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Key Points:

e The first comparative statistical study of arc detachment from the main
auroral oval at the subauroral latitudes for three types of arcs.

e The substorm intensities estimated by the magnetic field variations were
~2-3 times higher for STEVE as compared to other arcs.

e The ASY-H index shows prominent bay-like structure (~4 times higher as
compared to other arcs) just prior to the STEVE detachment.

Abstract

We present the first comparative statistical study of subauroral arc detachment
from the main auroral oval at Athabasca (magnetic latitude = 61.5°N), Canada,
for three different types of subauroral arcs: pure red arc, red arc with simul-
taneous emission in green-line (red+green arc), and STEVE (strong thermal
emission velocity enhancement). Based on 15-years (2006-2020) of all-sky imag-
ing observations, this study not only uncovers the occurrence characteristics of
different arcs but also provides important insights into the specific geomagnetic
conditions under which STEVE develops. Red arc was the most common sub-
auroral arc (139 events), followed by red+green arc (42 events), and STEVE
(26 events) was a rare phenomenon. The detachment rate of red and red+green
arcs exhibits dependence on both the solar flux and geomagnetic activity. The
detachment rate of STEVE was higher during premidnight, whereas red and
red+green arcs were higher around the midnight sector. The geomagnetic ac-
tivity was relatively higher for STEVE, the decrease in the AL index and local
X-component magnetic variations were ~2-3 times higher for STEVE as com-
pared to other arcs. STEVE shows a strong association with asymmetric ring
current in terms of prominent bay-like enhancement in ASY-H index prior to
the STEVE detachment. Such bay-like enhancement was ~4 times higher for
STEVE as compared to other arcs. STEVE events were accompanied by dis-
persionless injection for both electron and proton flux at the geosynchronous
orbit. These results unambiguously suggest that STEVE develops after the sub-
storm associated energy injection and significant intensification of asymmetric
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ring current.
1 Introduction

The subauroral ionosphere is the region where magnetic field changes from
stretched to more dipolar field like topology. The nightside poleward part of
the subauroral ionosphere is affected by electron precipitation from the plasma
sheet, whereas the equatorward part is maintained by plasma from the plasma-
sphere. The ring current is the energy source for the magnetospheric electron
heat flux in the subauroral region (e.g. Hoch, 1973; Rees and Roble, 1975;
Kozyra et al., 1987). During geomagnetically disturbed intervals, the heated
electrons, generated by the interaction between plasmasphere and ring current,
fall into the ionosphere at subauroral latitudes along magnetic field lines. Fur-
ther, the strong poleward electric field located equatorward of the auroral oval
produces latitudinally narrow regions of duskward plasma flow at subauroral
latitudes known as polarization jet (Galperin et al., 1974) or SAID (subauroral
ion drifts) (Smiddy et al., 1977; Spiro et al., 1979). Thus, the subauroral iono-
sphere experiences a number of highly dynamic processes related to convection
electric field, coupling of trapped energetic particles, and thermal plasma, caus-
ing the formation of various types of optical features in this region (e.g., Frey,
2007, for a review). One of the most fascinating optical features observed at the
subauroral ionosphere is the ‘subauroral arc’. Unlike typical auroral arcs, the
subauroral arcs may not be always caused by direct excitation from energetic
particle precipitation (e.g., Gallardo-Lacourt et al. 2021, for a review).

Stable auroral red (SAR) arcs are most common type of subauroral arc and have
been studied extensively since their discovery in the 1950s (Barbier, 1958). The
red-line emissions of SAR arcs are caused by the interaction of the inner edge
of the ring current with the contracted plasmasphere. The Coulomb collision is
considered as a main mechanism through which energy is transferred from ring
current ions (several tens of keV) to plasmaspheric electrons (energies less than 1
eV) (Cole, 1965; Kozyra et al., 1987). Energized thermal electrons can transport
energy down to the ionosphere via heat conduction or as a low-energy electron
flux (e.g., Cole, 1965), exciting atomic oxygen to the O(!D) state. SAR arcs
with weak green-line (557.7 nm) emission have been reported by past studies
(e.g., Mendillo et al., 2016; Inaba et al., 2021). A newly recognized subauroral
optical structure, known as STEVE (strong thermal emission velocity enhance-
ment), has also grasped the attention of the space physics community in recent
years (e.g., MacDonald et al., 2018). STEVE is a visible purple color arc, often
occasionally accompanied by green ray structure at the lower altitudes, known
as picket fence.

