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Section 2: Technical Report
2 Accomplishments
2.1 Research Objectives of this project

The hot zone is regarded as the most important region of interest for understanding the
development and maintenance of various subauroral flows. These flows include the Sub-Auroral
lon Drifts (SAID Spiro et al., 1979; Anderson et al., 1991), Sub-Auroral Polarization Streams
(SAPS Foster & Burke, 2002), SAPS wave structures (SAPSWS; Mishin et al., 2003), Abnormal
SAID (ASAID; Voiculescu & Roth, 2008), and Double-peak SAID (DSAID; He et al., 2016). In
order to contribute to the better understanding of these subauroral flows, this project focused on the
various geophysical mechanisms (including instability mechanisms) impacting the hot zone and
leading to subauroral flow channel (FC) formation.

The main objective of this project was to investigate in detail how the various geophysical and
instability mechanisms impact the hot zone and the subauroral, auroral, and polar regions. Our
major goal was to investigate the coupled solar wind-magnetosphere-ionosphere (SW-M-I) system
for driver-response mechanisms in order to understand (1) how the hot zone becomes structured or
impacted by the various geophysical and instability mechanisms under magnetically quiet and
active conditions, (2) what sort of subauroral flows, auroral forms, and polar features develop due to
these impacts, and (3) what are the underlying driver mechanisms.

We obtained new results by employing and correlating multi-satellite and multi-instrument data
and by constructing and analyzing correlated observations of (i) the hot zone in the inner
magnetosphere and (ii) the various subauroral flows, auroral forms and polar features in the topside
ionosphere By integrating the new results and findings into the existing and evolving theories, this
project provided new insights and an improved understanding of the physical mechanisms
underlying the coupled SW-M-1 system. Understanding M-I coupled plasma jets and their plasma
environment is significant because of the severe impacts on propagating radio waves -causing
satellite/radar signal scintillations and dropouts- adversely affecting the auroral-middle latitude
range (Mishin & Blaunstein, 2008; Nishimura et al., 2021). Such importance is exemplified by the
recent advancements made in observations (Sinevich et al., 2023; Nishimura et al., 2023) and in
modeling (Mishin & Streltsov, 2023) reproducing fine-scale structures caused by ionospheric
feedback instability (IFI; Mishin & Streltsov, 2019) mechanisms. Thus, project outcomes benefit
current studies and research efforts at the AFRL and NRL, and add to the MURI (Multidisciplinary
University Research Initiative) project. To exemplify the significance of some of the new findings
obtained, one of the published articles became highlighted by the Editor of Journal of Geophysical
Research Space Physics.

2..2 Details of accomplishments during this project
2.2.1 Introduction

The hot zone (Gingauze & Bezrukikh, 1976) is the plasmasphere’s outer region (L>3 Rg) where
(i) the plasmasheet’s earthward inner edge and the ring current’s outer edge overlap (Frank, 1971),
(ii) the ion temperature (Gingauze & Bezrukikh, 1976) is high compared with the plasmasphere’s
inner region (L<3 REg), (iii) the electron temperature (Décréau et al., 1982) becomes also elevated,
and (iv) the temperature (ion and electron) rapidly changes with increasing L values. According to
recent studies (Mishin & Streltsov, 2021 and references therein), the hot zone is regarded as the
most important region of interest for understanding the development and maintenance of duskside
and nightside subauroral flows such as SAPS and SAID.

According to the fast-time generation theory put forward by recent studies based on
observational evidence (Mishin, 2013, Mishin et al., 2017, Mishin & Streltsov, 2020, 2021), SAID
and SAPS develop on a short time scale and the newly-formed M-I conjugate SAID and SAPS FCs
collocate with ring current injections, since the subauroral ionosphere maps to the overlapping ring
current/plasmasheet region in the inner magnetosphere (Phul-Quinn et al., 2007). Thus, SAID and
SAPS development starts in the magnetosphere and is related to the propagation of mesoscale
plasma flows (MPFs) into the plasmasphere (Mishin & Puhl-Quinn, 2003, Mishin et al., 2010;
Mishin, 2013; Mishin et al., 2017). MPFs (i.e. plasma injections related to bursty bulk flows
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(BBFs) originating from the magnetotail reconnection site) propagate into the inner magnetosphere
and form the properties of plasmasheet (Sergeev et al., 1999). As the earthward propagating
MPFs-related hot electrons become stopped at the plasmapause (when the electron density reaches
~10 cm™®), the MPFs-related hot ions move further inward until they become stopped by the
developing outward polarization E field near the plasmapause (Mishin & Sotnikov, 2017). In the
nightside equatorial magnetosphere, this outward polarization E field maps down to the subauroral
ionosphere as a poleward polarization E field and drives the sunward (westward) SAID and SAPS
flows. The newly-formed SAPS/SAID FC is located (i) on the plasma density trough’s poleward
boundary and shows no clear relation to the underlying plasma density and conductivity, (ii) at the
electron aurora’s equatorward edge forming a dispersionless cutoff, and (iii) within the
substorm-injected auroral ion precipitation regime appearing with an equatorward drop-off that
marks the SAPS/SAID FC’s equatorward edge.

