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Abstract To understand magnetosphere-ionosphere conditions that result in thermal emission velocity
enhancement (STEVE) and subauroral ion drifts (SAID) during the substorm recovery phase, we present
substorm aurora, particle injection, and current systems during two STEVE events. Those events are
compared to substorm events with similar strength but without STEVE. We found that the substorm
surge and intense upward currents for the events with STEVE reach the dusk, while those for the
non-STEVE substorms are localized around midnight. The Time History of Events and Macroscale
Interactions during Substorms (THEMIS) satellite observations show that location of particle injection and
fast plasma sheet flows for the STEVE events also shifts duskward. Electron injection is stronger and ion
injection is weaker for the STEVE events compared to the non-STEVE events. SAID are measured by
Super Dual Auroral Radar Network during the STEVE events, but the non-STEVE events only showed
latitudinally wide subauroral polarization streams without SAID. To interpret the observations, Rice
Convection Model (RCM) simulations with injection at premidnight and midnight have been conducted.
The simulations successfully explain the stronger electron injection, weaker ion injection, and formation
of SAID for injection at premidnight, because injected electrons reach the premidnight inner
magnetosphere and form a narrower separation between the ion and electron inner boundaries. We
suggest that substorms and particle injections extending far duskward away from midnight offer a
condition for creating STEVE and SAID due to stronger electron injection to premidnight. The THEMIS
all-sky imager network identified the east-west length of the STEVE arc to be ~1900 km (~2.5 h magnetic
local time) and the duration to be 1-1.5 h.

Plain Language Summary STEVE (strong thermal emission velocity enhancement) occurs
during auroral activation called substorm, but only a small fraction of substorms come with STEVE.
This study addresses what special auroral conditions are needed to create STEVE, and how the near-Earth
space creates conditions for driving STEVE. We found that aurora during STEVE spreads much

farther away from midnight than during non-STEVE substorms. In this situation, high-energy electrons
access the near-Earth space more efficiently and drive a stronger plasma jet stream. The strong jet stream
and related wave processes provide energy for driving the STEVE emission. NASA's Time History of
Events and Macroscale Interactions during Substorms (THEMIS) satellites and Rice Convection Model
simulations confirm the supply of high-energy electrons and the formation of the jet stream during the
STEVE events.

1. Introduction

Plasma convection in the premidnight subauroral ionosphere is often enhanced at narrow (<a few degrees)
latitudes, known as subauroral polarization streams (SAPS) (Foster & Burke, 2002). The latitudinal extent of
the flows can occasionally become a degree or less with the peak speed exceeding a few km/s. Such narrow
flows are called subauroral ion drifts (SAID) as a subset of SAPS. SAPS and SAID form as a result of
magnetosphere-ionosphere feedback processes, where a latitudinally confined downward region-2 (R2)
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field-aligned currents (FACs) into the subauroral ionosphere, whose conductance decreases due to fast flows
(Schunk et al., 1975) and requires larger electric fields to close the current (Anderson et al., 1993). Seasonal
dependence of SAID also indicates the importance of ionosphere conditions for SAID occurrence (He
et al., 2014). Mishin and Puhl-Quinn (2007) suggested that particle injection and short circuiting of mesos-
cale plasma flows could form SAID.

While both SAPS and SAID occur during magnetically active times, notable differences can be found in
terms of occurrence timings. SAPS (here we particularly refer to ones without SAID) respond almost
immediately to substorms (Mishin & Mishin, 2007; Nishimura et al., 2008; Zou & Nishitani, 2014). In
contrast, SAID are more often found during the substorm recovery phase (Anderson et al., 1993;
Makarevich et al., 2011), although SAID could also occur during the expansion phase (Mishin, 2016).
The timing difference between SAPS and SAID indicates that the magnetospheric state during SAID
is quite different from SAPS and brings up interesting questions about what is the magnetospheric
driver(s) of SAID, and how different those magnetospheric conditions are compared to SAPS. Even
when SAPS and SAID occur at the same time, SAID are located closer to midnight and SAPS are found
duskward of SAID (Anderson et al., 2001). Although a number of SAPS simulation studies have repro-
duced basic properties of SAPS (e.g., Ferdousi et al., 2019; Yu et al., 2015), it has been challenging to
simulate SAID due to difficulties in accurately specifying localized magnetospheric drivers. Particle
injection has been considered to initiate SAID (Buzulukova et al.,, 2010; Wei et al., 2019; Zhang
et al.,, 2009). However, it is not understood what nature of particle injection distinguishes SAPS and
SAID. This calls for a detailed observation and modeling study of magnetosphere conditions for driving
SAID.

