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Abstract various subauroral optical features have been studied by analyzing data collected during
periods of geomagnetic disturbances. Most events have been typically found at geomagnetic latitudes

of 45-60°. In this study, however, we present a red arc event found at geomagnetic 68° north (L ~ 7.1) in the
Scandinavian sector during a period of geomagnetically quiet conditions within a short intermission
between two high-speed solar wind events. The red arc appeared to coincide with a pseudo breakup at
geomagnetic 71-72°N and a rapid equatorward expansion of the polar cap. However, the red arc disappeared
in approximately 7 min. Simultaneous measurements with the Swarm A/C satellites indicated the
appearance of the red arc at the ionospheric trough minimum and a conspicuous enhancement of the
electron temperature, suggesting the generation of the arc by heat flux. Since there are meaningful
differences in the red arc features from already-known subauroral optical features such as the stable auroral
red (SAR) arc, we considered that the red arc is a new phenomenon. We suggest that the ephemeral

red arc may represent the moment of SAR arc birth associated with substorm particle injection, which is
generally masked by bright dynamic aurorae.

1. Introduction

The subauroral region is aligned with but separate from the equator side of the auroral oval, and its
latitude can shift equatorward (poleward) with increasing (decreasing) geomagnetic activity. The subaur-
oral F region electron density at dusk to premidnight sector is lower than that in the auroral region,
which is ionized by auroral electron precipitation from the plasma sheet. The F region electron density
at the equator side of the subauroral region is maintained by plasma from the plasmasphere along the
magnetic field line. The poleward side of the subauroral region is separated from the plasmasphere
but is not separated from the plasma sheet. Thus, the plasmapause maps into the subauroral ionosphere
along magnetic field lines.

The most prominent subauroral optical feature represented by a long academic history is the stable auroral
red (SAR) arc (e.g., Cornwall et al., 1971; Inaba et al., 2020; Kozyra et al., 1997; Mendillo et al., 2016; Rees
& Roble, 1975; Shiokawa et al., 2017; Takagi et al., 2018). The SAR arc is a monochromatic emission of the
atomic oxygen at 630.0 nm in the Fregion, typically appearing at the recovery phase of storms and substorms.
A possible generation mechanism is the Coulomb collision of bouncing ring current hot ions with thermal
electrons mainly at the mirror point on the magnetic field line (Cole, 1965). Energized thermal electrons
can transport the heat flux down to the ionosphere, and then atomic oxygen in the top ionosphere is excited
to the O('D) state. The F region electron temperature occasionally has a peak in the ionospheric trough
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minimum (or the electron density minimum) at premidnight magnetic
local time (MLT) (Prolss, 2006; Pryse et al., 1998; Rodger et al., 1992;
Voiculescu et al., 2010), which is evidence of heat conduction from the
inner magnetosphere. The observational evidence supports the generation
of the SAR arc in the ionospheric trough by heat conduction. Foster
et al. (1994) and Forster et al. (1999) concluded by analyses of storm time
data that there is a close relationship between the location of the SAR
arc, the electron-temperature peak, and the narrow trough with width of
a few degrees in latitude. This observational result bolsters the argument
Kp station code that the Coulomb collision process is the SAR arc generation mechanism.
(Geomag. Lat.) On the other hand, a case study of the postmidnight trough presented no

\ LER (61.67) (or small) electron temperature elevations in incoherent scatter radar
MEA (61.17) (ISR) measurements (Voiculescu et al., 2016), although optical data were
SIT (60.20) not available for the event. The occurrence rate of the SAR arc peaks at pre-

WS (20.57) midnight (20-22 MLT), but events in the postmidnight sector are not rare

60° ), ESK (57.42)

- BFE (55.22) (Takagi et al., 2018). While heat transfer can be a prevailing mechanism of
K} OTT (54.88) SAR arc generation, the postmidnight SAR arc implies other mechanisms,

£ WNG (53.85) . . . .
g HAD (53.48) which may be related to wave-particle interactions through ion cyclotron
s NGK (51.64) wave damping and Landau damping of kinetic Alfvén waves (Kozyra

g et al., 1997).