Similar to SAR arc, STEVE is shown to be associated with enhancement in
temperature and westward ion drift (MacDonald et al., 2018). Both SAR arcs
and STEVE have been reported to occur in the recovery phase of substorms
(Takagi et al., 2018; Gallardo-Lacourt et al., 2018). They are generated at or
just inside the plasmapause (Cornwall et al., 1971; Kozyra et al., 1997; Chu et
al., 2019). Although STEVE shows some similarities to SAR arcs in terms of



their location and occurrence, the two phenomena differ markedly from each
other. While SAR arcs are subvisual, spectrally pure red-line emission with
little or no green emission, and long-lived (10 hours or longer) (e.g. Nagy et
al., 1970), purple STEVE is visible to the naked eye, latitudinally narrow, and
short-lived (~around one-hour) (Gallardo-Lacourt et al., 2018). Unlike that
of monochromatic SAR arcs (only 630.0 nm), STEVE spectrum consists of a
continuum spectrum spanning between ~400 and 730 nm (Gillies et al., 2019).

Recent studies have shown that common feature of both SAR arcs and STEVE
is equatorward arc detachment from the main auroral oval (e.g., Shiokawa et al.,
1999; 2009; 2017; Takagi et al., 2018; Gallardo-Lacourt et al., 2018; Yadav et al.
2021a). Using an all-sky imager (ASI) at Athabasca, Takagi et al. (2018) and
Yadav et al. (2021) reported that, initially, SAR arcs and STEVE arcs appeared
very close to the main auroral oval. As time progressed, this arc separated itself
from the oval and moved equatorward when the main oval returned to higher
latitudes. This feature is referred as the “detachment of arc from the oval”.
Anger et al. (1978) and Moshupi et al. (1979) first used the term “detached
arcs” to describe the arc-like auroral features equatorward of the auroral oval
observed by the ISIS 2 satellite scanning photometer. The ISIS-2 detached arcs
displayed emissions in 391.4 nm (NN;) and 557.7 nm with no emission enhance-
ment in 630.0 nm and occurred in the afternoon sector, hence are referred as
“afternoon detached arcs”. The detached arcs in the midnight sector at the sub-
auroral latitudes with emission in both red- and green line (red+green arc) have
been shown to be associated with the low-energy particle precipitation from the
plasma sheet (Yadav et al., 2021b; under communication). Detached proton arcs
have also been observed in the subauroral region (Sakaguchi et al., 2008; Ozaki
et al., 2021; Zhou et al., 2021; and reference therein). The proton arcs have
been shown to be formed by the precipitation of high-energy ions caused by the
interactions of electromagnetic ion cyclotron (EMIC) waves with ring current
ions (e.g., Sakaguchi et al., 2008). On account of the generation mechanism
of subauroral proton arcs, we have not considered protons arcs in the present
study.

In the past, individual statistical study of SAR arc and STEVE have been car-
ried out. For example, Gallardo-Lacourt et al. (2018) performed a statistical
analysis for 28 STEVE events using Time History of Events and Macroscale In-
teractions during Substorms (THEMIS) all-sky imager and the Redline Emission
Geospace Observatory (REGO) database that is, they performed the statistical
analysis of STEVE using multiple sites. Based on 11 years of ASI observations
at Athabasca, Takagi et al. (2018) performed a statistical analysis of detached
SAR arc. Note that in the study of Takagi et al. (2018), weak 557.7-nm emission
also accompanied the SAR arc for some cases. A statistical study of subauro-
ral arc with simultaneous emission in red and green-line, hereafter referred as
red+green arc, remains unexplored. A detailed comparative statistical study of
geomagnetic conditions for different subauroral arcs at a single station is also
missing from the literature. Here, we present a comparative statistical analysis
on the detachment of red arcs, red+green arcs, and STEVE with reference to



solar flux, geomagnetic activity, and magnetic local time (MLT) distribution.
Such a comparative study will not only enable disentangling the mysteries asso-
ciated with STEVE, but also shed light on the specific geomagnetic conditions
under which the arcs detached as red arc, red+green arc, and STEVE.

2 Database and methodology

One of the requirement to perform the statistical analysis is long-term availabil-
ity of all-sky imaging observations for the arc detection. An OMTI (Optical
Mesosphere Thermosphere Imager) (Shiokawa et al., 1999, 2009) all-sky imager
(ASI) (camera no. 7) has been operating at Athabasca (54.6°N, 246.3°E, mag-
netic latitude: 61.5°N, L = 4.4), Canada, since September 3, 2005. Magnetic
midnight for this ASI occurs at ~8.1 UT. In the present study, we have used
15-years of continuous ASI observations from 2006-2020. The camera has a 180°
field-of-view fish-eye lens, seven band-pass optical filters, and a thermoelectri-
cally cooled CCD with 512 x 512 pixels. In order to increase the signal to noise
ratio, CCD images are processed with 2 x 2 binning, so that the images had a
resolution of 256 x 256 pixels. The seven band-pass filters of this camera allow
measurement of airglow/auroral emissions at specific wavelengths: OI at 557.7
nm, OI at 630.0 nm, H at 486.1 nm, Na at 589.3 nm, OH bands at 720-910 nm,
OI at 844.6 nm, and nominal background at 572.5 nm. In this study, we have
used images at all the wavelengths except for OH bands. The details about the
exposure times of the images at different wavelengths are given in Yadav et al.
(2021a).

