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Abstract The auroral streamer is a type of auroral form commonly observed during geomagnetic
substorms. Previous studies suggested a coupling between auroral streamers and channels of bursty bulk flows
in the plasma sheet. However, whether one flow channel can map to multiple streamers is unclear. Here, we
present an event containing consecutive auroral streamer subevents. The event features similar spatial and
temporal development of auroral streamers in conjugate hemispheres. In most of the subevents, we observed
that what an in-space auroral camera saw as one streamer actually consisted of multiple streamers (i.e., a
streamer bundle). A coordinated analysis of near-earth injections and ionospheric currents suggests that one
overall flow channel (or bubble) can map to a streamer bundle. Multiple streamer bundles and thus multiple
overall flow channels can occur simultaneously at different local times. Evidence supports that the overall flow
channel may consist of or split into several narrower flow channels and each maps to a streamer and causes a
particle injection.

Plain Language Summary Geomagnetic substorm is a complex energy release process involving
many observable features in the geospace. Common substorm features include enhanced auroral activities and
currents in the ionosphere, enhanced fluxes of energetic electrons and ions (injections), and localized bursty
bulk flows (BBFs) in the nightside magnetosphere. It is well established that injection, BBF, and a type of
aurora called auroral streamer are physically related. Here, we present an event when streamers form bundles

in successive subevents and discuss how streamers and streamer bundles are related to BBF and injection.
Auroral data show that these streamer bundles developed similarly in both hemispheres. We show observational
evidence that a streamer bundle maps to an overall BBF and streamers within a bundle map to narrower BBFs.

1. Introduction

Auroral streamers have been widely studied for decades (cf. Forsyth et al., 2020, and references therein). Tradi-
tionally, these refer to the north-south aligned aurora (e.g., Henderson, 1994; Nakamura et al., 1993), to be distin-
guished from the east-west aligned auroral arcs. However, the alignment is no longer considered a key descriptor.
Instead, the critical aspect of the definition of an auroral streamer is the dynamic development away from the
origin toward the equatorward boundary of the auroral oval (Forsyth et al., 2020). There are also poleward
moving streamers reported (W. W. Liu et al., 2008). In this study, auroral streamers or streamers refer to aurora
features that are approximately north-south aligned or extend equatorward, that is, following either the traditional
or the renewed definition.

Auroral streamers and bursty bulk flows (BBFs) have long been suggested to correlate (Henderson et al., 1998;
Nakamura et al., 1993). According to our current understanding (Cross-Scale Coupling and Energy Transfer
in the Magnetosphere-lonosphere-Thermosphere System, 2022, and references therein), an auroral streamer is
coupled to a channel of BBF (Angelopoulos et al., 1994; Baumjohann et al., 1990) occurring in the plasma
sheet. The equatorward development of the streamer corresponds to the earthward development of the flow
channel (Zesta et al., 2000). The streamer couples to the flow channel through a pair of upward and downward
field-aligned currents (FACs) (Nakamura et al., 2001; Sergeev et al., 2000), which has been predicted by the
bubble model (Chen & Wolf, 1993) for the flow channel. In this study, we will use bubble and flow channel inter-
changeably. The ionospheric signature of the upward (downward) FAC is a counterclockwise (clockwise) Hall

TIAN ET AL.

lof 13

:sdny woiy papeojumo( ‘1 ‘€207 “TOP6691T

:sdiy) suonIpuo)) pue suud I, Ay} 238 [£207/10/9] U0 Areiqry autjuQ i ‘a8uy s - BIuIofE) Jo ANSIAIIN £q 0101€0VITTOT/6TO1 01/10p/w0d K[1m:

St} woo Kapm

5001 STOWW0)) 2ATER1) d[qEodde oY) Aq POTLIOAOS oIt SAONIE YO SN JO SO 10§ ATRIqI SUIUQ) AD[IAL 1O (


https://orcid.org/0000-0003-2664-750X
https://orcid.org/0000-0003-2393-6808
https://orcid.org/0000-0002-9867-3638
https://orcid.org/0000-0001-8811-8836
https://orcid.org/0000-0001-7996-2277
https://orcid.org/0000-0002-7489-9384
https://orcid.org/0000-0002-7699-5994
https://orcid.org/0000-0001-5452-4756
https://orcid.org/0000-0002-7985-8098
https://orcid.org/0000-0003-4975-9029
https://orcid.org/0000-0001-5291-4275
https://doi.org/10.1029/2022JA031010
https://doi.org/10.1029/2022JA031010
https://doi.org/10.1029/2022JA031010
https://doi.org/10.1029/2022JA031010
https://doi.org/10.1029/2022JA031010
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9402.15THEMIS
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9402.15THEMIS
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JA031010&domain=pdf&date_stamp=2023-01-18

A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2022JA031010

current loop (Kauristie et al., 1996). The predicted ionospheric current signature has been observed (Kauristie
et al., 1996; Weygand et al., 2022).