2.2.2 Methodology

In this project, we conducted a series of detailed studies investigating the various subauroral
FCs’ and associated ionospheric features’ development unfolding in various magnetic local time
(MLT) sectors and under various geomagnetic conditions. We focused on the FCs’ newly-formed
state and on those MLT sectors that are less investigated and therefore less understood. These
include the dawn sector and the near midnight sector.

Since the subauroral FCs’ development starts in the inner magnetosphere, we utilized M-I
conjugate observations provided by the magnetosphere Time History of Events and Macroscale
Interactions during Substorms (THEMIS) and Van Allen Probes (VAP) satellites observing the
plasmapause and its environment and by the topside-ionosphere Defense Meteorological Satellite
Program (DMSP) spacecraft.

For specifying the events of interest, we surveyed many years of DMSP zonal drift velocity
plots. We surveyed the DMSP F15 plots for the calendar year of 2015 and specified 21
postmidnight (1-4 MLT) ASAID events and 13 postmidnight (1-4 MLT) SAID events, and also for
the calendar years of 2015-2016 and specified 24 near-midnight (23-2 MLT) SAPS events. We
also surveyed the DMSP F16 plots for the calendar year of 2015 and specified 6 dawnside (~6
MLT) SAID events and for the calendar years of 2016-2017 and specified 15 dawnside (3-6 MLT)
SAID events observed over the northern winter hemisphere. Finally, we also investigated the
various inner-magnetosphere configurations underlying the development of ASAID during
geomagnetically quiet times and the 7-8 September 2017 intense (SYM-Hmin=-146 nT)
geomagnetic storm for the various inner magnetosphere and topside ionosphere features.

2.2.3 Results and Discussion
2.2.3.1 Newly-formed dawnside, duskside, and nightside subauroral flows developed during
magnetically active times

In this study, we investigated a series of newly-formed (with an upper limit of ~101 min)
subauroral flows, as evidenced by their associated ring current (RC) injections and proton
precipitations (Mishin & Phul-Quinn; 2003). These flows include a newly-formed dawnside broad
subauroral FC and, for the first time, the newly-formed dawnside (~5-6 MLT) rapid narrow
subauroral flows. We also investigated the newly-formed duskside broad SAPS flows at ~15
MLT and the newly-formed nightside narrow SAID flows at ~19-20 MLT. With the observations
presented, we demonstrated the basic characteristics of the newly-formed dusk/nightside and
dawnside subauroral flows. Based on the observational evidence presented, we specified the
dawnside rapid narrow subauroral flows as the sunward (westward) SAID developed in the dawn
sector (as shown in Figure 1) and the dawnside broad subauroral FC as the dawnside sunward
(eastward) SAPS (as shown in Figure 2): the dawnside equivalent of the duskside sunward
(westward) SAPS associated with downward region 2 (R2) field-aligned currents (FACs). Further
evidence includes the inner-magnetosphere observations of the hot zone both on the dusk/nightside
and on the dawnside (as shown in Figure 3).
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Figure 1 shows on the dawnside the newly-formed sunward streaming westward SAID flow
(driven by the poleward SAID E field) in the dawn sector on 6 October 2015 and its plasma

environment.

Figure 1 illustrates the newly-formed sunward (westward) SAID developed on the dawnside on
the magnetically moderate (Kp<4) day of 6 October 2016.
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map illustrates the correlated ground-tracks of the dawnside descending passes of DMSP F16 (in
cyan) and NOAA-18 (in red) and the footprints of the THEMIS-A (TH-A; in light blue) and
GOES-13 (in magenta) satellites. In panel (b), the MLT versus MLAT polar map depicts the
locations of these satellite passes along with the sunward (westward) SAID FC (dot in cyan) and
localized subauroral proton peak (dot in red) appearing at similar magnetic latitudes on the
dawnside. In panel (c), the DMSP F16 and NOAA-18 line-plot sets illustrate (i) the sunward
(westward) SAID flow (shaded interval in yellow; Vxor=1,400 m/s) developed on the dawnside (at
~5-6 MLT) and appeared in the regime of substorm-injected RC ions evidencing its newly-formed
state and (ii) the equatorward propagating auroral streamers (shaded interval in cyan) in the
dawnside auroral zone. These auroral streamers, the ionospheric signatures (i.e. auroral footprints)
of the BBFs released from the magnetotail reconnection site (Lyons et al., 1999; Fairfield et al.,
1999), occurred during this dawnside SAID event implying the diversion of BBFs to the dawnside.
The diversions of BBFs imply also the formation of both the substorm current wedge (SCW) and
the R1-R2 FACs (Birn et al., 2004; Keiling et al. 2009). Thus, the RC protons had been carried
and injected earthward by the MPFs (Fok et al., 1996), originating from the BBFs, and the
earthward injected MPFs became short-circuited across the dawnside plasmapause just like on the
duskside across the duskside plasmapause (Mishin & Puhl-Quinn, 2007). In panel (d), the orbit
plots depict the orbit sections of interest (highlighted sections; GOES-13 in magenta; TH-A in light
blue) located below the magnetic equatorial plane and on the dawnside, and away from the
magnetopause. In panel (e), the line plots of GOES-measured electron flux illustrate a series of
particle injections (shaded interval in light magenta) during the time period of interest. In the
dawn sector, the newly-formed sunward (westward) SAID FC (marked as dot in cyan) was detected
during these particle injections. In panel (f), the TH-A line plots, covering the time period of
interest, show a series of plasma density dropouts (indicated by the decreased ion density (Ni) and
ion temperature (Ti) and ion velocity (Vi) and low inclination (I1<30°; shaded intervals in light blue).
As marked (dot in cyan; shaded interval in yellow), the newly-formed dawnside sunward
(westward) SAID FC was observed between two sets (an earlier set and a latter set) of flux dropout
events.

