similar deformations have been obtained in the MHD simulation of reconnection-related
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Rotation of structure due to mapping depending on mapping ratio Mx/My
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Fig. 22 Mapping ratio and rotation of the line segment during the mapping between equatorial magneto-
sphere and ionosphere (updated after Sergeev 2002). (a) Examples showing the Mx/My dependence on the
equatorial BZ values along the tail axis obtained for samples of quiet and substorm conditions using recent
Tsyganenko and Andreeva (2015) model. (b) Relationship between tilts of magnetospheric line segment and
its ionospheric projection depending on Mx/My

dipolarization (Birn and Hesse 2013) and have been shown to significantly modify space-
craft footpoints such that they track variations in the aurora (Chu et al. 2014). Irrespective
of the auroral acceleration mechanism, these modeling results suggest that auroral bulge-
like shaped auroras (with poleward expansion and, not necessarily moving, WTS) will be
seen as long as the 3-d configuration of SCW currents is persistent in the magnetotail. The
expected close relationship between SCW current and poleward expansion magnitude still
waits a quantitative statistical confirmation.

Another deformation, unrelated to field-aligned currents, is that that mapping factors
M which describe the change of the magnetic flux tube size between the magnetosphere
(index m) and ionosphere (i) are different for different directions across the flux tube (e.g.,
Kauffman et al. 1990). Taking Mx=Xm/Xi and My=Ym/Yi, where X and Y stands for the
meridional and azimuthal directions across B, correspondingly, the ratio Mx/My is 2 for
the dipole field, but significantly increases in the nightside current sheet region where By is
small, as shown on examples in Fig. 22a. One consequence is that a circular flux tube section
in the tail current sheet is transformed into E-W aligned form in the ionosphere. Another
consequence is a rotation of the line segment towards E-W alignment, which can be very
significant if mapping is performed from the region having a small Bz in the tail and thus a
high Mx/My (Fig. 22b). For small Mx/My (close to a dipole field) the rotation is not large,
but for large Mx/My (highly stretched fields) a nearly radial segment is rotated towards an
azimuthal orientation in the ionosphere (say, by as much as 50° in the ionosphere for a 10°
rotation in the magnetosphere if Mx/My~10). This could account for the dominant zonal
orientation of auroral forms. Previously it was used to explain a frequent E-W alignment
of PBIs/auroral streamers connected to the plasma sheet fast flow channels (Sergeev 2002;
Zesta et al. 2000, see Fig. 23). It may also be invoked to understand the preferential oval-
aligned orientation of the auroral arcs A critical magnetospheric quantity which controls the
amount of rotation during the mapping is the magnitude of equatorial BZ in the plasma sheet
(Sergeev 2002).
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Fig. 23 IMAGE FUV data showing large-scale auroral structures, including PBIs, in magnetic coordinates
and the projections of these auroral features along magnetic field lines to the center of the plasma sheet (right)
(adapted from Zesta et al. 2006). The projected images show how apparently east-west aligned arcs may be
produced from plasma structures aligned along the magnetotail

While magnetic modelling enables each point in the magnetotail to be traced to a unique
point in each ionosphere, their limitations mean that they cannot be relied upon, particularly
during active times. However, one can also apply different kinds of morphological map-
ping using tracers, which originate in specific places in the magnetotail but are observed in
the ionosphere (see Paschmann et al. 2003). From them, the isotropy boundaries (IBs, the
equatorward boundaries of extended isotropic loss-cone precipitation of energetic particles)
are a most useful and well-known tool, providing useful low-altitude markers of equatorial
Bz values (where By is roughly in the range 30 to 50 nT for 30 keV proton IB, and roughly
~5 nT for 30 keV electron IB). This method is useful in establishing the location of magnetic
flux tubes containing specific auroras with respect to the high-beta plasma sheet region but
requires in-situ observations of the low-altitude plasma in order to do so. Distinction from
wave-induced precipitation mechanisms is often possible based on the energy dependence of
isotropic loss-cone precipitation. A direct comparison between whistler-mode chorus activ-
ity in the magnetosphere and auroral brightness enabled Nishimura et al. (2010c) to exactly
map the location of the THEMIS-A spacecraft when it was close to geosynchronous orbit,
however such a mechanism requires that the source and resulting aurora can be readily iden-
tified. More recently, studies have shown that the utility of ULF wave Eigenfrequencies in
magnetic mapping by comparing the Eigenfrequencies observed in-situ with the latitudinal
Eigenfrequency profile determined by ground magnetometers (Rae et al. 2014) to determine
the relative locations of mapped spacecraft footpoints to auroral features. Although the spa-
tial resolution of the latitudinal Eigenfrequency profile is quite sparse, and the technique
requires the identification of Eigenfrequencies on the ground and in space, the distribution
of ground-based magnetometers in and around the auroral zone reduces the need for a low-
altitude spacecraft overpass during times of interest.