The earthward moving head of the flow channel is associated with a sudden enhancement of the magnetic field
tilt angle or B, that is, the dipolarization front (DF) or dipolarizing flux bundle (DFB) (J. Liu et al., 2013;
Nakamura et al., 2002; Runov et al., 2009). The DFB is also associated with the injection of keV electrons and
ions in the near-earth region (Kivelson et al., 1980; Mcllwain, 1974; Runov et al., 2013). Streamers are also
observed to be associated with localized impulsive injections (Henderson, 2009; Sergeev et al., 1999). These
observations further elaborate on the coupling between the streamer and the flow channel.

Previous studies on streamers often see them appear as or develop into bundles (Henderson et al., 1998; Pritchett
et al., 2014; Rostoker et al., 1987). This motivates a coordinated study to inspect whether a streamer bundle or
the streamer within a bundle corresponds to a BBF. In addition, in this study, we use ground and in-space auroral
cameras to inspect the inter-hemispheric development of streamers, which has not yet been extensively studied
except for several examples published by Sato et al. (2012, 2015). Yet these inter-hemispheric comparisons are
only within a limited field of view (~9 deg). Here we observed a similar spatial and temporal development in
the northern and southern hemispheres on a much larger scale. In our event, what the in-space camera observed
as one streamer was often a streamer bundle as resolved by the ground cameras. We further utilize the injection
and ionospheric current measurements to study how the streamer bundles are related to injections and flow chan-
nels. In the rest of this study, we briefly introduce the instrumentation in Section 2 and show the observations in
Section 3. Discussion and conclusions are presented in Section 4 and Section 5, respectively.

2. Instrumentation

In this study, we study events when the nightside auroral ovals in the conjugate hemispheres were simultane-
ously monitored by the ultraviolet imager (UVI) onboard the Polar spacecraft in the southern hemisphere and
by the “Time History of Events and Macroscale Interactions during Substorms” (THEMIS) network of ground
magnetometers (GMAGs) and all-sky imagers (ASIs) in northern America. Polar UVI (Torr et al., 1995) can
typically cover the entire nightside auroral oval at a cadence of ~37 s. The ASIs (Mende et al., 2008) can record
the aurora at a much higher cadence of 3 s. The spatial resolution of the pixels of Polar UVI was about 30 km
in this event (6 X 10~ rad per pixel, the geocentric distance of Polar was 7-9 Re). The spatial resolution of the
pixels of THEMIS ASIs is typically 1-5 km. Combining the two types of auroral measurement allows us to
monitor the global morphology of the auroral oval with Polar UVI and resolve finer auroral structures with ASIs.
The ASI data in the event for this study were contaminated by the moon. A moon removal technique is developed
and explained in Appendix A. The moon is successfully removed as shown in Supporting Information Movie S1.

The THEMIS GMAGs (Russell et al., 2008) measure the magnetic field perturbations over Northern Amer-
ica. The technique of spherical elementary current system (SECS) can be used to derive the ionospheric
current from the GMAG measurements (Amm & Viljanen, 1999; Vanhamiki & Juusola, 2020). The SECS
(Weygand, 2009a, 2009b; Weygand et al., 2011) data (10 s cadence) contain current components that are vertical
and horizontal relative to the ground. Around the auroral latitudes, the background magnetic field is approxi-
mately perpendicular to the ground. Hence, the SECS vertical and horizontal current data are good estimates of
the parallel and perpendicular currents respectively. The parallel currents are also referred to as the field-aligned
currents (FACs).