Figure 2 is constructed the same way as Figure 1 and illustrates a newly-formed dawnside broad
SAPS FC detected under storm conditions (Kp=8-) on 17 March 2015 by the DMSP F16 satellite
just before 5 MLT. Panels (a-b) show the correlated descending F16 and NOAA-15 passes near
Alaska tracking the dawnside broad SAPS flows (marked as dot in cyan) and associated dawnside
localized proton flux increase (marked as dot in red) at ~50 magnetic latitude (MLAT) evidencing
the dawnside SAPS flows’ newly-formed state. In panel (c), the DMSP F16 line plot sets illustrate
the dawnside SAPS flows (shaded interval in yellow; Vhor=1,500 m/s) appearing within the
mid-latitude trough’s poleward half and in the regime of dawnside upward R2 FACs that connected
with the dawnside dawnward R1 FACs at the equatorward edge of the dawnside auroral zone via
the dawnside equatorward directed ionospheric Pedersen currents.  In the dawnside auroral zone, a
dawnside auroral arc (shaded interval in cyan) appeared wherein the dawnside downward R1 and
upward R2 FACs connected with equatorward Pedersen currents and drove strong eastward drifts
streaming sunward and reaching Vror~4,000 m/s. Meanwhile, the upward drift varied in a similar
fashion. Within the dawnside auroral arc, the equatorward drift maximized at Vram~2,000 m/s.
As the correlated NOAA-15 proton differential flux line plot shows (in panel (c)), substantial
localized increases occurred on the dawnside: at subauroral [1.8x10° (1/cm?2-s-str-keV)] and auroral
[6.2x10° (1/cm?-s-str-keV)] latitudes under storm conditions. These demonstrate that both the
dawnside broad SAPS flows and the dawnside auroral arc were associated with trapped RC protons.
Shown in panels (d-e), GOES-13 observed on the duskside a series of particle injections during the
time interval of interest (shaded interval in light magenta) when the newly-formed dawnside broad
SAPS FC (dot in cyan) was tracked. As shown in panel (f) with the VAP-A line plot sets, the
newly-formed dawnside broad sunward (eastward) SAPS FC was associated with stretched
magnetic field lines (I1<10°) as evidenced by the Ne dropouts detected by VAP-A, but on the
duskside, as the orbit plots show in panel (d).
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Figure 2 shows on the dawnside the newly-formed sunward streaming eastward SAPS flow
(driven by the dawnside equatorward SAPS E field) in the dawn sector on 17 March 2015 and its
plasma environment.

Figure 3 illustrates the hot zone developed on the duskside during the 17 March 2015 dropouts
event observed by VAP-A (as shown in panel (a)) and on the dawnside during the 1 January 2016
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components (duskward; Ey>0 and outward; Ez<0).

dawnside SAID event observed by VAP-B (as shown in panel (d)). Panels (a-b) show the
duskside hot zone (shaded interval in light green) depicted by the increased plasma density and
temperature that became highly structured because of the electron dropouts occurring due to the
magnetic field line stretching in the tail region. The hot zone extended from 3 to 6.5 Re in the
dusk-nighttime sector (18-22 MLT) revealing that the electron dropouts caused its structuring.
Then, the duskside duskward and outward SAPS E field components (dot in green; shaded interval
in yellow) were tracked at 55.26 MLAT and 18.27 MLT. Panels (c-d) illustrate the hot zone on
the dawnside (shaded interval in light green) during the 1 January 2016 dawnside sunward
(westward) SAID event. Then, the dawnside hot zone was situated outward of the dawnside
plasmapause (between 7 and 11 Re), appeared in the regime of elevated proton temperature and was
highly structured (both in Ne and in Te). The dawnside duskward and outward SAID E field
components (dot in dark orange; shaded interval in yellow) were observed at 6.81 MLT and 52.50
MLAT.
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For the time period investigated we concluded that the unfolding magnetic field line stretching
(leading to plasma density dropouts) promoted the development of both: (1) the duskside and
dawnside subauroral flows by creating favorable conditions for the MPFs’ deeper earthward
movement, which is crucial for short-circuiting, and (2) the structured hot zone both (i) on the dusk
and nightside along with the duskward and outward SAPS E field components and (ii) on the
dawnside along with the duskward and outward SAID E field components.
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Figure 3: The VAP line plots depict the structured hot zone (shaded interval in light green) on the (a) duskside
and (c) dawnside along with the (a) duskside SAPS E field components and (c) dawnside SAID E field
Each polar plot shows the VAP satellite’s ground track
with the locations of E field (dot in color) and hot zone (highlighted section in light green) on the (b) dusk side
and (d) dawn side.