Recently, the strong thermal emission velocity enhancement (STEVE) has been found to be a subauroral
optical feature associated with SAID with larger magnitudes than average SAID (Archer et al., 2019;
MacDonald et al., 2018). Since plasma flow measurements are often limited in space and time, the optical
signature can be useful for finding when and where intense SAID exist. Nishimura et al. (2019) showed that
STEVE corresponds to SAID, waves, and ion and electron injection boundaries nearly collocated with each
other in the inner magnetosphere. Since STEVE occurs during the substorm recovery phase (Gallardo-
Lacourt et al., 2018), substorm injection from the magnetotail is likely the energy source. However,
STEVE is much less common than substorms (Gallardo-Lacourt et al., 2018), indicating that only a certain
type of substorms possesses conditions for STEVE's occurrence. Revealing such conditions would contribute
to understand how intense SAID forms.

The purpose of the present study is to examine magnetospheric conditions for STEVE and intense SAID
during the substorm recovery phase. Specifically, we investigate substorms with and without STEVE and
examine differences in auroral structures, particle injection, and currents. We show that large duskward
expansion of the substorm activity and injection provides stronger electron injection and SAID than for
non-STEVE substorms.

The Time History of Events and Macroscale Interactions during Substorms (THEMIS) all-sky imager (ASI)
network in North America is used to detect STEVE and auroral structures in the auroral oval. Defense
Meteorological Satellite Program (DMSP) Special Sensor Ultraviolet Spectrographic Imager (SSUSI) data
also assists to find the spatial extent of substorm aurora. The THEMIS satellites in the magnetotail
measure plasma sheet particles and electromagnetic fields. The Super Dual Auroral Radar Network
(SuperDARN) radars identify SAPS and SAID. The spherical elementary currents systems (SECS) method
provides vertical currents derived from the divergence of the curl-free system from the network of ground
magnetometers as a proxy of FACs (Weygand & Wing, 2016; Weygand et al., 2011). We selected two
STEVE events with the THEMIS satellites in the nightside plasma sheet. Two other events with similar
magnetic conditions and satellite locations but without STEVE were selected for examining differences
in auroral and plasma sheet conditions between the STEVE and non-STEVE events. The Rice
Convection Model-Equilibrium (RCM-E) simulation model (Toffoletto et al., 2003; Yang et al., 2011) is
used to interpret observation results. A companion paper by Nishimura et al. (2020) presents
low-altitude satellite measurements and discusses evolution of particle boundaries in the topside
ionosphere for events with and without STEVE. The present paper pays attention to magnetosphere and
auroral signatures.
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Figure 1. A substorm event on 26 March 2008. (a) AU and AL indices, THEMIS ASI keograms at (b) Inuvik (INUV) and
(c) McGrath (MCGR, turned on at 6:40 UT), (d) SuperDARN line-of-sight velocity data at King Salmon (KSR), and

(e) SSUSI Lyman-Birge-Hopfield long (LBHL, 165-180 nm) data from DMSP 16 and 17 at 6:50-7:20 UT. DMSP 17 was in
the Southern Hemisphere. See Figure 2 for the THEMIS ASI locations.