The raw images are projected into the geographical latitude/longitude coordi-
nates by assuming that the emission intensity has a peak at 250 km altitude for
630.0 nm and 120 km for the other wavelengths. We have constructed North-
South (NS) keograms by stripping the slices of airglow images at the longitude of
Athabasca (246.3°E). The keograms facilitate the study of temporal variations
in the auroral emission intensities and their latitudinal motion.

As mentioned earlier, proton arcs are not considered in this study. Subauro-
ral proton arcs, which exhibit emission in 557.7 nm, 630.0 nm, and 486.1 nm
(H ), have been shown to occur simultaneously with Pc 1 geomagnetic pulsa-
tions in the frequency range of the EMIC wave (e.g., Sakaguchi et al., 2008).
An induction magnetometer has been operating at Athabasca since September
2005. The induction magnetometer measures variation of a three-component
geomagnetic field with a sensitivity of 0.45 (V/nT) at 6 Hz with a turnover
frequency of 6 Hz. The dynamic magnetic field spectra used to decipher the
presence of Pc 1 geomagnetic pulsations is available at the ISEE magnetometer
website (https://stdb2.isee.nagoya-u.ac.jp/magne/induction/index.html). De-
tached red+green arcs with simultaneous occurrence of Pc 1 geomagnetic pul-
sation were eliminated from the present study.

To study the solar flux and geomagnetic activity dependence of detached arcs,
we obtained the yearly solar flux and geomagnetic indices from the NASA’s
Space Physics Data Facility (SPDF) OMNI database. The 1-min resolution ge-



omagnetic indices were also obtained from the OMNI database, used to examine
the geomagnetic conditions during the detachment of arcs. The magnetometer
data at Athabasca (ATHA), Fort Smith (FSMI; Lat 60.0°N, Long 248.2°N; mag-
netic latitude: 67.28°N), and Boulder (BOU; Lat 40.1°N, Long 254.7; magnetic
latitude: 48.7°N) were used to access the substorm activity in the longitude zone
of Athabasca ASI. Fort Smith is located in the auroral oval, whereas Boulder is
a middle latitude station.

The magnetic field (MAG) and particle data from MAGnetospheric Electron
Detector (MAGED) and MAGnetospheric Proton Detector (MAGPD) onboard
Geostationary Operational Environmental Satellite (GOES) were used to iden-
tify the substorm injection signatures at the geosynchronous orbit. We used
data from GOES-15 [135°W], GOES-14 [105°W], GOES-12 [75°W], and GOES-
11 [135°W]. The GOES satellites were located between ~19 to 24 MLT for all
STEVE events. The longitudinal difference of GOES-15 and GOES-11 with
Athabasca is ~63 degree, whereas GOES-14 and GOES-12 is ~38 degree and
8 degree, respectively. In this paper, we have shown only particle data from
GOES-15 to demonstrate the dispersionless injection prior to three STEVE
events occurring during 2018-2019.

We have used the Space Physics Environment Data Analysis Software (SPEDAS)
tool (Angelopoulos et al., 2019) to download and analyze the 1-min geomagnetic
activity indices, ground-based magnetic field, and GOES particle flux data. We
used median subtracted X-component magnetograms in this study.

3 Observations

We used ASI images and N-S keogram to identify the detachment of arcs based
on visual inspection. Figure 1 shows the typical ASI images at red-line (630.0
nm) and green-line (557.7 nm) for red arc (upper panel A), red+green arc (mid-
dle panel B), and STEVE (bottom panel C). Spectrally pure red-line emission
is considered as red arcs, not associated with simultaneous observation in the
green-line (panel A). The arc in red-line with simultaneous emission in green-line
is referred as red+green arc (panel B). STEVE is a narrow bright arc compared
to normal red arc, exhibiting wavy structure along the arc, and sometimes also
picket fence structure in the green-line (panel C).
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Figure 1: Typical all-sky images of red arc on September 17, 2017 (arc in 630.0
nm with no corresponding emission in 557.7 nm; upper panel A), red+green arc
on May 14, 2015 (emission in both 630.0 nm and 557.7 nm; middle panel B),
and STEVE on March 11, 2010 (bright arc in 630.0 nm and picket fence in 557.7
nm; bottom panel C).