2.2.3.2 Sub-Auroral lon Drifts (SAID) developed over the northern winter hemisphere at
dawn during 2016-2017

In this study, we investigated the rare development of sunward streaming westward SAID FC in
the topside ionosphere’s dawn (3-6) MLT sector over the northern winter hemisphere. We
surveyed the DMSP F16 data for the calendar years of 2016-2017 and found 7 SAID detections
during 4.36-6.12 MLT in 2016 and 8 SAID detections during 3.79-5.60 MLT in 2017. Butonly a
few matching inner-magnetosphere observations were found showing the duskward and outward
SAID E field components. These provide observational evidence that the sunward (westward)
SAID flows of the topside ionosphere in the dawn MLT sector were driven by the outward SAID E
field, generated by short-circuiting (Mishin & Puhl-Quinn, 2007; Mishin, 2013), that mapped down
to the topside ionosphere as a poleward SAID E field. New findings include the observations of
localized heat source within the hot zone and near the newly-formed plasmapause, which develops
in the 21-06 MLT sector (Heilig et al., 2022), and the dispersionless hot ion/proton injections across
the localized heat source and in the hot zone. One example is shown in Figure 4.
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Figure 4 shows the 18 January 2017 sunward (westward) SAID event when the westward SAID flow
(driven by the poleward SAID E field) was streaming sunward in concert with the dawn cell related
sunward convection and when the hot zone developed on the earthward side.
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Figure 4 shows the 18 January 2017 dawnside sunward (westward) SAID event. In panel (a),
the northern-hemisphere map depicts the ground track of the DMSP F16 pass observing the SAID
FC at dawn (marked as dot in green) and the footprints of the GOES-15 (in purple) and THEMIS-A
(TH-A; in orange) orbit sections of interest. In panel (b), the DMSP F16 line plots show the
sunward (westward) SAID flow (shaded interval in yellow) appearing equatorward of the dawnside
auroral zone and the enhanced dawnside sunward auroral convection flow that was driven by the
dawnside equatorward E field, as the associated equatorward Pedersen current (Jp; marked in red)
connected the dawnside downward R1 and upward R2 FACs (marked in blue). But there were no
dawnside upward R2 FACs flown at subauroral latitudes as the development of
inner-magnetosphere outward SAID E field (mapped down to the ionosphere as a poleward SAID E
field driving the westward SAID flows streaming sunward) was created by short-circuiting (Mishin
& Phul-Quinn, 2007) and therefore independently of the large-scale R1-R2 FACs (Mishin, 2013).
In panel (c), the MLT versus MLAT polar plot shows the prevailing two-cell polar convection
operational, depicted by the dusk (in blue) and dawn (in red) cells and the tilted midday-midnight
MLT axis (because of the IMF By component) introducing a dawn-dusk asymmetry to the polar
convection pattern (Ruohoniemi & Greenwald, 2005). Here, we plotted the SAID FC (dot in
green) and SAID E field (dot in orange) locations appearing in the dawn sector and showing a close
correlation in MLT and MLAT. In panel (d), the orbit plots show the orbit sections of interest and
the SAID E field locations situated on the nightside below the magnetic equatorial plane and on the
dawnside. In panel (e), the TH-A time series depict the outward SAID E field and the signatures
of short circuiting. In panel (f) the GOES-13 line plots show a series of dispersionless particle
injections at geostationary orbit (~6.6 Re). As marked (shaded intervals in yellow), the injection
events occurred during the SAID detections made by DMSP and TH-A. The injections’
dispersionless nature provides observational evidence that GOES-15 was close to the injection
region. Thus, the outward SAID E field on the dawnside developed during the ongoing injections
of hot plasma (from the magnetotail reconnection site into the inner magnetosphere) creating
favorable conditions to short-circuiting the hot MPFs across the cold plasmapause leading SAID
development (Mishin & Puhl-Quinn, 2007; Mishin, 2013). Panel (g) shows a detailed illustration
of the hot zone where the localized heat source developed earthward of the plasmapause that was
newly-formed as implied by the dispersionless electron flux decreases (in the earthward direction)
measured over a wide energy range (Su et al., 2018).

For the time period investigated we concluded that the dawnward extension of both (1) the
reconnection-related RC injections and (2) the localized heat source across and near the
newly-formed plasmapause resulted in the development of the (i) outward SAID E field by
short-circuiting leading to the development of sunward (westward) SAID flows in the ionosphere’s
dawn (3-6 MLT) sector and (ii) downward heat flux in the inner magnetosphere leading to the
development of the stable auroral red (SAR) arc (after Te was sufficiently high) in the ionosphere’s
dawn (3-6 MLT) sector.