50°y, FRD (47.66) Most SAR arc events have been found during the recovery phase of storms
0° ] and substorms, when the subauroral region is likely located at moderately
30 B low L values (2-4), corresponding to geomagnetic latitudes of 45-60°
Geographic Lon. (Ievenko et al., 2008; Slater & Kleckner, 1989). While the SAR arc position
moves poleward with diminishing storm activity, we do not know its pole-
Figure 1. Solid circles in blue, orange, and purple are marked at the ward limit, that is, the lowest geomagnetic activity necessary to generate

IMAGE magnetometer sites, which have been employed for deriving the IU  the SAR arc. While it has been considered that the SAR arc is a phenom-

and IL indices. The magnetometer sites are grouped into three areas:
the Svalbard-Bear Island area (blue), northern Scandinavia (orange), and
southern Scandinavia (purple). Green lines represent the area, where

enon during the recovery phase of storms and substorms as described
above, we do not know whether the SAR arc would be only generated at

the keograms are composed of all-sky cameras at Longyearbyen and Abisko ~ the substorm recovery phase or if the initial development would be
assuming emission heights of 110 and 210 km, respectively. Red squares masked by bright auroral activities at the substorm expansion phase until
are marked at the geomagnetic latitudes of the magnetometer sites, which  {ha SAR arc becomes apparent on the dark trough after shrinking of the

have been adopted for deriving the Kp index (11 sites in the Northern

auroral oval.

Hemisphere). Solid and dashed black curves show the trajectories of Swarm
A and Swarm C, respectively. Dots in magenta are marked every This study analyzed measurements from various instruments during per-

minute from 18:39 to 18:44 UT.

iods of geomagnetically quiet conditions represented by Kp values of

0 + but associated with a pseudo breakup. Since aurorae did not expand
equatorward too much from the pseudo breakup latitude during the period corresponding to its expansion
phase, we were able to find subauroral optical features associated with the pseudo breakup. After introdu-
cing the data set along with the background geomagnetic condition in section 2, the observation results of
an event on 20 February 2018 will be presented in section 3. All-sky cameras (630.0 nm) captured an arc
structure at the equator side of the auroral oval separated by a spatial gap. Some features were similar to
the traditional SAR arc, but other features were not. Some possible mechanisms to generate the red arc will
be discussed in section 4. Section 5 will summarize this study with conclusions.

2. Data Sets and the Background

In this study, integrated analyses were conducted by using measurements with multiple instruments oper-
ated in Svalbard and Fennoscandia on the ground and satellites at the dusk sector on 20 February 2018.
International Monitor for Auroral Geomagnetic Effects (IMAGE) magnetometers (https://space.fmi.fi/
image), which have been operated at the locations marked by solid circles in Figure 1, were grouped into
three areas (Svalbard-Bear Island area [blue], northern Scandinavia [orange], and southern Scandinavia
[purple]). The grouping was adopted for estimating the regional AU and AL indices in this sector (herein-
after written as IU and IL, respectively). Abisko station, which is grouped into the northern Scandinavia
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(orange), is one of the AE stations. The IU and IL can detect ionospheric current variations at higher lati-
tudes than the ordinary AU and AL. This condition means that IU and IL may be more sensitive to iono-
spheric current variations during periods of geomagnetically quiet conditions even if AU and AL do not
show notable signatures due to the large relative distance between the current density peak and the adopted
magnetometer sites. Since this study will focus on an event appearing during a geomagnetically quiet period,
as discussed later in this section and in section 3, IU and IL are more appropriate than AU and AL.

Images from all-sky cameras at Longyearbyen (Norway, geographic coordinates 78.15°N, 16.03°E;
557.7 nm), Abisko (Sweden, geographic coordinates 68.36°N, 18.82°E; 557.7 and 630.0 nm), Kilpisjarvi
(Finland, geographic coordinates 69.05°N, 20.78°E; 557.7 and 630.0 nm), and Lovozero (Russia, geographic
67.97°N, 35.08°E; 557.7 nm) were investigated in this study, and carefully selected images and results will be
presented in the article. The camera at Longyearbyen is mounted with a low-cost Watec monochromatic
sensor with an optical band-pass filter of 557.7 nm and an all-sky lens (Ogawa et al., 2020). The exposure
time is 1 s. The cameras at Abisko and Kilpisjarvi belong to the Magnetometers Ionospheric Radars
All-sky Cameras Large Experiment (MIRACLE) camera network (Sangalli et al., 2011). The cameras are
equipped with an electron multiplying CCD (EMCCD) sensor mounted with an optical filter wheel, which
holds optical band-pass filters of 557.7, 427.8, and 630.0 nm. The exposure times of the 557.7 and 630.0 nm
images, which have been analyzed in this study, are 0.8 and 1.2 s, respectively. The camera at Lovozero is
equipped with an EMCCD sensor and an all-sky lens. The exposure time of the 630.0 nm image is 10 s.
Vertical green bars in Figure 1 are drawn along the meridional line in the field of view (FOV) of the
Longyearbyen 557.7 nm camera (assumed emission height of 110 km) and that of the Abisko 630 nm camera
(assumed emission height of 210 km; see Appendix A). These lines correspond to meridional sectors used to
make keograms at the sites. The red squares in Figure 1 are marked at the geomagnetic latitude of individual
magnetometer sites adopted for deriving the Kp index in order to emphasize the latitude difference between
IMAGE and Kp stations. Solid and dashed black lines are drawn along the Swarm A and C trajectories,
respectively. The time stamp is marked in magenta every minute from 18:39 to 18:44 UT. In this study,
the electron density and temperature obtained with the Swarm satellites were analyzed.