Figure 2 shows a typical example of NS keogram for red-line (630.0 nm) and
green-line (557.7 nm) for red arc (Event 1; upper panel A), red+green arc
(Event 2; middle panel B), and STEVE (Event 3; bottom panel C). Before the



detachment of all arcs, the high-latitude aurora expands equatorwards. When
the oval aurora returned to higher latitudes, an arc detached itself from the main
auroral oval and moved further equatorward. This phenomenon is referred as
detachment of arc from the main auroral oval as described by Takagi et al.
(2018) for SAR arc and Yadav et al. (2021a) for STEVE. For red arc (Event 1),
this detachment was observed at ~0740 UT in the red-line keogram. Although
the equatorward extension of oval aurora is observed in the green-line keogram,
arc detachment did not occur. For red+green arc (Event 2), the detachment
of arc is observed in both the red-line and green-line keogram at ~0645 UT. A
narrow and bright arc structure detaching itself from the main auroral oval at
~0615 UT is STEVE in the red-line (Event 3). By contrast, red arc appeared
diffuse and wide (Event 1). For STEVE (Event 3), although 557.7 nm image
shows the picket fence structure, the detachment of arc at ~0615 UT is not
observed, like in the red-line.
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Figure 2: Typical NS keogram for red arc (Event 1), red+green arc (Event 2),
and STEVE (Event 3).

For arc detachment statistics, first, the feature of arc detachment was identified
from NS keograms by visual inspection. Then, we checked all-sky images to
ensure that the features picked up from the keograms were east-west elongated
arcs detaching from the main auroral oval. Only those arcs are considered
which persisted at least 30 mins after their detachment from the main auroral
oval. STEVE consists of continuum spectrum from 400-730 nm (Gilles et al.,
2019). Therefore, although Figure 1 and 2 shows the STEVE emissions only in
red- and green-line, the presence of STEVE is identified by using the images at
all six filters including the “nominal background”, except for the OH band, as
described in Yadav et al. (2021a). The primary objective of this study is to
examine the detachment rate. So, cases in which detachment was not observed
were not considered. Since STEVE is a rare event, we have considered STEVE
events even when the detachment was ambiguous.

Given the fact that the ASI measurements have limitation as observations can-
not be made if the sky is cloudy, only those nights are considered for which
at least 4-hour observation was present. After this restriction, the number of
nights available to us for identifying the arc detachment were reduced to 948. In
948 nights of observations and 6376 hours of data, we identified 139 red arcs, 42
red+green arc, and 26 STEVE events. Note that Takagi et al. (2018) analyzed
the total occurrence (from the detachment until the arc remained detectable in
the AST images) of SAR (red) arcs, whereas the present study is focused solely
on the detachment rate of red arcs, red+green arcs, and STEVE.

STEVE does not invariably display the feature of detachment from the main
auroral oval. Occasionally, STEVE is found to emerge at the equatorward
boundary of diffuse emissions that had already expanded equatorward from the
main auroral oval. Out of 26 STEVE events, the detachment from the main
auroral oval was observed for 13 events. For 4 events, the feature of detachment
was not clear either because of the absence of images or presence of clouds. For
the remaining 8 events, STEVE developed at the equatorward boundary of the
intense diffuse emission that expanded equatorward from the main auroral oval.
Two examples of such events are shown in supplementary Figure S1.

3.1 Statistics of detachment rate

The ‘detachment of arc per hour’ is defined as the ratio between total number
of detachment events and total hours of data. Figure 3 shows the yearly (2006-
2020) rate of detachment for red, red+green arcs, and STEVE. The yearly
averaged variation of solar wind speed (Vx), Ap index, and F10.7 is superposed
to study the association of arc detachment with the solar and geomagnetic
activity. In general, the detachment rate of red+green arcs exhibits dependence
on geomagnetic activity with higher detachment rate when Ap and solar wind
speed were high and no occurrence for low Ap and solar wind speed years (2009-
2011 and 2020). However, the detachment rate of both red and red+green arcs



was low during 2016-2017 when the Ap index was the highest. Comparing the
two solar minimum, the detachment rate of red arc was highest during 2018-2019
when both the solar wind and Ap index was at the higher levels as compared
to 2008-2009. In comparison to red+green arcs, the detachment rate of red
arcs was higher even for the lowest Ap years (2009-2010). These results suggest
that the detachment rate of red and red+green arc exhibits dependence on both
the geomagnetic activity (Ap and solar wind) and solar flux. The detachment
of STEVE was maximum during the solar minimum year 2019, and then for
2010 and 2018. The high detachment rate of STEVE coincided with the high
detachment rate of red arcs.

