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Abstract We utilized citizen scientist photographs of subauroral emissions in the upper atmosphere and
identified a repeatable sequence of proton aurora and subauroral red (SAR) arc during substorms. The sequence
started with a pair of green diffuse emissions and a red arc that drifted equatorward during the substorm
expansion phase. Simultaneous spectrograph and satellite observations showed that they were subauroral proton
aurora, where ion precipitation created secondary electrons that illuminated aurora in green and red colors. The
ray structures in the red arc also indicated existence of low-energy electron precipitation. The green diffuse
aurora then decayed but the red arc (SAR arc) continued to move equatorward during the substorm recovery
phase. This sequence suggests that the SAR arc was first generated by secondary electrons associated with

ion precipitation and may then transition to heat flux or Joule heating. Proton aurora provides observational
evidence that ion injection to the inner magnetosphere is the energy source for the initiation of the SAR arc.

Plain Language Summary Photographs that were taken by citizen scientists at Strathmore
(Canada), Orimattila (Finland) and Ikaalinen (Finland) revealed peculiar green bands and blobs and red arcs

in the night sky equatorward of the auroral oval. Those are different from STEVE (Strong Thermal Emission
Velocity Enhancement) due to the lack of the purple/mauve arc and green picket fence. Using concurrent
scientific instruments, we identified that those are a type of proton aurora that is illuminated by electrons
induced by proton precipitation from space. The proton aurora transitions to a stable auroral red (SAR) arc. A
series of photographs suggests that the SAR arc is initiated by proton precipitation, which has been suggested
but never been demonstrated previously. The citizen scientist photographs played a critical role in unveiling the
interaction between the proton aurora and SAR arc.

1. Introduction

Recently, a growing number of citizen scientists post photographs of the night sky, and they have made important
contributions to shed light on upper atmospheric emissions that were little known among scientists. Citizen scien-
tists brought Strong Thermal Emission Velocity Enhancement (STEVE) (MacDonald et al., 2018) to scientists'
attention, and their photographs were an essential piece for recognize its existence and distinction from previ-
ously known types of emissions in the upper atmosphere. Dunes (Palmroth et al., 2020) are another discovery
of upper-atmospheric emissions that was achieved by citizen scientist photographs. The present work was also
motivated by citizen scientist photographs at subauroral latitudes in three nights. Observations indicate that the
optical emissions resemble proton aurora and stable auroral red (SAR) arcs, but interestingly, the emissions show
a dynamic interplay between the two types of phenomena that to our knowledge has never been reported.

Proton aurora is caused by energetic proton precipitation from the ring current in the inner magnetosphere
(Egeland & Burke, 2019). Proton aurora in terms of ground-based observations often refers to Hﬁ (486.1 nm)
emissions, but proton precipitation also creates secondary electrons, whose collision with neutrals emits green
(557.7 nm) light. The green emission is much brighter than the H; line, and proton aurora is recognized as green
diffuse aurora in naked eyes (Ono et al., 1987). Proton aurora occasionally includes red (630.0 nm) emissions
(Lummerzheim et al., 2001; Sakaguchi et al., 2012), and secondary electrons are also considered as the source of
the red color in proton aurora.
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Figure 1. Green diffuse aurora and SAR arc that were observed at Strathmore, Canada on 12 October 2021. North is to the
top and west is to the right. The exposure is between 13 and 15 s.

In contrast, SAR arcs are dominated by emissions at the 630.0 nm wavelength, and they generally do not involve
other wavelengths (with an exception of a rare event (Mendillo et al., 2016)). SAR arcs also lack proton or elec-
tron precipitation (Foster et al., 1994), and thermal heat fluxes from the inner magnetosphere have been consid-
ered as the source of emission (Gallardo-Lacourt et al., 2021).

Both proton aurora and SAR arcs occur during geomagnetically disturbed times (storms and substorms)
(Gallardo-Lacourt et al., 2021). Energetic ions are injected from the magnetotail to the inner magnetosphere
during those times, and become a source of energy. Proton aurora is caused by energetic ions that are scattered
by electromagnetic ion cyclotron waves and precipitate to the upper atmosphere. Energetic ions also heat ambient
cold plasma (plasmasphere), and heated thermal electrons are believed to cause SAR arcs (Inaba et al., 2021).
Proton aurora occurs near the meridian of intensifications in the auroral oval (streamers) (Henderson, 2021;
Montbriand, 1971; Nishimura et al., 2014). SAR arcs detach from the auroral oval during substorms (Oyama
et al., 2020; Takagi et al., 2018)

Although both proton aurora and SAR arcs are related to ion injections to the inner magnetosphere, proton aurora
and SAR arcs have been investigated separately, and to our knowledge, there has been no report about the relation
between proton aurora and SAR arcs. Moreover, despite that energetic ions are the energy source of SAR arcs,
SAR arcs have never been reported with ion precipitation.