In our auroral event, in-situ features studied include particle injection and dipolarization. The LANL (Los Alamos)
spacecraft measures the e— and H+ fluxes from 50 keV to above 1 MeV (Bame et al., 1993; Belian et al., 1992).
Contaminated LANL H+ flux channels are excluded, including those around 60, 89, and 577 keV. The THEMIS
solid-state telescope measures the electron and ion fluxes from 25 keV to above 1 MeV (Angelopoulos, 2008).
The keV fluxes from LANL and THEMIS are used to study dispersionless and dispersive injections. The Geosta-
tionary Operational Environmental Satellite (GOES) (Singer et al., 1996) and THEMIS (Auster et al., 2008)
magnetic fields are used to study the dipolarizations.

3. Observations

During the 3 hr from 06:00 UT to 09:00 UT on 19 January 2008, eight auroral subevents occurred successively in
a 10-20 min cadence. Each one was associated with an increase of the auroral electrojet (AE) and/or Supermag
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Figure 1. Similar development of eight successive auroral activities was observed in the southern and northern hemispheres.
Panel a shows the auroral electrojet (AE) and Supermag electrojet (SME) indices during 3 hr from 06:00 to 09:00 UT on 19
January 2008. Panels b and ¢ show the ewogram for the auroral oval in the southern and northern hemispheres as measured
by the Polar ultraviolet imager and Time History of Events and Macroscale Interaction during Substorms (THEMIS) all-sky
imagers (ASIs). The red (blue) squares mark the electron (ion) injection region determined in Section 3. Panel d shows the
ewogram for the upward current derived from the ground magnetometer data in the northern hemisphere. Panels e and f
show the keogram of the aurora and upward current in the northern hemisphere. During the event, we observed a very similar
azimuthal evolution of the aurora in conjugate hemispheres. Polar latitudinal evolution (keogram) is not compared because
the data contain instrumental uncertainty in latitudes.

electrojet indices (Figure 1a). Note that the AE index missed some of the subevents (e.g., subevent #2) probably
because AE uses fewer ground stations. The vertical dotted lines in Figure 1a mark the start of the subevents.
To illustrate what auroral forms are observed and how they evolve, we present the aurora measurements from
two perspectives: Figure 1 focuses on the temporal evolution of the aurora versus the magnetic local time (MLT,
ewogram) and versus the magnetic latitude (MLat, keogram) during the entire event and Figure 2 presents several
snapshots of the auroral oval to show the auroral forms. In Figure 1, the ewogram is averaged over the entire
auroral latitudes (65-80 deg MLat) and the keogram is averaged over the MLT range from —6 (18) to 02 MLT.
A full movie of the aurora and the ionospheric current is included in Movie S1 in the Supporting Information.

As an example of auroral streamers, the ASI data (Panel b) in Movie S1 in the Supporting Information shows the
equatorward development (from 75 to 66 deg MLat) of auroral streamers around —2 (22) MLT around 07:20 UT.
These streamers are shown in Panel b-3 in Figure 2. The equatorward development is clear in the keogram (Panel
e in Figure 1, the dashed line during subevent #6). In addition, a westward motion is shown in the ewogram (Panel
c in Figure 1, the dashed line during subevent #6).
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Figure 2. Snapshots of the auroral oval observed in the southern and northern hemispheres. Polar ultraviolet imager (UVI)
covered the southern hemisphere (Panels a-1 to a-3). Three Time History of Events and Macroscale Interaction during
Substorms (THEMIS) all-sky imagers (ASIs) (FSIM, GILL, and INUV) covered a large fraction of the northern hemisphere
(Panels b-1 to b-3). In Panels c-1 to c-3, we use the vertical currents to estimate the upward and downward field aligned
currents (FAC). The horizontal currents are overplotted in all panels at each snapshot time. Within the areas circled or
pointed, the auroral structures observed by Polar UVI are resolved as multiple streamers by the THEMIS ASIs. The streamers
corresponded to the upward FAC.

From the ewograms in Figure 1, the eight auroral subevents were in general evolving symmetrically in local time
in the southern hemisphere (Panel b) and northern hemisphere (Panel c). For example, we observed a gradual
westward expansion from 06:10 UT to 06:40 UT (indicated by the dashed lines in Panels b and c). From 07:00
UT to 08:00 UT, we marked two additional westward motions of the aurora. In all these examples, the azimuthal
motions in the conjugate hemispheres occurred simultaneously around the same local time. Note that the auroral
intensities of Polar UVI and THEMIS ASI are not directly comparable to each other because UVI observes the
ultraviolet range whereas ASI observes the white light.