Figure 4 shows the detachment rate of red, red+green arcs, and STEVE as a
function of MLT. The MLT distribution of detachment rate was calculated for
each arc-type separately by dividing the total events observed in a particular 2-
hour time slot to the total number of arc events. In general, the detachment rate
of all arcs exhibits asymmetric distribution with highest rate in the premidnight
sector. For STEVE, detachment rate is highest at 22-24 MLT, and then at 20-
22 MLT, before midnight. The detachment rate of red and red+green arcs
maximized around midnight, that is at 22-24 and 00-02 MLT.
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Figure 3: The yearly (2006-2020) variation of rate of detachment for red arc,
red+green arc, and STEVE. Blue dashed, cyan dashed dot, and solid gold color
curve represent the yearly averaged variation of solar wind speed (Vx), Ap index,
and F10.7.
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Figure 4: The detachment rate of red a rc, red+green arc, and STEVE as a
function of MLT.

3.2 Superposed epoch analysis

In order to understand the specific geomagnetic activity during which subauroral
arcs detached as red arc, red+green arc, and STEVE, we perform the superposed
epoch analysis for different geomagnetic activity indices from 3 hr before to 3
hr after the detachment event. Note that the superposed epoch analysis of AL-
index and SYM-H index for STEVE (Gallardo-Lacourt et al., 2018) and SAR
arc (Takagi et al., 2018) has been already reported. These studies highlighted
that both STEVE and SAR arc occurred at the end of expansion phase or just
at the beginning of recovery phase. In the following subsections, we compare
the results of superposed epoch analysis of different geomagnetic activity indices
for three different types of arcs.
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3.2.1 AL index

Figure 5 shows the results of superposed epoch analysis of AL index from 3 hr
before to 3 hr after the detachment of (a) red arcs, (b) red+green arc, and (c)
STEVE. The vertical dashed line at zero hour represents the time of detachment
of arcs as detected in the optical data. The average values defined every 1-min
for red arc, red+green arc, and STEVE are shown by red, green, and purple
curve, respectively. The grey lines show the standard deviation. The AL index
began to decrease ~1 hr prior to the detachment of all arcs. Compared to the
values 1-hr prior to the detachment, the AL-index exhibits a decrease of ~ 250
nT for STEVE, ~130 nT for red and red+green arc. The detachment of arcs

occurred towards the end of expansion phase and beginning of recovery phase.

Unlike red and red+green arc, the AL index for STEVE shows the presence of
small perturbations around the end of expansion phase. In order to investigate
this aspect in detail, we made the superposed epoch analysis using X-component
magnetogram at FSMI, enable focusing on the detachment of arc with respect
to auroral-zone substorm activity in the longitude of Athabasca ASI.
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5: Superposed epoch analysis of (a) red arc (139 events), (b) red+green arc
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(42 events), and (c¢) STEVE (26 events). The vertical dashed line at zero hour
represents the time of detachment of arcs as detected in the optical data. The
average values defined every 1-min for red arc, red+green arc, and STEVE are
shown by red, green, and purple curve, respectively. The grey lines show the
standard deviation.

3.2.2 X-component magnetogram at Fort Smith

Figure 6 is same as Figure 5 but for X-component magnetogram at FSMI. In
general, for all arcs, the X-component magnetic field at FSMI began to decrease
1 hr prior to the time of arc detachment, with its minimum value occurring
around the detachment time. On average, the X-component magnetogram de-
creased ~300 nT for STEVE, ~200 nT for red+green arcs, and ~100 nT for red
arcs. The X-component magnetogram at FSMI displayed perturbations in the
recovery phase of the substorms during STEVE detachment, not observed for
other arcs. STEVE detachment coincided with a sharp recovery from the expan-
sion phase and start of additional activity in the recovery phase of a substorm.
By analyzing three STEVE events, Yadav et al. (2021) also reported the associ-
ation of STEVE with additional activities in the recovery phase of a substorm
by using X-component magnetogram at FSMI for three STEVE events.

14
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Figure 6: Same as Figure 5 but for X-component magnetogram at Fort Smith
(FSMI).

3.2.3 X-component magnetogram at Athabasca

We also perform the superposed epoch analysis for the X-component magne-
togram at Athabasca, shown in Figure 7. The X-component magnetogram
at Athabasca began to decrease ~1 hr before the detachment of red arc and
red+green arc. For STEVE, X-component magnetogram at Athabasca showed
a hump of slight (~10 nT) enhancement ~30-minutes prior to the detachment
followed by a decrease. Such feature is not observed for red arc and red+green
arc. The maximum decrease prior to detachment was ~40 nT for STEVE and
red+green arc and 20 nT for red arc.
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Figure 7: Same as Figure 5 but for X-component magnetogram at Athabasca
(ATHA).