Using citizen scientist photographs and scientific instruments (imagers and low-altitude satellites), we present that
the SAR arcs are preceded by proton aurora during substorms. Interaction between the proton aurora and SAR arc
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Figure 2. Selected snapshots of all-sky imager data at Lucky Lake, Canada in (left) red and (right) green color channels.

suggests that secondary electrons associated with ion precipitation initiate the SAR arc. The existence of proton aurora
also provides observational evidence that proton injection to the inner magnetosphere is the source for the SAR arc.

2. Results and Discussion
2.1. 12 October 2021 Event

Figure 1 shows selected citizen-scientist photographs taken at Strathmore, Canada between 04:41 and 05:14
universal time (UT), at 58.6° magnetic latitude (MLAT) between 20.5 and 21.0 hr magnetic local time (MLT).
The auroral oval was located near the northern horizon, and much of the field-of-view (FOV) covered subauroral
latitudes. Distinct features in the beginning of the event sequence are a red arc and green diffuse bands and blobs
that were approximately aligned in the east-west direction (Figure 1a). The green diffuse bands and blobs did not
have clear internal structure, while the red arc had ray structure. The green diffuse emission subsided and disap-
peared within 13 min from the first photograph (Figures 1b—1d). The red arc lasted for another 20 min (Figures le
and 1f). The lack of other emission colors indicates that this is a SAR arc, and the SAR arc did not show ray struc-
tures. Another SAR arc appeared northwest of the existing SAR arc near the end of the event sequence (Figure 1f).
This event does not involve a purple/mauve arc or a picket fence, and thus is different from STEVE.

The Transition Region Explorer (TREx) true color imager at Lucky Lake, Canada (59.8° MLAT between 21.0
and 21.5 hr MLT) (Gillies et al., 2020) is located near Strathmore and provided observations over a longer time
interval. Figure 2 shows selected snapshots of data at the red and green channels that were projected to the sky
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at 230 (red) and 110 (green) km altitude. The equatorward boundary of the auroral oval was located at 59°-60°
MLAT, and the subauroral region did not show any optical emission (Figures 2a and 2b). The equatorward
boundary was located near the zenith of the imager, and thus its latitude has little uncertainties. A substorm auro-
ral breakup occurred at ~04:13 UT (Figures 2c and 2d). It includes a wavy structure known as beads, which are
characteristic to substorm onset (Donovan et al., 2006; Nishimura et al., 2016). Then the red arc and green diffuse
aurora appeared near the equatorward edge of the auroral oval and moved southwestward (Figures 2e-2h). The
red and green emissions were located at the same horizontal positions in the sky, indicating that the emis-
sions had a common energy source. Then the green emission faded and only the SAR arc remained in the FOV
(Figures 2i and 2j).

The TREX spectrograph at Lucky Lake (Gillies et al., 2020) measured emission spectra along the north-south
meridian, and provided important information for identifying the nature of the emissions. The green line
(557.7 nm) emission was observed just equatorward of the auroral oval (equatorward of the dashed line) during
the substorm expansion phase at 04:34-04:47 UT, and it overall moved equatorward (Figures 3a and 3c). This
emission corresponds to the ones in Figure 1 is thus of our interest. The green line emission was associated with
the Hﬁ line (486.1 nm). Blue line (427.8 nm) emissions were also present, but the blue-to-green ratio was much
lower than that in the auroral oval. Hence, this emission is not created by plasma sheet electrons. Considering that
the emissions were located in the subauroral ionosphere, this is subauroral proton aurora. Although the H; line
is dim, proton aurora is brightest at the green line due to secondary electrons that are induced by primary proton
precipitation from the inner magnetosphere (Ono et al., 1987). Note that proton aurora was also present in the
auroral oval. Electron aurora, however, is very bright in the auroral oval, and contributions of the proton aurora
in the auroral oval are minor.

The red line (630.0 nm) emission in the proton aurora can also be explained by the secondary electrons, when
the secondary electrons have sufficiently high fluxes at low energies (Lummerzheim et al., 2001). A major
difference from the other spectral lines is that the red line emission lasted for at least 30 min after the decay
of the proton aurora (i.e., SAR arc) and continued to move equatorward. The emergence of a SAR arc during
a substorm has been known through past observations (Takagi et al., 2018), but a unique feature in the present
observations is that the initiation of the red line emission coincides with the proton aurora. The coexistence of
the proton aurora and red arc in Figures 1 and 2 suggests that the initial red emission is created by secondary
electrons that were created by proton precipitation. The ray structure in Figures la—1c is analogous to the
patches of emission along the SAR arc (Mendillo et al., 2016). The elevation of their SAR arc was too low
to examine a relation to proton aurora, but the present observations revealed the emission structure across all
altitudes.