Figure 1 also compares the aurora and upward currents in the northern hemisphere (Panel d). Since discrete aurora
like streamers corresponds to the upward current, we expect them to develop similarly. As shown in the ewograms
(Panels ¢ and d) and keograms (Panels e and f), regardless of the much lower spatial resolution of the current
data, the upward current, in general, followed similar azimuthal and latitudinal motions as the aurora. Note that
the upward current and aurora do not match exactly in evolution. For example, from 07:50 UT to 08:00 UT, it is
clear that the upward current penetrated to lower latitudes (Panel f) and remained strong after the aurora dimmed
(Panels e and f). The Polar UVI images in this event are smeared out primarily in latitude due to the wobble of
the camera. However, the wobble does not change the average location of a certain auroral structure. The auroras
observed by Polar UVI can be seen to be around the same latitude as those observed by ASIs (Figure 2).

Figure 2 shows several snapshots of the auroral oval in the southern hemisphere (Polar UVI, Column a) and
northern hemisphere (THEMIS ASI, Column b) during three of the subevents shown in Figure 1 (subevents #2,
#5, and #6). Column ¢ shows the FACs where red is for upward currents and blue is for downward currents. In
each row, we plot the northern hemisphere horizontal currents as vectors, where the grids are the starting points
of the vectors. Column a shows that a streamer was observed by UVI around —3 (21) MLT in all the snapshots.
Compared to Column b, it is clear that each of the Polar streamers was indeed a group of streamers as resolved
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Figure 3. The injection observation at LANL 1989-046 and magnetic field at Geostationary Operational Environmental
Satellite (GOES) 11 during the 19 January 2008 event. Panel a shows the expanded version of the ewogram of the all sky
imagers (ASIs). The track of LANL 1989-046 is overplotted and color-coded by the electron flux intensity at 60 keV. The
track of GOES 11 is overplotted as the dot-dashed line. For the dispersive injection around 07:15 UT, when and where the
corresponding dispersionless injection occurred are estimated by tracing the electron's curvature and gradient drifts in the
T89 magnetic field model (Tsyganenko, 1989). In Panel a, the drift velocities at 60 and 176 keV are marked by the two red
lines and the time and MLT of the estimated injection region are represented by the red square. Panels b and ¢ show the
LANL 1989-046 electron and ion fluxes at keV energy channels. The sloped dotted line around 07:15 UT marks the peaks
of electron flux from 60 to 176 keV. Panel d shows the GOES 11 magnetic field components in the solar magnetic (SM)
coordinate system and its tilt angle (black). Panel e shows four ASI snapshots at the times of the vertical dashed lines. All
four injections seen by LANL were associated with either auroral streamers or streamer bundles. The third injection was
dispersive, which corresponds to a dispersion region around —3.5 (20.5) MLT and thus the streamer bundle westward of
LANL 1989-046.

by the THEMIS ASIs. The streamers are in general around the same MLT and latitude as the upward currents
(Column c), which has been shown in Figure 1. It is interesting to note that at 07:05 UT (Row 2), the ASIs
observed two streamer bundles around 21 and 22 MLT (Panel b-2). UVI clearly observed the brighter one around
21 MLT. For the weaker streamer bundle around 22 MLT, based on the ASI data, we believe that it corresponds
to the weak enhancement in UVI around 22 MLT (arrows in Panel a-2).

3.1. Injections in the Pre-Midnight Sector

Figure 3 shows the pre-midnight portion of the aurora ewogram in the northern hemisphere and the associ-
ated LANL (1989-046) keV particle measurements. The ewogram in Figure 3a is averaged over [65,75] deg
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MLat. This is a smaller range than that used in Figure 1c ([65,80] deg MLat), to eliminate the effect of pole-
ward arcs because we will focus on the streamers. LANL 1989-046 observed a dispersive electron injection
during subevent #5. We trace the gradient and curvature drifts of these electrons in the T89 model magnetic field
(Tsyganenko, 1989) and obtained an electron injection region located around —3.5 (20.5) MLT (red box in Panel
a), where the electrons would be dispersionless. In Panel e—3, the electron injection region is marked by the red
square using the determined MLT. The MLat is randomly chosen because mapping uncertainty and penetration
depth are unknown. Nevertheless, the local time of the electron injection region was around the streamer bundle
around —3.5 (20.5) MLT (Panels a and e—3). LANL 97A was eastward of this streamer bundle and observed
dispersive proton injection (Figure S2 in the Supporting Information S1). The tracing results of the dispersive
ion (blue square) and electron (red square) injections are marked in Figure 1 Panel c. They were both close to the
local time of the streamer bundle around —3.5 (20.5) MLT (Panel e—3 in Figure 3). These results suggest that the
streamer bundle corresponded to an injection region, which is consistent with previous studies on streamer and
injection (Henderson, 2009; Sergeev et al., 1999).