Figure 2 shows the general conditions of the solar wind and geomagnetic activity for 30 days around the
event time, which is marked by vertical dashed red line. For the first half of the period, 1-14 February
2018, the solar wind flow speed (panel a) remained at a slow level at ~400 km/s or lower, resulting in weak
geomagnetic activity, as seen in the SYM-H and Kp indices (panels e and f, respectively), despite occasional
increases in the solar wind density (panel c). However, for the second half of the period, which is highlighted
by a green box, after an obvious increase in the interplanetary magnetic field (IMF) By and Bz magnitude
(panel b) on 15-16 February, high-speed solar wind (HSSW) reached the earth peaking quasiperiodically
on 19, 23, and 27 February with intervals of several days. Coinciding with the first HSSW arrival, the geo-
magnetic activity increased as recognized by negative deviations of SYM-H having moderately small magni-
tudes at approximately 20 nT. The Kp index varied and roughly synchronized with the HSSWs. To find the
plasmapause location, the plasma density was inferred from the upper hybrid resonance frequency derived
from the High Frequency Analyzer (HFA) (Kumamoto et al., 2018), which is a subcomponent of the Plasma
Wave Experiment (PWE) (Kasahara et al., 2018) onboard the Exploration of Energization and Radiation in
Geospace (ERG or “Arase”) satellite (Miyoshi, Shinohara, et al., 2018), along with the magnetic field data
measured with the Magnetic Field Experiment (MGF) instrument (Matsuoka et al., 2018). In this study,
the plasmapause was identified as a sharp density drop by a factor of 5 or larger within an L value of 0.5
(Carpenter & Anderson, 1992). For the first half of the period, the estimated plasmapause location, which
is represented by the magnetic latitude mapped down to 300 km height along the local magnetic field line,
stayed at approximately 65 MLat (panel d). However, after the arrival of the HSSW, the plasmapause occa-
sionally shifted inward or toward low latitudes. Quasiperiodic variations in the plasmapause location
appeared to be synchronous with the HSSW and Kp index. At the event time (marked by a dashed red line
at 18-19 UT on 20 February 2018), the plasmapause experienced a transition from the compressed to a
relaxed configuration, although there might have been a dawn-dusk asymmetry of the plasmasphere. The
event to be presented in this study was found between the first and the second HSSW events, and the Kp
index was 0+. The latter fact indicates that even though the event interval can be categorized into geomag-
netically quiet conditions, it might be better described as a short intermittence of magnetospheric distur-
bances between the two HSSWs.
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Figure 2. Variations in (a) solar wind flow speed, (b) IMF By (blue) and Bz (orange) components in the GSM coordinate, (c) solar wind density, (d) magnetic
latitude of the plasmapause estimated from ERG satellite measurements at forenoon (0-12 MLT; open circle) and afternoon (12-24 MLT; solid circle),

(e) SYM-H, and (f) Kp index for 30 days from 1 February to 2 March 2018. Vertical dashed red lines are marked at the event time (18:40 UT on 20 February 2018),
and a green box is marked to highlight the period of interest.

3. Observations on 20 February 2018
3.1. Ground-Based Measurements

Figure 3 presents snapshots of the Abisko camera images to be discussed in this study. All of the 630 nm
images were mapped on the geographical coordinates under the assumption of 210 km emission height
which was derived by searching for the best match of two images taken at Abisko and Kilpisjdrvi and adjust-
ing to the assumed height (see Appendix A). The bright area spreading at the top is part of the main auroral
oval. At 18:39:35 UT, near the auroral oval but at the east edge of the FOV, a narrow bright strip can be
observed. One may find an indication of the strip even in the image at 18:38:35 UT. The strip extended west-
ward until at least 18:42:35 UT, thus lasting for 4 min. The westward extension can be more clearly seen in
the supporting information Movie (S1). Auroral brightening was also identified in the images taken at
Lovozero (approximately 665 km eastward of Abisko) but behind thin clouds (not shown here). A few
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Figure 3. (First 10 images) All-sky imag