3.2.4 SYM-H index

Figure 8 shows the superposed epoch analysis for the SYM-H index. Takagi
et al. (2018) reported no clear change in the SYM-H index before or after the
detachment of SAR arcs. Similarly, the SYM-H index shows no change before
and after the detachment of both red and red+green arcs. Unlike other arcs,
the SYM-H index exhibits slight variations before and after the detachment of
STEVE. The SYM-H index shows the hump of slight enhancement just prior to
the detachment of STEVE. The hump is followed by a gradual decrease with the
minimum values occurred 1 hr after the detachment of STEVE. The minimum
value of the SYM-H index remains near -15 nT for red arcs, -20 nT for red+green
arcs, and -25 nT for STEVE events. This indicates that STEVE likely to occur
during relatively geomagnetically disturbed periods with more developed ring
current as compared to red and red+green arcs.

3.2.5 ASY-H index
Figure 9 shows the superposed epoch analysis for the ASY-H index. In general,
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the ASY-H index began to increase gradually ~1 hour before the arc detachment
for all arcs. For STEVE, the ASY-H index showed an abrupt enhancement ~30
mins before the detachment, exhibiting a prominent bay-like structure. The
ASY-H index shows an enhancement of 20 nT for STEVE and 5 nT for red and
red+green arc. The detachment of arcs occurred immediately after the peak in
ASY-H index for all arcs. The maximum magnitude of ASY-H index was ~45
nT for STEVE, 25 nT for red and red+green arc. Thus, bay-like enhancement
in the ASY-H index is significantly prominent for STEVE as compared to red
and red+green arc. Although the magnitude of ASY-H index for red arc and
red+green is same, the bay-like feature of ASY-H appeared prominently for red
arc in comparison to red+green arc. The prominent bay-like ASY-H increase
for STEVE probably indicates the connection of asymmetric ring current to the
generation of STEVE during the substorm expansion phase.
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Figure 8: Same as Figure 5 but for SYM-H index.
3.2.6 X-component magnetogram at Boulder

In order to examine the local substorm activity, we also performed the similar
analysis for H-component magnetogram at Boulder (BOU), shown in Figure
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10. Although there is around 1-hr time difference from Boulder and Athabasca,
the magnetic field variation at Boulder might provide an estimate of the mid-
dle latitude variation of X-component magnetogram at the longitude zone of
Athabasca. Similar to the ASY-H index, the X-component magnetogram at
Boulder began to increase gradually 1-hr prior to the arc detachment for all arcs;
however, an abrupt increase ~30-mins prior to the detachment is observed only
for STEVE. The X-component magnetogram exhibits an enhancement of ~20 nT
for STEVE. By contrast, the enhancement of X-component magnetogram was
gradual, broad, and weak (~10 nT) for red arc and very weak for red+green arc
(~3 nT). Thus, the mid-latitude positive bay occurred prominently for STEVE
as compared to red and red+green arc. The detachment of all arcs occurred
immediately after the appearance of positive bay structure.
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Figure 9: Same as Figure 5 but for ASY-H index.
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Figure 11: Examples of energetic electron and proton flux as a function of L-
value, MLT, and UT for three STEVE events obtained from GOES-15 spacecraft.
The interval of dispersionless enhancement is highlighted by black dashed lines.
The purple dashed line represent the approximate time of STEVE detachment
observed in the all-sky images.