2. Results
2.1. The 26 March 2008 Event With STEVE

Figures 1-3 present a satellite-ground conjunction event of STEVE on 26 March 2008. Low-altitude satellite
data of this event are studied in Nishimura et al. (2020). The expansion phase of a substorm started at ~6:10
UT (Figure 1a) and the peak AL index was —800 nT. Figures 1b-1c present THEMIS ASI keograms at 20-21
magnetic local time (MLT) in Alaska, where STEVE was detected. The subauroral ionosphere showed
diffuse aurora during the expansion phase at 06:15-07:00 UT (proton aurora; see Nishimura et al., 2020),
and then a STEVE arc appeared during the recovery phase between ~07:22 and ~09:00 UT (Figure 1c).
Colored photographs by a citizen scientist during this event show a mauve-colored STEVE arc equatorward
of green diffuse aurora (http://www.spaceweather.com/aurora/gallery_01mar08_page4.htm). The STEVE
arc was preceded by a large auroral brightening in the poleward portion of the auroral oval in Alaska starting
at ~06:30 and rebrightening at ~07:00 UT (Figure 1b), and a rapid equatorward shift of the equatorward
boundary of the auroral oval (Figure 1c). The SuperDARN line-of-sight (LOS) velocity data in the STEVE
region show a latitudinally narrow (~1°) and enhanced velocity during the recovery phase (Figure 1d),
whose flow speed and latitudinal motion are correlated with STEVE arc's luminosity and latitudinal motion.
In Figure S5a in the supporting information, the LOS velocity is converted to the westward flow assuming
that the LOS velocity is a projection of the westward flow. It clearly shows that the westward velocity exceeds
1 km/s in a narrow (~1°) latitude range measured by full-width half-maximum during the recovery phase,
satisfying the Foster and Burke (2002) definition of SAID. During the expansion phase, there was no
persistent narrow and fast flow peak. Nishimura et al. (2020) showed using two radars and DMSP conjunc-
tions that this is a SAID flow channel. In the DMSP SSUSI data at 6:50-7:20 UT (Figure 1e), the substorm
auroral bulge extended to ~18.5 MLT, and the substorm active aurora filled the dusk-midnight sector.

Figure 2 shows selected snapshots of the THEMIS ASI data and vertical currents using the SECS method.
Prior to the substorm (Figure 2a), the currents in the premidnight sector were weak and showed a typical
large-scale upward region-1 (R1) and downward region-2 (R2) pattern. During the expansion phase
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Figure 2. Selected THEMIS ASI snapshots mapped to the sky at 110 km height for the Figure 1 event. The red and blue
dots overlaid on the imager data show vertical upward and downward currents using the SECS method. The size of
the dots indicates the strength of the currents (scaled to the 2.5 uA/m2 reference size shown at the bottom right corner).
The magnetic footprints of the THEMIS satellites using the T01 model (Tsyganenko, 2002) are marked in green.
Locations of the ground magnetometers are marked by yellow dots in Figure 2. The blue line marks the magnetic
midnight. The whole sequence of the ASI and SECS data is given in Movie S1.

(Figures 2b-2d), most intense upward currents were located over the surge. The surge was initially located
near midnight (22 MLT) and then propagated to 20 MLT within 30 min. The surge then left the imager
coverage and reached at least 18.5 MLT (Figure 1d). Proton aurora was the only notable emission at
subauroral latitudes during the expansion phase (see Polar Operational Environmental Satellites [POES]-
17 data shown in Figure 3 of Nishimura et al., 2020). In the early recovery phase at 07:00-07:20 UT, the
surge and streamers reactivated (Figure 2d) and the auroral equatorward boundary moved equatorward,
while the subauroral proton aurora faded away. Then the STEVE arc appeared just equatorward of the
auroral oval (Figure 2e) within the longitude range where the surge and streamers were present. The
entire extent of the STEVE arc was covered by three imagers (Figure 2f), and the arc extended over 2.5 h
MLT length (1,950 km). Then the STEVE arc disappeared near the end of the substorm (~1.5 h duration).
The R2 currents near the equatorward boundary of the auroral oval at premidnight were downward
during the early expansion phase (Figures 2b and 2c) and then turned upward during the late expansion
(>21 MLT, Figure 2d) and recovery (>19 MLT, Figures 2e-2f) phases. Here we pay attention to upward
currents over diffuse aurora near the oval equatorward boundary and do not include the upward current
over the surge. The currents in the poleward portion of the auroral oval also changed from upward to
downward after the passage of the surge and streamers. Morphologically, the premidnight region appears
to be connected to the postmidnight current system (downward R1 and upward R2) during the late
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Figure 3. THEMIS-A, E, and C data during the Figure 1 event. From top to bottom, each column shows the magnetic field, ion velocity perpendicular to the
magnetic field, pressure (red: ion thermal pressure, blue: electron thermal pressure, black: magnetic pressure), ion energy flux, and electron energy flux.