es (630 nm) taken at Abisko, Sweden, from 18:38:35 to 18:46:35 UT on 20 February 2018. The images are mapped at the

geographical coordinates assuming an emission height of 210 km. Reference lines are drawn at 55-80° every 5° for latitude and at —15 to +45° every 15° for
longitude. The locations of Swarm A and Swarm C at corresponding image times are marked by magenta and cyan dots, respectively, but shifted in the mapping
procedure (see the text). A bright spot at the left and a couple of antenna-like curves are moonlight reflections. In the image taken at 18:43:35 UT, the auroral oval
and the red arc are highlighted by a black dot and yellow arrows, respectively. (Last image) All-sky image (557.7 nm) from the same camera

after calculating the average from 18:39:00 to 18:45:58 UT. A dark crack near the top north but slightly west side is a shadow of a tree. Moonlight reflections can be
seen at the southwest and northeast edges.

minutes before the start of the westward extension, the video shows a few bright patches drifting westward
inside of the auroral oval. Then, at the east side of the westward drifting patches, a few bright blobs gushed
out, and those structures appeared to drift slightly eastward. From one of the eastward drifting blobs, the arc
structure developed and extended westward with time. Taking into account this temporal evolution,
protrusion may be a more appropriate expression than detachment, which seems to be frequently cited
for presenting the relative configuration between the main auroral oval and subauroral optical features
such as the SAR arc and isolated proton aurora (Burch et al., 2002; Immel et al., 2002; Sakaguchi
et al., 2008; Shiokawa et al., 2017; Spasojevic et al., 2004; Takagi et al., 2018; Zhang et al., 2005). Between
18:42:35 and 18:43:35 UT, the arc did not transform apparently, but for the next 2 min (18:44:35 to
18:45:35 UT), the arc luminosity decreased but remained still visible. At 18:46:35 UT, it was difficult to
identify the arc structure in the image. Thus, the red arc was detectable for 7 min in total (from 18:38:35
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to 18:45:35 UT). The last panel in the gray color scale presents an all-sky image taken with the same camera
at Abisko through an optical filter of 557.7 nm. Except for a bright auroral band zonally aligned to the north-
ern edge of the FOV, there is no other visible optical signature capable of colligating the arc structure seen in
the 630.0 nm images.

During this short emergence of the red arc, Swarm A (magenta dot) and Swarm C (cyan dot) crossed the arc
almost perpendicularly at 18:41 UT. In Figure 3, the mapped location of the spacecraft was displaced hori-
zontally by taking into account the dip angle of the magnetic field line and vertical difference between the
630 nm emission height (210 km) and the Swarm trajectory (at 435 km height). The measurements will be
illustrated later (in Figure 6).

Figure 4 was created using integrated data from ground-based instruments operated in the northern
Scandinavian area from 18 to 19 UT on 20 February 2018. The IU index at the most northern part (blue curve
in Figure 4a; see also Figure 1 to identify the magnetometer sites) showed weak but positive deviations by
18:33 UT; then, the IL and IU indices at the poleward side (both in blue) became negative. These trends
can typically be seen around the substorm onset along with the ionospheric current turning from eastward
to westward, although magnetic field deviations are usually much larger than this event. Since the IL index
at the two other areas was considerably less negative than the value at the most poleward area, it is consid-
ered that the ionospheric current density peaked at near the Svalbard-Bear Island area. As a reference, the
Special Sensor Ultraviolet Spectrographic Imager (SSUSI) instrument onboard Defense Meteorological
Satellite Program (DMSP) F17 (orbit number: 58293) showed a narrow auroral oval located south of the
Svalbard Islands (not shown here).

Two keograms that were created from images captured by the cameras at Longyearbyen (Figure 4c) and
Abisko (Figure 4d) show sudden brightening slightly after the negative turning of the IU and IL indices.
These features suggest an auroral breakup despite considerably small variations in the magnetic field and
their occurrence at high latitudes. Therefore, in this article, we refer to this auroral brightening with mag-
netic variations as a “pseudo breakup” (Partamies et al., 2003). Since these auroral signatures were captured
near the horizon of each camera FOV, the mapping process might have caused ambiguity to be reckoned
with. However, the auroral behavior looks identical in both keograms (note that apparent differences in lati-
tudinal distribution may be artifacts attributed to vertical distributions of the emission intensity, which have
resulted in poleward and equatorward illusion in the mapping procedure applied on equatorward and pole-
ward looking line of sight, respectively). Before the pseudo breakup, aurorae appeared at 74-76°N and then
expanded mainly poleward. Figure 4e shows a keogram created from the 630 nm images taken at Abisko. As
highlighted by yellow arrows in the panel, the arc, which is also shown in Figure 3, has been reproduced as
the vague outline of a blob but spatially separated from the main auroral oval. While it would be difficult to
extract the meridional motion in Figure 3 and Movie S1, in Figure 4e the equatorward drift from 72-73° to
70°N can be observed. Figure 4f presents the cross polar cap potential (PCP) estimated from the Super Dual
Auroral Radar Network (SuperDARN) measurement. Of particular interest is the synchronization of the
appearance and disappearance of the red arc with a sudden increase and decrease in the cross PCP soon after
the pseudo breakup. The coincidence may provide insight into red arc generation, as discussed in section 4.1.