In addition to the dispersive electron injection, LANL 1989-046 also observed three dispersionless peaks in
both the electron and ion fluxes (Figure 3 Panels b and c¢). These peaks were observed when streamer bundles
drifted over LANL 1989-046's MLT (Panel a). Although dispersionless flux peaks may be caused by either actual
injections or magnetic field dipolarizations, based on the fact that the dispersive injection was clearly related to
a streamer bundle, we argue that these dispersionless peaks were actual dispersionless injections and thus LANL
1989-046 observed four injections in total, as labeled in Figure 3. From injection 4, we can see that there were
multiple peaks when multiple streamers within a bundle drifted over LANL 1989-046 (arrows in Panel a). Thus
each streamer within a streamer bundle is likely to have its own injection region.

3.2. Injections Around Midnight

During subevents #3, #5, and #6, THD, THE, and THA also observed dispersive electron injections, which were
all traced to injection regions around midnight (Figure 1 Panel c). Therefore these injections are related to the
auroral activities around midnight. They are separate injections from the injections associated with the streamer
bundles in Section 3.1. Since this study focuses on the streamer bundles, we will not further discuss the THEMIS
injections. The tracing of these injections is shown in Figure S3 in the Supporting Information S1.

4. Discussion

We have shown the successive subevents of auroral activities on 19 January 2008. As shown in Movie S1 in the
Supporting Information, all subevents after 06:19 UT contained auroral streamers in the pre-midnight sector.
This study primarily focuses on these streamers. The Polar UVI and THEMIS ASI recorded similar spatial and
temporal development of the auroral streamers in conjugate hemispheres. By similar development, we mean that
an auroral streamer (or a streamer bundle) in one hemisphere has its counterpart in the other hemisphere around
similar latitudes and longitudes. In addition, they both brighten and dim almost simultaneously and follow similar
latitudinal and longitudinal motions. The similar development of streamers in conjugate hemispheres is consistent
with our current understanding that the coupling between a flow channel in the plasma sheet and the ionosphere
would be similar in both hemispheres.

4.1. Inter-Hemispheric Symmetry

Sato et al. (2012, 2015) showed interhemispheric comparisons of streamers at two magnetically conjugate all-sky
imagers (~9 deg field of view). The authors observed mixed results—streamers are similar in some cases but are
different in other cases. In our study, since streamers in the consecutive subevents exhibited similar development
in both hemispheres, we suggest that this is the normal scenario and different development may indeed occur but
we expect this to be less often. In addition, since the conjugate all-sky imagers have a limited field of view, the
difference may be due to the limited spatial coverage. Our study can avoid this issue because the Polar UVI has
a much larger field of view.

The most noticeable motion of the streamers is the equatorward motion. However, it is interesting to note that
both Polar UVI and THEMIS ASI observed similar azimuthal motions of the auroral streamers (e.g., subevents
#5, #6, and #7 in Panels b and c in Figure 1). This motion, based on the expanded ewogram in Panel a in Figure 3,
was about 2-3 deg/min. The ewograms further show that neither the streamer nor the upward current significantly
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expanded in longitudinal width during the azimuthal motion (e.g., the dashed lines for subevents #6 and #7 in
Panels b, c, and d in Figure 1).

Given the coupling between streamers and flow channels as discussed in Section 4.2, this suggests that the
flow channel in the plasma sheet moved azimuthally but did not noticeably expand in width. Therefore, the
azimuthal motion of the streamer and the presumably coupled flow channel is an azimuthal drift instead of some
azimuthal expansion, for example, due to the magnetic flux pileup (Baumjohann et al., 1999). We suggest that
the azimuthal drift is due to global convection. Based on previous statistical studies, global convection is away
from midnight (Miyashita et al., 2020; Wang et al., 2006). The speed is on the order of several 10s km/s within the
transition region (<12 Re). This is consistent with the azimuthal drift of the streamers. Similar azimuthal drifts
of flow channels can be seen in MHD simulations (e.g., Eshetu et al., 2019). Another possible factor affecting the
auroral motion is the changes in mapping due to the FAC and dipolarization associated with the flow channels.