THEMIS is located at premidnight.

expansion and recovery phases. This premidnight current distribution is drastically different from typical
FAC distributions at premidnight during substorms and enhanced geomagnetic activity, where currents at
premidnight are upward in R1 and downward in R2 (Anderson et al., 2018; Korth et al., 2011).

Figure 3 shows in situ data from THEMIS-A, E, and C. All satellites detected a series of dipolarizations, fast
flows, and particle flux enhancements but with time delays: ~06:05-07:20 UT at THEMIS-A at ~22 MLT,
~06:10-07:23 UT at THEMIS-E at ~21.7 MLT, and ~06:50-08:30 UT at THEMIS-C at ~20.3 MLT.
THEMIS-C detected tailward flows and thus was located tailward of the reconnection region. The plasma
B (the ratio between the thermal and magnetic pressures in the fifth panels) during the fast flows was close
to 1, indicating that the satellites were in the central plasma sheet. Despite being at premidnight, THEMIS-A
and E measured notable dispersionless electron injection at each dipolarization, where an arbitrary refer-
ence level of flux (10° [eV/cm? s sr eV]) was found up to 100 keV. The electron energy flux during the injec-
tions peaked at ~10 keV on average. The electron temperature was ~3 keV, and the ratio between the ion and
electron temperatures (7;/T.) was ~2 during the fast flows. The ratio between the ion and electron pressures
(P;/P,) during the fast flows was ~2.3. The temperature and pressure occasionally went down during the sub-
storm expansion phase, but those were seen outside the dipolarizations and fast flows. Our focus is on
plasma being injected to the inner magnetosphere during the fast flows.

2.2. March 11, 2008 Event Without STEVE

We compare the properties of the STEVE event in section 2.1 to those of a substorm event without STEVE
shown in Figure 4. The Figure 4 substorm event has a strength (AL ~ —600 nT), onset time (05:55 UT),
and onset location (22 MLT) that are comparable to the section 2.1 event. In addition, this event occurred
in the same year and month (March 2008) and a similar level of the presubstorm magnetic activity
(IALI < 100 nT). However, no optical emission was found equatorward of the auroral oval (Figures 4c and
4e), and subauroral flows had more than 1° of latitudinal extent (Figure 4d), that is, SAPS without SAID.
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Figure 4. A substorm event on 11 March 2008 without STEVE. (a) AU and AL, imager keograms at (b) Fort Yukon
(FYKN) and (c) GAKO, (d) SuperDARN velocity, (e) imager data snapshot and SECS currents at 6:48 UT, and
(e) DMSP SSUSI LBHL data at 6:40-7:10 UT. The whole sequence of the ASI and SECS data is given in Movie S2.

See also Figure S5b. These events offer a good opportunity to find conditions that differentiate STEVE/SAID
and non-STEVE/SAPS events.