3.2. Satellite Measurements

This event occurred during geomagnetically quiet conditions (Kp = 0+), which occurred for a calm interval
between two HSSWs peaking on 19 and 23 February (Figure 2). The plasmasphere had not yet been comple-
tely refilled to the previous quiet level (Figure 2d). Figure 5 shows the IMF measured with the ACE satellite
(time shift of 0.907 hr taking into account the solar wind speed and the distance from the satellite position to
the dayside front of the magnetopause, which was identified with the Magnetospheric Multiscale (MMS)
measurements (not shown here)). The total magnetic field (panel a) increased by 0.2-0.3 nT at
18:15-18:25 and 18:43-18:48 UT. At the second interval, the magnitude decreased by 0.1-0.2 nT for a few
minutes before successive increase. The appearance of the red arc, from 18:38 to 18:45 UT as marked by a
red bar in Figure 5, almost synchronizes with variations for the second interval, although there may be a
time lag probably because of the rippled surface of the magnetopause as seen in MMS measurements. The
variations are mainly attributed to the X component (toward Earth, blue curve in panel b), and the solar
wind could have impacted the magnetopause. The IMF Bz component had remained negative for
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Figure 4. Time series of (a, b) IU and IL indices derived from the IMAGE magnetometer measurements but grouped into
the three areas (blue: Svalbard and Bear Island; orange: northern Scandinavia; purple: southern Scandinavia),

(c, d) keogram created from all-sky images (557.7 nm) taken at Longyearbyen and Abisko, (e) keogram created from
all-sky images (630.0 nm) taken at Abisko, and (f) cross polar cap potential in kV estimated by the SuperDARN
measurements. All panels show measurements at 18-19 UT on 20 February 2018.
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Figure 5. Temporal variations in the (a) total magnetic field and (b) three components of the magnetic field

(in the GSM coordinate) measured with the ACE satellite. The time stamp was shifted by 0.907 hr by assuming dayside
magnetopause at 11 Re, which was estimated by the MMS measurement. The time interval of the appearance

of the ephemeral red arc is highlighted by red bars (from 18:38 to 18:45 UT).

approximately 30 min before the appearance of the red arc. These IMF situations may cause the generation
of the pseudo breakup and the red arc.

As presented in Figure 3, during the red arc appearance, Swarm A and Swarm C crossed the arc almost per-
pendicularly at 18:41 UT. Figure 6 presents the latitudinal profiles of the Swarm measurements of the elec-
tron density (curves in cold hue) and the electron temperature (curves in warm hue). Measurements of
Swarm A and Swarm C are illustrated in individual light and dark colors, respectively. As discussed in
Appendix A, the red arc emission height has been estimated as 210 km with an intensity peak at 71°N when
the locations of Swarm A and Swarm C are closest to the red arc (see Figure Al). This result means that
Swarm measurements at 71°N denote the ionospheric condition inside of the red arc. The latitude at the

ephemeral red arc

11 T T vl T T T 20
Light:SwA Dark:SwC :
105 - ! aurora
— k . 115
D | X
3 : g
o) : 10
(@) 9| I’ ERAANC 0]
o | o I et »
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Shifted Geogra. Latitude (deg)

Figure 6. Electron density and temperature (cold and warm hues, respectively) measured with the Swarm A

(lighter color) and Swarm C (darker color) satellites. The estimated location of the ephemeral red arc is marked by a red
triangle and a dashed line (see Figure Al). Latitude at the swarm measurement was shifted by 0.48-0.28°