4.2. Streamer and Flow Channel

Combining the Polar UVI and THEMIS ASI streamer observations, we can see that what Polar saw as one
streamer is often indeed a streamer bundle (e.g., Panels a-1, b-1, a-3, and b-3 in Figure 2). Although UVI and ASI
are different in wavelength and thus do not necessarily capture the same features of the aurora, the difference here
is probably due to the low spatial resolution of UVI. An interesting question arises because although many early
works suggest a one-to-one correspondence for streamer injection (Henderson, 2009; Sergeev et al., 1999) and
streamer-flow channel (Nakamura et al., 2001; Sergeev et al., 2000), the correspondence of streamer bundle has
not been discussed. This is especially interesting since in our event one Polar streamer can indeed be a streamer
bundle when viewed in high spatial and temporal resolution.

The observations in our event suggest that a streamer bundle maps to one overall flow channel. Section 4.3
discusses the possible splitting of the overall flow channel into narrower ones. Panel b-2 in Figure 2 shows that
two streamer bundles were observed around 07:05 UT around —3.5 (20.5) and —2 (22) MLT. The observed FAC
distribution contained two pairs of upward-downward FACs (Panel c-2 in Figure 2). Previous studies have shown
that one flow channel generates a pair of upward-downward FACs (Kauristie et al., 1996; Wang et al., 2018, 2020;
Weygand et al., 2022). The fact that the two FAC pairs were observed at different MLTs but at similar latitudes
suggests that this FAC pattern is caused by two spatially separated flow channels.

To test this plausibility, we use the UCLA version of the Rice Convection Model (UCLA-RCM) to simulate the
FAC pattern due to two flow channels (twin bubbles). Gkioulidou et al. (2012) describe the UCLA-RCM and the
differences between the UCLA-RCM and the original RCM. Here we use the UCLA-RCM to conduct a simula-
tion run for twin bubbles separated by 2 hr in MLT (at 23 and 01 MLT). The setup of the simulation is explained
in Appendix Appendix B. Figure 4 shows a snapshot 10 min after the bubbles were initiated. A full movie of the
simulation is in Movie S2 in the Supporting Information. Two bubbles, about 2—4 Re wide, are characterized by,
for example, high velocities (Panel a-2) and high ion temperatures (Panel a-5). They were associated with two
pairs of upward and downward FACs in the ionosphere (Panel b). The FAC pattern from the simulation (Panel
b) is qualitatively similar to the observed pattern (Panel c). Therefore, we conclude that it is plausible that there
were two flow channels and that they mapped to the two observed streamer bundles.

4.3. Streamer Bundle and Possible Bubble Splitting

In Section 4.2, we showed that a streamer bundle probably maps to one bubble, and based on the UCLA-RCM
simulation, the bubble would be 2—4 Re wide, which is the typical size (J. Liu et al., 2013). Similar streamer
bundles instead of single streamers were observed in many of the subevents, for example, in subevents #3, #5, and
#6 (cf. Movie S1 in the Supporting Information). Among them, subevent #6 contained the best injection conjunc-
tion because its streamers are clear and LANL 1989-046 was right around the streamers' MLT. In Section 3.1, we
showed that the largest peak of the electron and ion injections at LANL 1989-046 (Panels b and c in Figure 3)
was associated with the westmost streamer (Panel e-4 in Figure 3). The later smaller peaks were associated
with the streamers further east within the streamer bundle. This means that each streamer within that streamer
bundle should map to one injection region. From simulation and observations (Gabrielse et al., 2017; Runov
et al., 2013), each flow channel should cause an injection. Therefore, although in Section 4.2 we showed that one
streamer bundle maps to an overall flow channel, each streamer within the streamer bundle should correspond to
a narrower flow channel. This is illustrated in Figure 5.
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Figure 4. UCLA-Rice Convention Model simulation results for twin bubbles launched at 23 and 01 MLT. Panels on the

left show (a-1) normalized entropy, (a-2) velocity vectors and magnitude (color), (a-3) magnetic field, (a-4) parallel current
(color), and electric potential (contour), (a-5) ion temperature, and (a-6) electron temperature. Panel b shows the ionospheric
field-aligned currents (FACs) (color) and the electric potential (contour). Panel ¢ shows the measured FACs (same as Panel
c-2 in Figure 2).