Figure 4e shows a snapshot of aurora and currents 1 h after the substorm onset near the end of the expansion
phase. In contrast to Figure 2, the most intense aurora (expansion-phase surge and streamers) and upward
currents stayed close to the onset MLT (22 MLT). This is not due to the limited coverage of the THEMIS ASlIs,
but the DMSP SSUSI imaging (Figure 4f) also shows that the substorm surge was much more localized than
in Figure 1d. Movie S2 and Figure 4b show that an auroral brightening was eventually seen over Alaska at
7:11 UT, but it only lasted for ~10 min and did not have a significant impact to the SECS currents, in contrast
to the Figure 2 case, where the intense surge and associated currents reached Alaska when the AL index was
nearly at the peak value. Rather, the AL index shows that it was in the substorm recovery phase, where the
currents were overall decaying in time. We consider that it was a weak brightening in the recovery phase
rather than an intense surge propagating to Alaska. The premidnight R2 currents were mostly directed
downward, consistent with typical premidnight FACs during active times (Anderson et al., 2018; Korth
et al., 2011).

THEMIS-D was located in the central plasma sheet (8 > 3) and close to the location of THEMIS-E in the
section 2.1 event (Figures 5a-5g, 11.8 R and 22.4 MLT during the fast flows). THEMIS-C was nearly at
the same MLT and detected similar features further downtail. Both satellites detected a series of dipolariza-
tions, fast flows, and particle injections at 5:30-7:00 UT, as typical signatures of a substorm. However, a nota-
ble difference from the previous event is the strength of the electron injection. Comparing THEMIS-D in this
event and THEMIS-E in Figure 3, the electron temperature in Figure 5d was lower (T, = 2 keV on average
during the injections), and the 10° [eV/cm? s st eV] flux only reached ~30 keV on average. The ion energy
flux and energy were larger (T; = 10 keV, T;i/T, = 5, Pi/P. = 4) than in the section 2.1 event, indicating that
the non-STEVE substorm event was dominated by ion injection, while the STEVE event had a larger contri-
bution of electron injection. In addition, the dawn-dusk electric field was weaker than in the previous event
(Figures 3c and 5c).
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Figure 5. THEMIS-D and C satellite data for the Figure 4 event. The format is the same as in Figure 3. THEMIS-D and C
are located at premidnight.

2.3. The 5 April 2010 Event With STEVE

We use another pair of events with and without STEVE (Figures 6 and 7), where the THEMIS satellites were
located at midnight. Figure 6 summarizes the space-ground observations of the 5 April 2010 STEVE event.
This event shows similar features to the section 2.1 event. This substorm had a peak AL of —550 nT, and the
STEVE arc occurred at 05:30-06:30 UT, soon after a large auroral brightening and equatorward shift of the
equatorward boundary of the auroral oval near the end of the expansion phase (Figures 5b and 5c). SAID
flows of ~1° latitudinal extent occurred when STEVE was present (see also Figure S5c). The arc extended
over 2.5 h MLT length (1,900 km). The largest upward currents during STEVE were found at 19 MLT, and
much of the premidnight R2 currents was directed upward. The DMSP SSUSI data show that the substorm
surge reached 18 MLT and the substorm bulge spanned the entire dusk-midnight sector. This STEVE arc was
not detected in the SSUSI data likely because the latitudinal extent of the arc (15 km) was smaller than the
SSUSI spatial resolution (~20 km).

THEMIS-A was located near midnight with 8 ~ 1 (Figure 8). Similar to the Figure 3 event, the 10° [eV/cm® s
sr eV] flux was found up to ~100 keV on average, while T;/T, was ~1, and P;/P, was ~2. The dipolarizations
were gradual, indicating that the satellite is away from the injection region, which is consistent with the aur-
oral measurements that the surge is located far duskward.

2.4. February 1, 2008 Event Without STEVE

The STEVE event in section 2.3 is compared to a substorm event without STEVE, shown in Figure 7. Both
events had THEMIS in the plasma sheet near midnight at a similar radial distance and a magnetically quiet
precondition (IALI < 100 nT). The Figure 6 substorm event was weaker (AL ~ —300 nT) and thus magnitudes
cannot be compared, but we only compare the morphology of the measured properties. There was no STEVE
emission in the subauroral ionosphere (Figure 7c). Movie S4 shows a diffuse emission at 6:15-6:40 UT, but it
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Figure 6. A substorm event on 5 April 2010 with STEVE between 5:30 and 6:30 UT. The format is the same as in
Figure 4. The whole sequence of the ASI and SECS data is given in Movie S3.

is proton aurora with temporal intensity modulation associated with Pcl pulsation (Figure S7) (Nomura
et al., 2016). The subauroral flows spread over >3° latitude and thus those are SAPS flows without SAID
(Figures 7d and S5d). The largest upward currents were seen at midnight, and the premidnight currents
showed an upward R1 and downward R2 structure. The surge only reached ~21 MLT (Figures 7e and 7f).