(dependent on latitudes at 67-78°N) to poleward while being mapped down along the magnetic field line from the
operation altitude of 435 km to the estimated emission height of 210 km (see Appendix A).
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Swarm measurement was shifted poleward by 0.48-0.28° (dependent on latitudes at 67-78°N) in Figure 6
while being mapped along the magnetic field line from the operation altitude of 435 km to the estimated
emission height. The Swarm measurements show a clear density depression, which is a feature of the iono-
spheric trough, at 70.0-71.7°N along with high electron temperature, which reaches ~15000 K at the trough
minimum at ~71°N. There are some differences in the electron density at the trough minimum between the
two spacecraft but almost no difference in the electron temperature. As illustrated by the vertical dashed line
in Figure 6, the red arc was located at the trough minimum with high electron temperature. The electron
temperature was measured with the Langmuir probe, and the amplitude of the temperature ambiguity
would be 10% or slightly larger (Siefring et al., 1998). Considering a higher-energy part of the electron distri-
bution function for the measured temperature of ~15000 K, some electrons would be heated to energies
greater than 1.959 eV (22732 K), which is the energy necessary to excite atomic oxygen to the O('D) state
from the ground state. However, dissociative recombination production of O('D) may not require such a
high energy. The 630 nm emission could reach many kR for electron temperatures higher than 4000 K
(Carlson et al., 2013; Kozyra et al., 1990). It is therefore reasonable to assume that substantial heat flux
was transferred into the ionosphere to generate the ephemeral red arc.

4. Discussion

4.1. Possible Generation Mechanism

We presume that the scenario including the heat conduction that caused the observed electron temperature
maximum and the ephemeral red arc is the same as the prevailing mechanism that generated the SAR arc, as
mentioned in section 1. While the SAR arc has been found at the substorm recovery phase, its signature at
the expansion phase, if any, would have been hidden because of the preponderantly bright aurora. Since pre-
vious subauroral observations at the substorm growth phase have shown no signs of the SAR arc, the SAR
arc should be generated between the substorm onset and the beginning of the recovery phase. We need more
studies to confirm this supposition, but the red arc in this study may represent a moment of SAR arc birth
after the substorm onset, although the red arc for this event did not grow to a persistent red arc, probably
due to a short-lived satisfaction of the red arc generation. The heat flux that creates the SAR arc is caused
by Coulomb collision between ring current ions and plasmaspheric electrons (e.g., Kozyra et al., 1987).
The overlap of these two plasma populations occurs during the recovery phase of the storm due to refilling
of the plasmasphere. However, similar overlap can occur due to inward injection of ring current ions asso-
ciated with substorms, as suggested by Shiokawa et al. (2013). The present event may also indicate a similar
mechanism of Coulomb collision between the expanded plasmasphere during this quiet interval and the
ring current ions associated with pseudo breakup. However, we need to accumulate more evidence to sub-
stantiate the role of the Coulomb collision process in the red arc generation. The ERG measurement signifies
a discrepancy between the plasmapause MLat (56.2° at 17:30 UT, i.e., 15:07 MLT and 62.5° at 20:10 UT, i.e.,
8:42 MLT on 20 February 2018) and the red arc MLat (68°) (see Figure 2d). The hull of the plasmasphere
should be embedded in the ring current region to manifest the Coulomb collision process. However, the
MLat discrepancy suggests difficulty in meeting the situation. On the other hand, it is possible to consider
an azimuthally asymmetric evening sector enhancement in plasma density as the reason of discrepancy.
Since the ERG measurement was conducted far from the Scandinavian sector for the period, observational
substantiation using magnetospheric satellites is a future work.

As summarized in Table Al, the 630 nm emission height was estimated from 18:40:35 to 18:44:35 UT.
Focusing on the lowest height at each time, the first two and the last events (i.e., 18:40:35, 18:41:15, and
18:44:35) have lower bounds at 180-200 km, while the other three are tens of kilometers lower at
130-170 km. However, for all the cases, the highest emission height seems to be more stable at approxi-
mately 200 km and is separated from the last case. Triangulation from two meridional scanning photometer
stations showed the best fitted emission height of the SAR arc in the range of 370-460 km (Okano &
Kim, 1987). A 630 nm emission height of 230-240 km may have been adopted as a standard height in the
literature. However, this height was derived based on an airglow study (Blanchard et al., 1997). A triangula-
tion method, which was applied on the red line discrete arc, derived the best auroral mapping at 180-220 km
in altitude (Jackel et al., 2003). A comparison of the field-aligned current (FAC) location identified with the
Swarm satellites with the red auroral arcs measured with all-sky cameras suggested a characteristic emission
height of 200 km (Gillies et al., 2017). Red line emission is not frequently observed below 150 km
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Table 1
General Characteristics of the SAR Arc, STEVE, and the Ephemeral Red Arc Found in This Study
STEVE Ephemeral red arc
Appearance During the storm and substorm During the storm time substorm recovery phase Appearance at pseudo breakup during a minor
recovery phase with stable long storm (min. SYM-H of —20 nT) for a short
interval (7 min)
Emission Spectrally pure 630.0 nm emission Multiple emissions including purple/mauve Found in the red (630.0 nm) emission peaking
peaking at ~400 km altitude colors at ~210 km altitude but not in the green
(557.7 nm) one
Morphology Zonally long structure aligned the Zonally elongated in association with the picket Zonally elongated at the trough minimum with
trough minimum with fence structure at the green line and high electron temperature, growing westward
high electron temperature westward drift