8 Summary and Future Advancements

Since the turn of the century, there has been a major growth in both ground-based and mag-
netospheric observations, with numerous multi-spacecraft missions and multi-observatory
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Table 1 Summary of mesoscale auroral forms, their size, where they are observed, their potential magneto-
tail drivers and locations of these drivers

Auroral form Scale size Auroral location Potential driver Driver location
Poleward 10s—100s km Nightside, Fast flows arrivals from Magnetotail
boundary poleward edge of  polar cap lobes/deep tail
intensification auroral oval Spontaneous or triggered plasma-sheet;
in current sheet near or at
OCB
Tonospheric plasma flows
across conductivity
gradient
Auroral ~10s kms Nightside auroral ~ Magnetotail fast plasma Magnetotail
streamer across, oval, stretching flow/depleted plasma plasma-sheet
stretching from poleward to  channel within
across the equatorward edge  plasma-sheet
auroral oval Possible scattering of Magnetotail
plasma-sheet particles by plasma-sheet
whistler-mode chorus
Monoenergetic electron Altitudes of a
acceleration in upward few Rg
FAC
Omega bands ~200-500 km Dawn side, Kelvin-Helmholtz Near-Earth
and torches wide and equatorward instability magnetotail,
stretching portion of Hybrid Kelvin- ~7-12Rg
across the expanded auroral  Heimholtz /Rayleigh-
auroral oval oval Taylor instability
May results from
injections associated with
streamers
Auroral beads 1-500 km, Nightside, within ~ Ballooning instabilities Near-Earth
typically auroral oval Cross-tail current magnetotail,
observed at normally on instabilities 10-12 Rg
~100 km pre-existing quiet
scales arc
Giant 200-900 km Equatorward Kelvin Helmholtz Inner
undulations edge of dusk instability magnetosphere/
auroral oval Shear-flow ballooning plasmapause
instability
Magnetospheric source of
SAPS
Auroral bulge Up to 10° Activated part of Dipolarized part of Tail plasma

(for context but
not covered in
this review)

latitude and
several hours of
MLT

nightside auroral
oval

magnetic field
configuration associated
with intense reconnection
and SCW

sheet earthward
of near-Earth
neutral line

programmes providing observations across multiple solar cycles. These datasets have al-
ready provided insights into the source and drivers of a range of meso-scale auroral forms,
as laid out in this review and summarised in Table 1. However, multi-spacecraft missions,
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such as Cluster and THEMIS, have largely observed processes beyond 10 Rg, correspond-
ing to the source region of auroral streamers, while low-altitude missions, such as FAST and
Swarm, provide snapshots of plasma conditions just above the ionosphere but not always
with auroral observations for context. The implication of the results reported in this review
is that the transition region between stretched tail plasma sheet region and dipole-like the
inner magnetosphere, ranging from the plasmapause out to ~12 Rg is now a key region to
observe in order to understand the mechanisms that drive many dynamic meso-scale auroral
forms.

Many of the meso-scale auroral forms discussed here have been linked with a variety of
plasma instabilities in the magnetotail: PBIs and streamers are linked to reconnection and its
outflows; auroral beads are linked to ballooning or current instabilities; omega bands, torches
and giant undulations are linked to Kelvin-Helmholtz-based or shear flow ballooning insta-
bilities. In order to understand the underlying physics, it is imperative that we understand
the scales in the magnetosphere on which these instabilities act in order to provide mea-
surements on the necessary time and spatial scales. Furthermore, understanding the growth
rates of the auroral signatures of these instabilities may help to constrain the plasma condi-
tions required for their formation. Quantitative comparisons of the growth rates, scale sizes
and plasma conditions will then reveal the underlying physical processes. Some of these
necessary observations may already exist within the repositories of current and past mis-
sions, while as others may need new missions that can provide observations across multiple
scales in the inner magnetosphere in conjunction with auroral and auroral plasma observa-
tions from low-Earth orbiting spacecraft. Ultimately, a global magnetospheric view will be
needed to complement a global aurora view and make direct observations of plasma motions
and instabilities.
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