THEMIS-D was located near midnight in the central plasma sheet (8 ~ 2) and detected a sharp dipolarization
front and fast flow, indicating that the satellite was in the injection region. It is consistent with the auroral
measurements that the surge was located near midnight. Comparing to the THEMIS measurements in the
section 2.3 event, the injection location in this event is located closer to midnight. The 10° [eV/cm® s sr
eV] flux was found only up to 50 keV on average. On the other hand, the ion flux and energy were higher
than in the previous event. These differences can also be seen as a higher T;/T, (~3) and P;/P, (~3). The tem-
perature difference suggests that THEMIS-A in the section 2.3 event was located dawnward of the injection
location and measured electrons drifting away from the injection region.

2.5. RCM Simulation

A comparison of the four conjunction events above indicates notable differences between the STEVE and
non-STEVE substorm events. The STEVE events are associated with a substorm surge and upward currents
extending to the dusk, and SAID flows. The duskward extension of the substorm activity corresponds to
duskward propagation of magnetotail reconnection and particle injection locations, and contributions of
electron injection are larger. In the non-STEVE events, the substorm auroral activity is more localized
around midnight, subauroral flows are wider in latitude (SAPS without SAID), and contributions of ion
injection are larger. These results indicate that the duskward shift of injection could be related to the
SAID occurrence and collocation of the ion and electron injection boundaries seen in the event studied by
Nishimura et al. (2019).

To quantify the role of the duskward shift of the injection location in SAID and injection boundaries, we con-
ducted two RCM-E simulation runs. The model setup follows the previous RCM-E simulations by Yang
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Figure 7. A substorm event on 1 February 2008 without STEVE. The format is the same as in Figure 4. The whole
sequence of the ASI and SECS data is given in Movie S4.

et al. (2011, 2012, 2014). The outer boundary near midnight is at 15 Rg. The ionospheric conductance is
obtained by the sum of the International Reference Ionosphere-90 empirical ionospheric model and
enhancement due to plasma sheet electron precipitation (Chen & Schulz, 2001). The initial equilibrium
condition is obtained by steady convection with a 30 kV polar cap potential drop until t = 0. After t = 0,
bubbles are injected three times (at ¢t = 0, 10, and 20 min) at the outer boundary at 23 MLT (Run 1) and
21 MLT (Run 2). For each bubble, the flux tube entropy parameter PV°’3 at the outer boundary is reduced
to 50% of the value prior to the bubble injection for 5 min. The width of the bubbles is 0.5 h MLT. For
other times and locations, the boundary conditions are set the same as during the steady convection interval.

Figures 9a-9c show results for the bubble injections at 23 MLT (Run 1), 4 min after the first bubble was
injected through the outer boundary. A reduced entropy channel can be found at 23 MLT (Figure 9a), and
the enhanced electric field characterizes the fast flow channel (Figures 9b and 9c). The background ion
hot plasma density (constituting the ring current) was located at ~6-8 Ry peaking at midnight. At premid-
night, the earthward boundary of the electron hot plasma density (electron plasma sheet) was located tail-
ward of the ion earthward boundary. SAPS flows were found at ~19-21 MLT and 6.6-8 Rg.

After the bubble injections at ¢ = 35 min (Figures 9d-9f), the ion earthward boundary at 19-22 MLT was
found more earthward due to the injections and subsequent duskward drifts, while the electron earthward
boundary at >22 MLT shifted earthward due to the injections and dawnward drifts. The SAPS electric field
intensified (i.e., denser potential contours), but the radial width of the electric field stayed essentially the
same. Because most of the injected electrons did not reach the premidnight sector, the injected electrons
did not substantially affect SAPS in this simulation run.