3.3 Linkage of STEVE with substorm activity

We analyzed the GOES spacecraft magnetic field and particle flux data to iden-
tify the substorm associated injection at the geostationary orbit for STEVE
events. Interestingly, we found that most of the STEVE events (20 events)
were accompanied by the substorm associated injection at the geostationary or-
bit approximately 30 mins prior to the detachment of STEVE. Although we
have used different GOES spacecrafts to identify the feature of diapolarization
and substorm associated injection for all 26 STEVE events spanning from 2006
to 2019, here we have shown only three examples using GOES-15 particle flux
(both electron and proton) data. Figure 11 shows three examples of energetic
electron and proton fluxes from GOES-15 spacecraft as a function of L-value,
MLT, and UT for STEVE events of (A) 18 August 2018, (B) 02 March 2019,
and (C) 02 May 2019. GOES-15 was in the premidnight sector at 2000 MLT
for these three events. The longitudinal difference of GOES-15 and Athabasca
ASI is ~63 degree. The detachment time of STEVE arc is highlighted by purple
dashed line, as observed in the red-line ASI images at Athabasca. The black
dotted lines indicate the start of dispersionless enhancement for both electron
and proton fluxes. The dispersionless enhancement with a simultaneous increase
of the electron (by a factor of ~1.5-3.0) and ion fluxes (by a factor of ~2 to an
order of magnitude) at ~0527-0552 UT was observed on 18 August 2018 (A) and
STEVE started at 0600 UT. Similarly, at 0525-0532 UT, dispersionless enhance-
ment by a factor of ~4 was observed for 02 March 2019 (B) and STEVE observed
at 0600 UT. For the event of 02 May 2019, STEVE began at 0450 UT and the
dispersionless enhancement by a factor of ~2-4 was observed at ~0415-0435 UT.
The enhancement of proton flux was found to be around one order of magnitude
higher for lower energies (95 and 140 keV) for 02 May 2019 (C). Since GOES-15
observes near simultaneous dispersionless injections for both protons and elec-
trons, the location of the injections must be close to the location of GOES-15 at
2000 MLT. GOES particle flux data confirm substorm onset before the STEVE
events. Although not shown here, the events of diapolarization and substorm
associated injection were also observed for red and red+green arcs.

4 Discussion

Based on 15-years of ASI data at Athabasca, we present a detailed compara-
tive study on the occurrence characteristics of arc detachment from the main
auroral oval for three different types of subauroral arc: pure red arc, red+green
emission arc, and STEVE. Using monochromatic images at six different wave-
lengths, we identified 139 red arcs, 42 red+green arcs, and 26 STEVE events.
The pure reds arcs observed in this study may be closely related to traditional
SAR arcs (Takagi et al., 2018). However, we are not referring pure red arcs as
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SAR arc because of the association of red arcs with subauroral ionospheric drift
(SAID) (Sazykin et al., 2002) and particle precipitation from the plasma sheet
particularly in the midnight sector (Yadav et al., 2021b; under communication).

Covering two solar minimum periods, our results revealed that the detachment
rate of red arcs was maximum during solar minimum and higher geomagnetic
activity conditions. The geomagnetic activity (both solar wind and Ap index)
were higher in 2019-2020 as compared to 2008-2009. Likewise, detachment rate
of red arcs was higher in 2019-2020 as compared to 2008-2009. In comparison
to red+green arcs, the detachment rate of red arcs was higher even for the
lowest Ap years (2009-2010). The detachment rate of STEVE also maximized
in solar minimum and high-geomagnetic activity year (2019). The red+green
arc showed no occurrence or had minimum occurrence during low Ap and low
solar wind speed years (2009-2011 and 2020). The detachment rate of both red
and red+green arcs was low during the years of highest geomagnetic activity
(2016-2017). Takagi et al. (2018) reported that the occurrence rate of SAR
arc detachment was low in the solar maximum and minimum and high during
the period of increase or decrease of solar activity. Alexeyev et al. (2009) also
showed that the occurrence rate of SAR arcs has a maximum in the declining
phase of solar activity. These studies also reported that the occurrence rate
of SAR arcs correlated well with the geomagnetic activities represented by the
Ap index. Note that both of these studies were based on nearly one-solar cycle
data, whereas, 15-years of data used in the present study provides us a distinct
opportunity to compare two solar minimum periods. Our results indicate that
the detachment rate of red and red+green arc has dependence not only on
geomagnetic activity but also on the solar flux.

It is well-known that the boundary of auroral oval expands with increasing
geomagnetic activity, that is, the auroral zone expands equatorward at times of
enhanced geomagnetic period. Thus, during high geomagnetic activity period,
observed in 2016-2017, there is a high possibility that the auroral oval expands to
reach latitudes of Athabasca. The magnetic latitudes of SAID is also known to
shift equatorward with increasing geomagnetic activities (Karlsson et al., 1998;
He et al., 2014). This implies that the probability of appearance of subauroral
arc should be reduced at the latitudes of Athabasca during higher geomagnetic
activity, but at the same time, should have higher occurrence at lower latitudes.
Mendillo et al. (2016) by analyzing 27-years of ASI data at Millstone Hill
[42.6°N, 288.5°E, 56° invariant latitude| reported that occurrence of SAR arcs
was minimum during solar minimum years and maximum during solar maximum
years, opposite to what we observe at Athabasca.