2.2.3.3 Subauroral flows and associated magnetospheric and ionospheric phenomena
developed during 7-8 September 2017

In this study, we investigated the 7-8 September 2017 geomagnetic storm (SYM-Hmin=-146
nT) during which a series of substorms occurred. For the specified five events (Events 1-5), we
studied (i) the SAPS flows and (ii) the various magnetospheric E fields developed, and (iii) these E
fields’ plasma environment characterized by various geophysical phenomena. These included the
particle dropouts in the magnetosphere near-Earth tail region, the Kelvin-Helmholtz (K-H) surface
waves forming rolled-up vortices on the magnetopause, the Near-Earth Plasma Sheet (NEPS) acting
as a resonator, and the hot zone near the plasmapause in the outer plasmasphere. Here, we
highlight Event-5 demonstrating the simultaneous observations of (a) the K-H waves/vortices near
the magnetopause, (b) the inner-magnetosphere hot zone that became structured by the reflected
K-H waves near the plasmapause and (c) the various auroral forms observed in the topside
ionosphere (as shown in Figures 5-6).
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Figure 5 shows the various magnetosphere and
during Event-5.

Figure 5 is constructed for Event-5 and depicts the various geophysical phenomena observed in
the inner magnetosphere (near the plasmapause) and in the magnetosphere (near the magnetopause).
In panel (a), the orbit plots show the highlighted orbit sections of interest that had been completed
during the recovery phase (under northward IMF and duskward IEF Ey conditions) by GOES-13/15
(in blue), VAP-B (in dark blue) and TH-D (in magenta). As shown in panel (b), VAP-B crossed
the plasmapause (PP; shaded interval in yellow) where the outward and duskward SAPS E field
developed (dot in dark blue) and observed the hot zone (shaded interval in blue) that became
structured by the reflected K-H surface waves in the NEPS resonator. The surface waves are
depicted by the periodic variations of cold-dense and hot-tenuous plasma with T=300s in the Pc5
(T=150-600s) range characteristic to K-H waves (Yumoto & Saito, 1980). Panel (c) shows that
TH-D observed near the magnetopause the K-H vortices (shaded interval in light magenta) that
activated the NEPS to act as a resonator. These K-H waves are depicted by the periodic (T=180s)
variations of the tenuous-hot-fast-moving magnetosphere plasma and dense-cold-slow-moving
magnetosheath plasma in the Pc5 (T=150-600s) range. In panel (d), the two GOES satellites
observed a series of dipolarization events with a series of sudden decreases followed by their
respective sudden increases. These are the respective signatures of stretched magnetic field-line
configurations (creating electron flux decreases) that became more dipole-like during the following
magnetotail reconnection related particle injections (creating electron flux increases). As marked,
the VAP-B-observed SAPS E field in the inner magnetosphere (dot in dark blue) and the
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DMSP-observed SAPS flows in the topside ionosphere (dots in cyan and green) commonly appear
in the regimes of high electron flux implying both dipole-like magnetic field line configurations and
reconnection-related particle injections.
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Figure 6 shows the various subauroral and auroral features observed in the topside ionosphere during
Event-5.

Figure 6 is constructed for Event-5 and depicts the resultant ionospheric features observed in the
topside ionosphere by DMSP F16 and 17. In panel (a), the northern-hemisphere map shows the
F16 (in green) and F17 (in cyan) ground tracks and the locations of the sunward (westward) SAPS
flows (dots in colors) observed. In panel (b), the MLT versus MLAT polar map shows that these
SAPS flows developed in the dusk sector along with the various auroral features observed by
DMSP (marked as highlighted sections in green and cyan). Here, we also mapped the locations of
the hot zone (highlighted section in light blue) and outward SAPS E field (dot in dark blue)
observed by VAP-B. In panels (c-d), the DMSP SUSSI images depict the various auroral features.
These include (i) the auroral undulations (AUs) and (ii) the poleward moving auroral forms
(PMAFs). As shown, the AUs and PMAFs were observed on the duskside (earlier at 13:26 UT
and later on at 14:10 UT) and thus cover a larger time period of the hot zone observed by VAP-B
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during 13.0-14.8 UT. In panels (e-f), the DMSP F16 and F17 line-plot sets depict the sunward
(westward) SAPS flows (shaded interval in yellow) and the signatures of AUs (shaded interval in
green) and PMAFs (shaded interval in cyan).

For the time period investigated, the new results include the demonstration of the simultaneous
development of (i) the K-H waves/vortices near the magnetopause, (ii) the inner-magnetosphere hot
zone that became structured by the reflected K-H waves near the plasmapause, and (iii) the various
auroral forms such as AUs and PMAFs observed in the topside ionosphere. Findings (i)-(iii)
provide further observations supporting the model of NEPS activation by K-H waves/vortices on
the magnetopause (Leonovich & Mazure, 2005) and explanations of the concurrent events of hot
zone structuring and auroral undulations. From these findings (i)-(iii) we concluded that the
reflected K-H waves structured the hot zone and led auroral undulations.