In simulation Run 2 with bubbles injected at 21 MLT (Figures 9g-91), the electrons were injected to the pre-
midnight sector and they were found to significantly affect SAPS. The ions at 21 MLT were injected slightly
earthward and were confined around 6 Rg, while the electrons were injected earthward more substantially
due to the enhanced electric field in the flow channel. As a result, the earthward boundaries of the ions and
electrons at 20-21 MLT were nearly collocated. The SAPS electric field in this region became confined to the
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Figure 8. THEMIS satellite data for the Figures 6 and 7 events. The format is the same as in Figure 3 except that the
electric field data are not shown due to satellite charging. The THEMIS satellites are located near midnight.
THEMIS-A was in Earth's shadow during the shaded time interval and is not used.

narrow (~0.5 R width) region between the earthward boundaries of ions and electrons. The ~0.5 R width
around the geosynchronous orbit maps to ~1° latitude width, and thus this is the SAID electric field. The
SAPS region has shifted further to the dusk. The narrower width of flow from dusk to premidnight is
consistent with SAID observations (Anderson et al., 2001).

Figure S6 compares simulated FACs in the ionosphere for the two RCM-E runs at ¢ = 35 min. In simulation
Run 2, the R2 FACs below 65° MLAT have shifted duskward by ~1 MLT (down to ~21 MLT as opposed to
~22 MLT for Run 1). This is consistent with the observation that more upward R2 FACs were seen in the
premidnight sector for the SAID/STEVE events.

The comparison between the two simulation runs suggests that, when the particle injection region shifts
duskward, more electrons access the premidnight sector and reduce the L-shell separation of the earthward
boundaries of ions and electrons. The SAPS electric field is confined to the narrow separation of the particle
boundaries because the region between the equatorward boundaries of the R2 FACs (ion earthward bound-
ary) and electron precipitation (electron earthward boundary) also becomes narrow. The reduced width of
the particle boundaries due to premidnight electron injections could be the condition for creating SAID
by shrinking the L-shell (or latitude in the ionosphere) extent of the SAPS. The narrow width of the particle
boundaries and the confinement of the SAID electric field between the particle boundaries are consistent
with the in situ observations (Nishimura et al., 2019) and low-altitude satellite observations (Nishimura et
al., 2020). The duskward shift of the injection location also explains the duskward extension of the upward
R2 FAGCs. In this simulation, we injected only three bubbles for simplicity, but in reality more injections
occur over a longer time period during a substorm. Thus, the simulated structures seen at t = 35 min would
not be a transient but longer-lasting structures.
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3. Conclusion

We examined magnetosphere-ionosphere conditions that are associated with STEVE and SAID during the
substorm recovery phase, by comparing substorms with and without STEVE. We found that the substorms
with STEVE and SAID are characterized by the substorm surge and upward currents propagating to the
dusk, resulting in the substorm auroral activity that extends over the entire dusk-midnight sector.
Substorm injection location also shifts duskward, and injection near midnight has larger contributions by
electrons. Upward R2 FACs also extends duskward. For the substorms without STEVE, SAID were absent,
the substorm auroral activity was localized near midnight, and injection near midnight was more dominated
by ions. The RCM-E simulations showed that injection at premidnight brought more electrons to the pre-
midnight inner magnetosphere and shrunk the separation between the earthward boundaries of electrons
and ions at premidnight. The SAPS electric field became narrower at premidnight (SAID) and was confined
between the narrow separation of the particle boundaries, and the wide SAPS region has shifted to the dusk-
side. On the other hand, injection at midnight intensified SAPS but did not change the flow radial width.
These results indicate that the duskward shift of magnetotail reconnection region controls the occurrence
of STEVE and SAID. The multiple THEMIS ASIs also showed that the east-west length of the STEVE arc
is ~1,900 km (~2.5 h MLT) and the duration is 1-1.5 h.
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