(Eather, 1969), probably due to suppression of O('D) by the atmospheric quenching process. Compared with
these previous works, the estimated height of 210 km may be acceptable, but that of 130-170 km appears to
be close to the lowest limit or even lower.

The estimated red arc height is apparently lower than the SAR arc height (~400 km) estimated in previous
studies. This difference may suggest that electron precipitation at an energy of hundreds of electronvolts,
which can penetrate to 210 km, excites atomic oxygen along with heat conduction. A SAR arc measurement
in conjunction with the Van Allen Probes showed that parallel electron precipitation was produced by
strong Alfvén waves at the plasmapause (Chu et al., 2019). Future simultaneous measurements of the
height-resolved electron density and temperature with the ISR may give a new insight to evaluate relative
importance between the soft electron precipitation and the heat flux.

While the electron temperature measurement at the trough minimum was almost identical between Swarm
A and Swarm C, the Swarm A electron density was higher than Swarm C value by approximately 5 times (see
Figure 6). Swarm A flew in the west side of the Swarm C by approximately 57 km and crossed same latitude
as the Swarm C 8 s later. Higher Swarm A density at the equator side of the trough may be attributed to the
zonal gradient from the dusk solar terminator. However, there should be other mechanisms to generate lar-
ger differences in the trough. The recombination rate of the O* density is unresponsive to the electron tem-
perature increase but strongly dependent on the ion temperature at 400 km level (Watkins, 1978). High
electron temperature in the trough would not be the causality to produce the difference of the electron den-
sity. It is thus conjectured that the ion temperature or the electric field might have spatial and/or temporal
fine structures in the trough, although it is out of scope of this study.

An unconfined broad range of meridional thickness of the red line emission could cause a challenge in the
projection procedure. In the case of an arc located at the polar side of the observer, poleward broadening is
equivalent to downward broadening in the projection procedure. This ambiguity may have resulted in
noticeably low emission heights from estimation.

4.2. SAR Arc, STEVE, or a New Type?

In addition to the SAR arc, several subauroral optical features have been reported, for instance, afternoon
detached proton arcs (Burch et al., 2002; Immel et al., 2002; Spasojevi¢ et al., 2004), subauroral morning pro-
ton spots (SAMPS; Frey et al., 2004), nightside detached aurora (NDA; Zhang et al., 2005), isolated proton
aurora (e.g., Sakaguchi et al., 2008; Seraas et al., 2013), and strong thermal emission velocity enhancement
(STEVE) and its associated picket fence (Chu et al., 2019; Gallardo-Lacourt et al., 2018; MacDonald
et al., 2018; Nishimura et al., 2019). The most notable difference of the red arc event in this study from these
previous results is the geomagnetic conditions and geomagnetic latitude of its emergence. While all events in
the previous works were found in measurements during considerably active conditions such as storms and
substorms, the Kp index of the red arc event in this study was 0+. The auroral oval was thus shrunk poleward
up to 71-72° MLat, and the red arc appeared at 68° MLat (L ~ 7.1), which is a considerably high latitude
never reported in the previous subauroral optical features.

Another notable difference is the phase relative to the onset of auroral brightening. The SAR arc, detached/
isolated aurora, and STEVE have been found at the storm and substorm recovery phase, but the ephemeral
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Figure Al. Latitudinal features of the camera count taken at Abisko (blue) and Kilpisjarvi (orange) at 23.0-23.2°E

at 18:41:15 UT on 20 February 2018 under the assumption of a 630 nm emission height of 130-300 km

(numbers in each panel). The image count was normalized by the maximum between 68°N and 73°N. The estimated red
arc locations in the Abisko and Kilpisjdrvi images are marked by arrows in individual colors. A red square highlights
two cases, in which the location of the red arc in the Abisko images agrees with that in the Kilpisjarvi images.

red arc in this study coincided with a pseudo breakup. Furthermore, the duration of this event was much
shorter (7 min) than that of other events, which could last for hours. Table 1 examines the resemblance
between the SAR arc, STEVE, and the ephemeral red arc in this study. It is concluded that the ephemeral
red arc cannot be clearly categorized into either of the other two, so it must be an event that has not yet
been reported.