2.2.3.4 Abnormal Sub-Auroral lon Drifts (ASAID) developed in various inner-magnetosphere
configurations at geomagnetically quiet times

In this study, we investigated a series of inner-magnetosphere configurations, some of them
were suggested by Voiculescu & Roth (2008) and Voiculescu (2012), and one of them include the
hot zone. We also analyzed ASAID development based on the recent fast-time short-circuiting
theory put forward by Mishin & Puhl-Quinn (2007) for SAID development, and further studied the
plasmasheet rippling scenario put forward by Horvath & Lovell (2019a, 2019b) based on the model
of Maynard et al. (1996). Thus, we provided the required direct observational evidence with the
observations of various inner-magnetosphere configurations and with the correlated ASAID
observations obtained for the geomagnetically quiet (Kp= 3+) days of 30 November, and 7 and 9
December 2013. Here, we highlight the 9 December 2013 event (shown in Figure 7).
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Figure 7 shows the more complex inner magnetosphere configuration observed by TH-D that led to the
development of structured antisunward flows in the topside ionosphere detected by DMSP F17.
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Figure 7 illustrates the configuration of hot-RC—cold-inner-edge-plasmasheet interface leading
to the development of multiple ASAID channels observed by DMSP F17 in the topside ionosphere.
In panel (a), northern-hemisphere map shows the close correlations of the DMSP F17 and
NOAA-15 passes and the ASAID-related peaks (dots in colors) over Northern Europe and the
TH-D footprints (in dark green) over Northern Asia. In panel (b), the MLT versus MLAT plot
illustrates the ASAID flows observed by DMSP F17 and NOAA-15 in the dusk sector (~17 MLT)
and by TH-D in the nighttime sector (~20 MLT). In panel (c), the TH-D orbit plots show that the
multiple ASAID detections were made by TH-D over the southern hemisphere and close to the
equatorial plane on the nightside and duskside. Thus, TH-D observed ASAID close the source
region (i.e. close to the equatorial plane). In panel (d), the DMSP F17 and NOAA-15 line-plot sets
depict the signature of multiple ASAID appearing in the topside ionosphere as a wide (~4°) and
structured antisunward FC (shaded interval in yellow) at 17.23 MLT where the antisunward (-)
drifts reached ~-1,800 m/s. Within the structured antisunward FC, the NOAA-15 proton
differential flux line plot depicts the locally enhanced precipitation of energetic protons (i.e. hot RC
ions) appearing with undulations and thus implying RC injections and short-circuiting across the
plasmapause in the inner magnetosphere. Panel (e) shows the TH-D-observed plasma environment
of the ASAID E field and the inner-magnetosphere ASAID dawnward Ey and inward Ez
components. Panel (f) illustrates a larger region of the inner magnetosphere where TH-D observed
the hot zone (shaded interval in light magenta) and where the ASAID E field location situated
within the hot zone is marked (dot in green). Within the hot zone, the plasma density (Ni and Ne)
was structured showing multiple plasmapause signatures (Ne and Ni dropoffs) and depletions, while
the average ion (Vi=800 km/s) and electron (Ve=~3,300 km/s) drifts were highly elevated reaching
supersonic values and thus implying that the hot zone was associated with the violation of diffusive
equilibrium processes, as was concluded by the study of Vlasov & Tashkinova (1981). In panel
(9), the TH-D line plot sets illustrate the signatures of intense waves, bounded by the steep SC
potential gradients, that we specify as EMIC waves (Usanova et al., 2010). These time series
illustrate the process of wave-particle interaction at work within the hot zone, where the hot RC
ions with temperature anisotropy provided the energy for the generation of electromagnetic waves
(i.e. EMIC waves) in the Pcl range (T=0.2-5.0s; Jacobs & Watanabe, 1964). Panel (h) shows
further details by depicting the quasi-periodic modulations of EMIC waves, as they became
modulated by long-period ultralow frequency (ULF) waves on the same magnetic field lines and
formed a series of Pc1 pearl structures (Troitskaya & Gul’Elmi, 1967).

For the various (simple and complex) inner-magnetosphere configurations investigated we
concluded that ASAID developed due to short-circuiting and Larmor radius effects. While the
simple inner-magnetosphere configuration led to the development of a single ASAID FC, the
complex inner-magnetosphere configurations led to the development of complex subauroral
channels or multiple ASAID FCs. During short-circuiting, the EMIC waves developed also
promoted ASAID development since the interactions of hot energetic ions with the cold
plasmasheet plasma are their common drivers. Such interactions commonly occur across the
plasmapause during short-circuiting (Mishin & Puhl-Quinn, 2007), near the plasmapause during
EMIC wave excitation on the duskside (Kozyra et al., 1997; Summers et al., 1998), and near/across
the plasmapause in a certain inner magnetosphere configuration (Voiculescu & Roth, 2008;
Voiculescu, 2012).

2.2.3.5 Antisunward streaming westward Sub-Auroral lon Drifts (SAID) developed in the
postmidnight (1-4) magnetic local time sector during 2013 (JGR Space Physics Editor’s
highlight)

In this study, we investigated the rare development of antisunward streaming westward SAID
flows in the postmidnight (1-4 MLT) sector based on the 13 postmidnight SAID events occurred
during the calendar year of 2013 and the underlying geomagnetic conditions. We studied the M-I
conjugate SAID’s (a) ionospheric environment based on DMSP F15 observations (see one example
shown in Figure 8) and (b) inner-magnetosphere environment including the hot zone and underlying
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heating mechanisms based on correlated SAID E field events observed by VAP-B in the inner
magnetosphere (see examples shown in Figures 9 and 10).