In the ewogram either in Figure 3a or Movie S1 in the Supporting Information, all streamers within a streamer
bundle evolved almost simultaneously. This suggests that the narrower flow channels that the streamers may
map to probably also evolve simultaneously. Although the overall flow channel may either split into or consist
of the narrower flow channels, we speculate that splitting is more likely because it would naturally explain the
simultaneity. Limited by spatial resolution, we can only observe the FAC pattern of the overall flow channel, but
it probably consists of the wedgelets of the narrower flow channels (J. Liu et al., 2015). Some simulations also
suggest the splitting of an overall flow channel into narrower ones (Birn et al., 2019; Pritchett et al., 2014). The

17} streamer bundle (SB)

3 overall bubble (OB)

7 == streamer
( é/ split? _ >, == narrower bubble

\\\// _ /7) * injection
7 9 d
$B2 ////— SB1 2
/ !
a) , Up FAC

azim drift

Figure 5. The schematic summarizes the observed multiple streamer bundles, up-down field aligned current (FAC) pairs,
injections, and the conjectured multiple narrower flow channels (bubbles) within the overall bubbles. A streamer bundle maps
to an overall bubble of 2—4 Re wide through a pair of up-down FAC. Streamers within a streamer bundle map to narrower
bubbles, presumably through wedgelets. The overall bubble either splits into or consists of narrower bubbles. Splitting is
more likely based on simultaneity and previous studies.
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overall earthward flow channels are suggested to be generated in the tail reconnection and propagate earthward
due to interchange-type of instabilities (Forsyth et al., 2020, and references therein). Based on our observations,
the overall earthward flow channel seems to further evolve (split) into narrower flow channels. While whether
such splitting occurs and the splitting physics remain questions for future research, we note that the ballooning/
interchange instability has been theoretically proposed to lead to a breakup of flow channels and spatial structur-
ing of auroral streamers (Pritchett et al., 2014).

5. Conclusions

In conclusion, we studied a 3-hr auroral event that features consecutive subevents of streamers and streamer
bundles. Conjugate observations in a global field of view show that the auroral streamers develop similarly in
both hemispheres, that is, corresponding auroral streamers evolve around similar times and locations (latitude and
MLT) in the northern and southern hemispheres. We suggest that similar development is the normal scenario and
that different development might be occasional. In many of the streamer subevents, streamer bundles, in which
several streamers appear simultaneously around a similar MLT, are often observed. Based on the comparison
between the streamer bundle and FAC pattern, we conclude that each streamer bundle corresponds to an overall
flow channel that is 2—4 Re wide. In our event, multiple streamer bundles appeared simultaneously, suggesting
multiple overall flow channels in the tail. We show observational evidence for narrower flow channels within the
overall flow channel. Coordinated comparisons between the azimuthal drift of the streamers and LANL injec-
tions showed that each streamer within a streamer bundle has its own injection region and thus probably its own
narrower flow channel.

Appendix A: Moon Removal Technique for ASI

All-sky imagers observe the aurora from the ground and thus are inevitably contaminated by the moon. Fortu-
nately, the moon moves much slower than auroral streamers within the field of view of ASIs. Therefore, although
the brightness of a certain pixel of the ASI image consists of both the contribution from the moon and streamer,
the moon's contribution is a slowly varying background and thus can be removed. Here we describe the algorithm.

The all-sky imager data is a series of images of 256 X 256 pixels. For n frames of images, the data is an array
of [n, m, m]. Instead of processing the image per frame, we consider the brightness of a fixed pixel, which is an
array of [n]. Here, we define the raw images as r,, , [1], where m = 256. We use i, j, k to iterate among [m, m, n].
For example, rl.‘f[n] is the raw brightness at the pixel [i, j], where i, j € [0, 256); r,, [k] is the raw image at the
frame k, where k € [0, n).

Figure Al shows examples of r; [n] with and without the moon. We can classify the pixels into 3 categories.