5. Summary and Conclusions

An ephemeral red arc in this study was observed at high latitude in the evening sector during the period of
geomagnetically quiet conditions characterized by Kp = 0+ but coincided with a pseudo breakup. The event
had different features from other subauroral optical phenomena, the SAR arc, and the STEVE. As far as we
know, this kind of red arc has never been reported in the literature. A notable feature is the high geomag-
netic latitude of appearance at MLat 68°N or L ~ 7.1. The comparison of camera images and Swarm mea-
surements revealed that the ephemeral red arc emerged at the trough minimum with a high electron
temperature of ~15000 K. SuperDARN and ACE measurements suggested that quasiperiodic oscillations
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Table Al

Estimated 630 nm Emission Height From 18:40:35 to 18:44:35 UT

of the IMF with negative Bz for 30 min impacted the dayside magneto-
pause, and then a corresponding sudden increase of the cross PCP

UT Estimated height (km)

Center height and width (km)  induced the ephemeral red arc. The IMF impact and the consequent cross

18:40:35 180-210
18:41:15 200-210
18:41:35 130-200
18:42:35 150-210
18:43:35 170-190
18:44:35 200-230

195 + 15 PCP enhancement finished shortly thereafter, and the red arc also disap-
205+ 5 peared at the same time. The coexistence of the red arc with the
165 + 35 electron-temperature peak localized at the trough minimum suggested
180 + 30 that the heat flux transferred from the plasmapause would be the princi-
180+ 10 pal mechanism of red arc generation. The ephemeral red arc may repre-
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215+ 15
sent a moment of SAR arc birth, which is generally masked by bright
dynamic aurorae.

Appendix A: Estimation of the 630 nm Emission Height

Estimation of the emission height of 630.0 nm was made by comparing the two images taken at Abisko and
Kilpisjdrvi at the same time from 18:40:35 to 18:44:35 UT on 20 February 2018. A comparison was made
between the latitudinal features of the camera image count along a longitude across the ephemeral red
arc. Figure Al is a case of images taken at 18:41:15 UT when the Swarm A and C locations were closest to
the red arc, as shown in Figure 3. The image count was normalized by the maximum between 68° and
73°N. The 630 nm emission height was scanned from 130 to 300 km every 10 km, which showed that the
estimated location of the red arc in the Abisko image exhibited good agreement with that in the
Kilpisjarvi image in the cases of 200 and 210 km. Other optical features in 630-nm images except for the
red arc may be characterized by different emission heights. However, to make Figures 3, 4e, and 6, a height
of 210 km was adopted through the analyses.

Table Al summarizes the emission heights estimated from 6 pairs of images from 18:40:35 to 18:44:35 UT. As
shown in Figure 3, the ephemeral red arc can be identified before and after this selected time interval.
However, a comparison study has not been conducted because the red arc in Kilpisjdrvi before 18:40:35
UT has been masked by an obstacle in front of the optical dome and the red arc after 18:44:35 UT is too
dim to estimate the emission height, although it is certain that the red arc is still present.

Data Availability Statement

All-sky camera images at Abisko, Kilpisjdrvi, Longyearbyen, and Lovozero were obtained from individual
PIs (Sodankyld Geophysical Observatory, Finland; Finnish Meteorological Institute, Finland; National
Institute of Polar Research, Japan; and Polar Geophysical Institute, Russia) after checking the quick looks
at their websites (space.fmi.fi/MIRACLE/ASC/, pcl15.seg20.nipr.ac.jp/www/opt/lyr.html, pgi.ru/kagin/
eng/). SuperDARN map potential data were obtained from its website (vt.superdarn.org/tiki-index.php?
page=ASCIIData). The DMSP SSUSI, Swarm, and ACE data were obtained through their websites (ssusi.
jhuapl.edu/gal_edr-aur_cs, swarm-diss.eo.esa.int, www.srl.caltech.edu/ACE/ASC/level2/). The MMS quick
looks were obtained through their websites (lasp.colorado.edu/mms/sdc/public/). Access and processing
data of the solar wind and geomagnetic indices were obtained using SPEDAS V3.0 through spdf.gsfc.nasa.
gov/pub/data/. Science data of the ERG (Arase) satellite were obtained from the ERG Science Center oper-
ated by ISAS/JAXA and ISEE/Nagoya University (https://ergsc.isee.nagoya-u.ac.jp/index.shtml.en,
Miyoshi, Hori, et al., 2018). The present study analyzed PWE-HFA L2 v01_01, MGF-L2 v03_03 data, and
OBT L3 v02 data.
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