Figure 8 shows the 10 July 2013 antisunward (westward) SAID event depicting the westward
SAID flow streaming antisunward after magnetic midnight. The locations of DMSP F15 03-04
passes (in magenta) and antisunward (westward) SAID FC (dot in magenta) are shown by a series
of maps. In panel (a), the southern-hemisphere map depicts the SAID FC over the South Atlantic.
In panel (b), the MLT versus MLAT polar maps illustrate the polar two-cell convection pattern with
the westward SAID FC streaming antisunward equatorward of the dawnward intruding dusk cell
and therefore in concert with the dawnward intruding dusk cell related convection. In panel (c),
the AMPERE generated polar map shows the large-scale upward (in red) and downward (in blue)
FAC pattern with no downward R2 currents near the SAID FC as SAID development does not
require large-scale FACs (Mishin, 2013). In panel (d) the DMSP SSUSI image shows the auroral
precipitation in the dusk cell and the location of SAID FC situated equatorward of the auroral
precipitation regime. In panel (e), the F15 time series depict the plasma environment of the SAID
FC (shaded interval in yellow) and the signatures of antisunward (shaded interval in cyan) and
sunward (shaded interval in light blue) dusk-cell-related convection flows in the postmidnight
auroral zone.

10 July 2013
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Figure 8 shows the 10 July 2013 antisunward streaming westward SAID event in the topside
ionosphere when the westward SAID flow (driven by the poleward SAID E field) was streaming
antisunward in concert with the dawnward intruding dusk cell related antisunward convection.
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Figure 9 illustrates the 17 May 2013 antisunward (westward) SAID event. In panel (a), the
southern-hemisphere map shows the satellite ground tracks of DMSP F15 and GOES (in colors),

and also the antisunward (westward) SAID FC location (dot in green).

In panel (b), the DMSP

F15 line-plot sets depict the SAID FC (shaded interval in yellow) and its plasma environment
including the dawn-cell-related strong sunward flows (shaded intervals in light orange) in the

postmidnight auroral z
and VAP satellite pass
the prevailing two-cell
the dawnside.

plasmapause (PP), th
environment.

one. In panel (c), the MLT versus MLAT polar plot shows the DMSP F15
es (in colors), the SAID FC and SAID E field locations (dots in colors), and
polar plasma convection characterized by a strong dusk cell extending into

In panel (d), the orbit plots show the VAP and GOES orbit sections of interest and
SAID-related locations (dots in colors).

In panel (e), the VAP line-plot sets illustrate the steep
e outward SAID E field (shaded interval in yellow) and its plasma

In panel (f), the GOES line-plot sets depict the signatures of dispersionless particle
injections just before the SAID detections (dots in colors, shaded interval in yellow).

In the AU

plot, the substorm onset is marked along with the SAID (dots in colors) and hot zone (shaded

interval) detections.

In panel (g), the VAP line-plot sets depict the hot zone tailward of the

newly-formed plasmapause: in the regime of plasmasheet’s earthward edge, the associated RC
protons (in red) and energetic electrons (in light blue), the underlying temperature anisotropy and
increased wave activity (in green and cyan), and the signatures of short-circuiting across the

newly-formed plasmapause.

Figure 9 shows the 17 May 2013 antisunward streaming westward SAID event when the westward SAID flow
(driven by the poleward SAID E field) was streaming antisunward in concert with the dawnward intruding dusk
cell related antisunward convection and when the hot zone developed on the tailward side of the plasmapause: in
the regime of plasmasheet’s earthward edge.

15

DISTRIBUTION A: Distribution approved for public release.



Figure 10 illustrates the 24 June 2013 antisunward (westward) SAID event. Figure 10 is
constructed the same way as Figure 9. Here, in Figure 10, we highlight some new features.
These include, as shown in panel (b), the dawn-cell-related strong sunward flows (shaded interval in
light orange) and also, shown in panel (g), the hot zone appearing earthward the newly-formed
plasmapause (PP) in the regime of trapped energetic electrons (in light blue) within the
plasmasphere and the localized heat source appearing across the newly-formed PP.