1. Edge pixels. ri‘f[n] is almost a constant and the value is small (green).

2. Center pixels without the moon. r; [n] may contain fluctuations due to auroral forms. The stable arc causes
a fluctuation on the order of 10-20 min (red in Panel b-1). The streamer causes a fluctuation on the order of
several min (purple in Panel b-2).

3. Center pixels contaminated by the moon. 7, J[n] saturate within the moon's surface (red in Panel b-2, before
07:24 UT) and contain a large and slowly varying background within the moon's glow (after 07:24 UT).

Therefore, we can simply remove the slowly varying background to remove the moon and thus extract the signal
related to auroral forms.

There are multiple methods to calculate this slowly varying background, which we call the “baseline” hereafter.
We use f3; J[n] for the baseline of the raw brightness 7, J.[n]. A simple method is to extract ﬂi‘i[n] by smoothing r, J.[n]
over a window on the order of 10-20 min. The simple method works well with fast-moving auroral structures like
streamers and discrete arcs. Because this study focuses on streamers (e.g., purple line in Panel b-2 in Figure A1),
the simple method (window of 15 min) is used.

The simple method does not work well with stable arcs (e.g., red line in Panel b-1 in Figure Al),
because a simple smoothing will attribute a significant portion of the auroral's signal to the base-
line. To solve this problem, we developed a more complicated method to calculate the baseline, which
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Figure A1. Examples of the all sky imager images at selected times (Panels a-1 and a-2) and the raw brightness at selected pixels (Panels b-1 and b-2). The selected
times are marked by the vertical dashed line in Panels b-1 and b-2. The selected pixels are marked by + in Panels a-1 and a-2 and color-coded to differentiate them.

works with generic THEMIS ASI data based on our tests on many auroral events. In this method,
we use three characteristic baselines to approximate the raw brightness: the raw brightness itself
(ﬁi{j[n]), the baseline at the window size of 180 s (ﬁfj[n]), and the minimum value of the raw bright-
ness (ﬁzj[n]). They correspond to the window size of w,, where s = 1, 2, 3. w, is 3 s (the data rate),
w, is 180 s, and w, is infinity (we set it as 1,800 s). We then calculate a background brightness bixf[k]
defined as b;;[k] = interpol(ﬁi‘? [n], ws, wi; [k]), where wi‘]_[k] =3 + 2exp(5.5655 — ”ix,‘[k] X milf[k] X 1074
is the “adaptive width.” It decreases for a larger raw brightness because this indicates that the pixel is closer
to the moon and thus we want the baseline to be close to the raw brightness. In addition, it is modulated
by the “moon weight” mi‘f[k] =1+ 2exp(l — Hi‘f[k]/2.5), where HiJ[k] is the angle between the moon and
a given pixel [i, j] at a certain frame k (in deg). The moon weight helps to eliminate unnecessary modi-
fication to pixels that are far away from the moon. Note that where the moon appears in the ASI is only
crudely predicted and that the moon's glow is much larger than the moon's surface. This is why the moon's
position is indirectly used through the moon weight. With the background calculated for all pixels and
frames, we get the moon-calibrated data by removing the background brightness from the raw brightness
[k], Column 1), back-
[k], Column 3) at a certain frame k. It

c [n]=r

ground brightness (b, ,[k], Column 2), and calibrated brightness (¢

n] = b, ,[n]. Figure A2 shows the examples of the raw brightness (r

m,m[ mm[ m,m

m,m

also shows the raw and background brightness at certain pixels [, j] (r;,[n] and bi‘].[n], Panels b and d). A full
description of the algorithm is available at Tian (2022).
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Figure A2. Examples showing the raw, background, and calibrated brightness at certain frames or at certain pixels.

Appendix B: The UCLA-RCM Simulation Setup

We modify the single bubble setup described in Wang et al. (2018 2020) to specify the RCM tail boundary
conditions for the two bubbles (see Figure S1 in Supporting Information S1): (a) The two bubbles are initiated
simultaneously with one at 23 and the other at 01 MLT (Panel a in Figure S1 in Supporting Information S1),
(b) each bubble is imposed by increasing the ion and electron temperatures within a 0.5 MLT width at the tail
boundary by a factor of 3 and decreasing their densities by a factor of 6 (Panel b in Figure S1 in Supporting
Information S1), and (c) both bubbles are turned on for ~10 min from # = 1 — 10 min (Panel ¢ in Figure S1 in
Supporting Information S1).
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