The proton aurora and SAR arc also coincided with subauroral polarization streams (SAPS). The subauroral flow
speed increased during the substorm expansion phase, and decayed during the recovery phase. Collisional heating
and heat conduction could also be a source of the 630.0 nm emission.

The Defense Meteorological Satellite Program (DMSP)-17 satellite was located in the southern hemisphere
magnetically conjugate to the Lucky Lake imager FOV (Figure 4a) at 04:50-04:54 UT. The DMSP observations
confirm that the region of interest (after 04:52 UT) had the ionospheric trough, SAPS flow, electron heating,
and downward field-aligned currents (FACs, Figures 4b—4e), and this region did not have any energetic electron
precipitation. The flow after 04:52:20 UT was anti-sunward, and it is consistent with a brief anti-sunward flow
in the Super Dual Auroral Radar Network (SuperDARN) observations (Figure 3f). Except for the anti-sunward
flow, the other features in Figures 4b—4e are consistent with past satellite observations of the SAR arc (Foster
etal., 1994). A weak ion precipitation was observed at 04:52:40 UT, near the end of the proton aurora (Figure 4g).
The energetic ion precipitation validates the presence of the proton aurora. A weak electron precipitation was
also seen below ~200 eV (Figure 4f). Although the low-energy electron flux at the satellite altitude (~830 km)
was not sufficiently high to create visible emission, the low-energy electron flux may indicate that secondary
electrons began to form above the satellite altitude and may have a higher flux at lower altitude as precipitating
ions collide more with neutrals.

2.1.1. 07 April 2016 Event

Figure 5 shows selected citizen-scientist all-sky images that were taken at Orimattila, Finland between 20:00
and 22:31 UT on 07 April 2016 (57.0° MLAT between 22.3 and 0.8 hr MLT). This event shows essentially
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Figure 3. H-component of ground magnetometer data at Gillam, spectrograph data at Lucky Lake at 630.0, 557.7, 427.8 and
486.1 nm, and SuperDARN Fort Hays West (FHW) line-of-sight velocity. The dashed line marks the equatorward boundary
of the auroral oval at 630.0 nm.
. DMSP-17 12 October 2021
= 100 voudth
E W\\mj]f\
(a) Lucky Lake red channel at 04:52 UT £ 10°
2000
7 1000(©) SAPS ]
=-1000 sunward ]
-2000 upward
_ 2888 heating N +++ Te ]
+ .
| £ 4000 ot T
“ 20080 ;(asmﬂw*”*“““‘* gt P
up
(_)"‘E 8 JM[\J\\/\]\/\ G dowv"nl
£z Al | | T
= 4le) downward FAC
R [ weak soft, JM10°
G o
$% 10°k pfeClﬁltETtIC:n ] 107?_J
= | 6 &
3 10 il
EMsooy 31 10:§
> »n = | 1
102§ 0 E gi 10° G . " |prleéi:[?itnafi0n; 105£
s HiE Al
wEfsoo 2 10 \ AL T
S MLAT 62.8  60.5 8.1 555 528
= MLT 22.1 21.6 1.3 21.0 20.8
= UT 0450 0451 0452 0453 0454
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field-aligned current (FAC), electron flux, and ion flux.
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Figure 5. Green diffuse aurora and SAR arc that were observed at Orimattila, Finland on 07 April 2016. North is to the top
and east is to the left. The image cadence is 1 min.

the same event sequence as the first event, but the sequence occurred multiple times. A substorm auroral
breakup occurred, and green diffuse aurora appeared equatorward of the auroral oval (Figure 5b). The green
diffuse aurora was associated with a red arc. The green diffuse aurora decayed but the red arc lasted longer
(SAR arc, Figure 5c). In this event, the event sequence repeated three times (Figure 6). The second green
diffuse aurora and red arc started around 20:50 UT, and the third and strongest green diffuse aurora and red
arc started around 21:20 UT (Figure 5d). In each event sequence, the green diffuse aurora and red arc moved
equatorward as an azimuthally narrow channel, and then formed azimuthally elongated green bands or blobs
(Figures 5d and 5e). The red arc appeared in the same region and then only the red arc remained (SAR arc,
Figures 5g, 5h and 6b).