For the time period investigated we concluded that (i) different heating mechanisms became
activated and generated localized heating leading to the development of the hot zone (earthward or
tailward of the newly-formed plasmapause) and of (ii) the localized heat source (across the
newly-formed plasmapause). Heating was generated by wave-particle interactions due to (a) the
energetic particle population enhanced during short-circuiting, (b) the enhancement of
low-frequency waves (including EMIC waves) and within the turbulent plasmaspheric boundary
layer (TPBL) leading to SAR arc development on 1 June 2013) and/or (c) the amplification of
auroral kilometric radiation (AKR) waves triggered by the instability of energetic electrons (of
MPFs or BBFs) injected from the reconnection region.
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Figure 10 shows the 24 June 2013 antisunward streaming westward SAID event when the westward SAID flow
(driven by the poleward SAID E field) was streaming antisunward in concert with the dawnward intruding dusk
cell related antisunward convection and when the hot zone developed on the earthward side of the plasmapause: in
the regime of trapped energetic electrons.
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2.2.3.6 Abnormal Sub-Auroral lon Drifts (ASAID) developed in the postmidnight (1-4)
magnetic local time sector in 2013

In this study, we investigated the rare phenomenon of antisunward (eastward) ASAID FC
occurring in the postmidnight (1-4) MLT sector of the topside ionosphere based on the 21
observations made by the DMSP F15 spacecraft during the calendar year of 2013. These
observations provided the opportunity to investigate the antisunward (eastward) ASAID FC’s
various aspects, which have not been investigated before such the distribution of large-scale FACs
observed by AMPERE, the underlying plasma density trough and auroral features (as shown in
Figure 11), and M-I conjugacy along with the underlying generation mechanism of fast-time
development by short-circuiting (Mishin & Puhl-Quinn, 2007; Mishin. 2013) applied to ASAID and
the MPFs-associated auroral features (as shown in Figure 12).
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Figure 11 shows the 21 March 2013 antisunward streaming eastward ASAID event in the topside
ionosphere when the eastward SAID flow (driven by the equatorward SAID E field) was streaming
antisunward against the dawn cell related sunward convection.

Figure 11 is constructed for the antisunward streaming (eastward) ASAID FC detected on 21
March 2013 after midnight and illustrates the underlying polar convection, large-scale FAC
distribution, and postmidnight auroral and plasma environment. In panel (a), the
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southern-hemisphere map depicts the DMSP (in orange) descending F15-03 pass tracking the
ASAID FC (dot in orange) near the South American continent and the ascending F15-04 pass near
Australia, and the footprints of GOES-13 (in light green) during the time period of interest (1-13
UT). In panel (b), the GOES-13 line plots depict the signatures of substorm injections,
characteristic to fast MPFs (Sergeev et al, 2014), just before the ASAID FC detection and thus
imply the ASAID FC’s fast-time development by short-circuiting. In panel (c), the MLT versus
MLAT polar map illustrates the underlying tilted two-cell polar convection pattern. As shown, a
smaller dusk cell (in blue) and a larger dawn cell (in red) developed with a convection axis tilted in
the 9-21 MLT direction.  This tilt shifted the dayside magnetopause reconnection site dawnward to
~9 MLT and the nightside magnetotail reconnection site duskward to ~21 MLT, where GOES-13
was located (dot in light green) and observed the magnetotail-reconnection-related dispersionless
particle injections (shown in panel (b)) just before the ASAID detection. Here, in the
postmidnight sector, the eastward ASAID flow was streaming antisunward, against the dawn cell
related sunward convection. In panel (d), the AMPERE polar map shows that no R2 FACs had
been flowing to subauroral latitudes and thus provide observational evidence that the ASAID FC
developed independently of the large-scale R1-R2 FACs. In panel (e), the DMSP SUSSI image
(taken near the time of the ASAID FC detection) depicts various auroral signatures. These include
the signatures of (i) the dawn convection cell seen in the auroral precipitation since large-scale
FACs are associated with both the polar convection cells and the auroral precipitation regimes (e.g.
Wing et al., 2010), (ii) the auroral arcs developed near the poleward oval boundary, and (iii) the
auroral streamers near the poleward auroral arc. Signatures (i) and (iii) provide observational
evidence that the auroral convection flows were sunward directed in the postmidnight sector and
that the antisunward (eastward) ASAID FC was quite newly-formed and developed soon after
particle injections (as shown in panel (b)), since auroral streamers are the ionospheric footprints of
BBFs/MPFs (Sergeev, et al., 1999). We mapped the GOES-13 location, the ground track of F15
03-04 pass, and the ASAID FC location illustrating the ASAID FC equatorward of the postmidnight
auroral zone’s precipitation regime. In panel (f), the DMSP F15 line-plot set depict the
antisunward (eastward) ASAID FC (Vhor=-1,810 m/s; dot in orange, shaded interval in yellow)
with its underlying upward drift (Vver=601 m/s), the enhanced sunward auroral flows (VHor=607
m/s; shaded interval in light red) associated with the above-described poleward auroral arc, and the
polar cap region tracked in the premidnight (~0-20 MLT) sector. Showing no gradient change
within the ASAID FC, the 6By and 6Bz line plots imply no large-scale FACs flowing into the
subauroral region (as also shown by the above-described AMPERE image), since short-circuiting is
not associated with large-scale R1-R2 FACs (Mishin, 2013).

Figure 12 shows the correlated closely in MLT and MLAT but loosely correlated in UT
postmidnight observations made on 2 June 2013. In panel (a), the southern-hemisphere map
shows the ground track of the DMSP (in light green) descending F15-04 pass over the South
Atlantic where the antisunward (eastward) ASAID FC (marked as symbol dot in light green) was
detected and the ascending F15-04 pass