The MetOp-02 satellite was in conjunction with the green and red emissions near the western edge of the images
that were mapped to the sky (Figures 7a and 7b). The green emission was associated with proton precipitation
(Figures 7¢ and 7d) equatorward of the auroral oval (after 20:21:30 UT). This is consistent with the first event and
supports that proton precipitation is the primary driver of the emission.

2.1.2. 04 November 2018 Event

The third event occurred at 18-20 UT on 04 November 2018. Figure 8 shows a series of citizen-scientist photo-
graphs that were taken at Ikaalinen, Finland. The event sequence was essentially the same as those in the other
events: Green diffuse auroral bands and blobs appeared equatorward of the auroral oval (Figure 8a), and then a
red arc emerged near (Figures 8b and 8d) and on (Figure 8c) the green emission. The green emission faded away
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Figure 8. Green diffuse aurora and SAR arc that were observed at Ikaalinen, Finland on 4 November 2018. North is to the
top and east is to the left. The exposure is between 13 and 30 s.

except near the western horizon, and the red arc persisted as a SAR arc (Figures 8e and 8f). This event was also
associated with a large substorm that started near 18:20 UT (AL ~ —900 nT, not shown). The photographs for this
event were only taken intermittently, and we do not have sufficient data to create keograms.

The MetOp-02 satellite was in conjunction with the green and red emissions near the center of the images that
were mapped to the sky (Figures 9a and 9b). Similar to the satellite observations in the other two events, the
green emission was associated with a distinct enhancement of proton precipitation (Figure 9¢) equatorward of
the auroral oval (after ~18:59 UT). The >30 keV proton precipitation is a typical signature of electron scattering
by electromagnetic ion cyclotron (EMIC) waves (Nishimura et al., 2014). While 1-10 keV electron precipitation
was negligibly small, the <1 keV electron fluxes were enhanced in association with the proton precipitation.
This low-energy precipitation could be secondary electrons that are created by proton precipitation and drive the
red arc.

3. Conclusion

Using three nights of citizen scientist observations and coordinated scientific imagers and low-Earth orbiting
satellites, we have presented a repeatable sequence of subauroral optical emissions during substorms. During
the substorm expansion phase, green diffuse emissions emerged just equatorward of the auroral oval and moved
equatorward. The green diffuse emissions were identified as proton aurora because of the presence of H; emis-
sions and ion precipitation. The red arc was associated with the green emissions, indicating the role of secondary
electrons. The red arc in the first event also had a ray structure, which also indicates the presence of low-energy
precipitation. The low-Earth orbiting satellite observations provided direct evidence of low-energy secondary
electron precipitation over the red arc.
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Figure 9. (Left) Snapshot of imager data in the red and green channels at 19:00 UT and the footprints of the MetOp-01 and MetOp-02 satellites. (Right) MetOp-02
measurements of the >30 keV proton, >30 keV electron, 1-10 keV electron, and <1 keV electron fluxes.

The green emissions decayed faster than the red arc, and then the red arc was recognized as a SAR arc. This
transition suggests that the SAR arc is initiated by secondary electrons associated with proton precipitation.
The first event shows that the secondary electrons could continue over the SAR arc after the decay of the proton
aurora. Low-energy electrons are generally not observed over SAR arcs, but secondary electrons may be energetic
enough only during the proton aurora and then may decrease energy below instrument coverage (i.e., transition
to thermal heat flux). Collisional (Joule) heating by SAPS flows could also be the heat source for the SAR arc.
The presence of proton aurora ahead of the SAR arc provides an observational support to the scenario that ion
injection to the inner magnetosphere is the energy source for the SAR arc.

The present study was motivated by the citizen-scientist photographs that exhibit optical features drastically
different from the classical behavior of proton aurora and SAR arcs. Similar to the research on STEVE and dunes,
citizen scientists have made critical contributions to unveil the new understanding of proton aurora and SAR arcs
that scientists were not aware of. We believe that observations by citizen scientists will remain important for
making more discoveries of auroral physics.

Data Availability Statement

The citizen scientist images are available at https://www.amazingsky.com/Auroras/Auroras-Alberta-Saskatchewan/,
https://www.taivaanvahti.fi/observations/show/51300 and https://www.taivaanvahti.fi/observations/show/79139 as
image files. The TREx, CARISMA magnetometer, SuperDARN, DMSP, and NOAA data were obtained through
https://data.phys.ucalgary.ca/sort_by_project/TREx/ (RGB and spectrograph CDF), https://www.carisma.ca/caris-
ma-data-repository (ascii), http://vt.superdarn.org/tiki-index.php?page=Examine%20Fit%20Contents (fitacf),
www.openmadrigal.org (DMSP), and satdat.ngdc.noaa.gov/sem/poes/data/raw/ngdc/ (daily NCDF).
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