We presented the magnetic local time (MLT) distribution of red, red+green arcs,
and STEVE. STEVE is found to occur predominantly in the premidnight sec-
tor (highest occurrence at 22-24 MLT, and then at 20-22 MLT). Using THEMIS
ASI and REGO database Gallardo-Lacourt et al. (2018) identified 28 STEVE
events between 22 and 01 MLT. A large majority of SAID occurred in the pre-
midnight sector (2000-2300 MLT) with strength being higher for events close

22



to 2200 MLT (Karlsson et al., 1998; Figueiredo et al., 2004). Being an optical
manifestation of SAID (MacDonald et al., 2018; Archer et al., 2019), STEVE
showed good correlation with the occurrence characteristics of SAID. Red and
red+green arcs exhibit maximum detachment rate around the midnight sector
(highest occurrence at 00-02 MLT, and then at 22-24 MLT). Using Athabasca
ASI (2006-2016), Takagi et al. (2018) reported that the occurrence rate of
SAR arc detachment was highest in the premidnight sector (20-22 MLT'). They
suggested that the detachment of SAR arcs may correspond to the dynamical in-
jection of ring current ion populations into the inner magnetosphere. Note that
the study of Takagi et al. (2018) is different from the present study because
they considered the total occurrence rate (from the time of detachment till until
the arc remained detectable in the AST images) of SAR arcs, whereas we have fo-
cused solely on the detachment rate. In addition, Takagi et al. (2018) perceived
STEVE events as the SAR arc. In the present study, highest detachment rate
of red and red+green arcs is observed around the midnight sector, suggesting
that the low-energy particle (<10 keV) precipitation from plasma sheet might
also play a role in the formation of subauroral arcs around the midnight sector
(Yadav et al., 2021b; under communication).

In section 3.2, we performed superposed epoch analysis to compare various ge-
omagnetic activity indices during the detachment of red, red+green arcs, and
STEVE. Results reveal that STEVE occurred during higher geomagnetic activ-
ity as compared to that observed for red and red+green arcs. Gallardo-Lacourt
et al. (2018) reported that STEVE occurred at the end of a prolonged sub-
storm expansion phase (~60 min). However, our results show that the substorm
expansion phase persisted for ~60 mins (both in AL index and X-component
magnetogram) not only for STEVE but also for red and red+green arcs. The
notable point is that substorm intensities estimated by the magnetic field vari-
ations were ~2-3 times higher for STEVE as compared to red and red+green
arcs.

In general, all arcs occurred towards the end of expansion phase and beginning
of recovery phase, as already shown in the earlier studies for STEVE (Gallardo-
Lacourt et al. 2018) and SAR arcs (Takagi et al., 2018). The X-component
magnetogram at Fort Smith indicated that the detachment of STEVE coin-
cided with the sharp recovery from the expansion phase and the beginning of
additional activity in the recovery phase of a substorm. Based on three STEVE
events, Yadav et al. (2021a) first highlighted the association of STEVE detach-
ment and brightness with the additional activities in the recovery phase of a
substorm. Our results, based on 26 STEVE events, provide further credence
to the findings of Yadav et al. (2021a) that triggering of STEVE requires ad-
ditional energization, observed in terms of additional activities in the recovery
phase of a substorm. Gallardo-Lacourt et al. (2018) identified streamers within
the auroral oval for STEVE events, indicating the association of STEVE with
substorm activity.

Our results, for the first time, show the association of STEVE with ASY-H
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index in terms of a prominent bay-like enhancement just prior to the detach-
ment of STEVE. The detachment of STEVE occurred immediately after the
peak in ASY-H index. A sharp bay-like enhancement is also observed for X-
component magnetogram at Boulder, a mid-latitude station in the longitude
zone of Athabasca. The ASY-H index is associated with an intensification of
asymmetric ring current in the dusk sector (Nishida, 1978). The bay-like varia-
tions of H- and D-components might indicate the onset of substorm expansion
(Rostoker et al., 1980). Although the bay-like enhancement is also observed for
the red and red+green arcs, it was weak (5 nT) and broad compared to STEVE
(20 nT). The association of SAR arc with a bay-like structure in the ASY-H
index is shown in the past studies (e.g., Ievenko et al., 2008). Unlike red arcs,
a clear bay-like structure prior to the detachment of arc is not observed for
green+red arc, indicating that the mechanism for the formation of red+green
arc may be different from the red arc. It is notable that positive bay enhance-
ment in ASY-H index for STEVE was 4 times stronger than red and red+green
arcs. This suggests the strong association of STEVE with the asymmetry in
ring current.

Lastly, in order to further provide evidence to the association of STEVE with
substorms, we analyzed GOES particle flux. Results unveil that majority
(20/26) of the STEVE events were accompanied by the dispersionless injec-
tion of both electron and proton flux at geosynchronous orbit, a ubiquitous
characteristic of substorms. Such enhancements were observed ~30 mins prior
to the detachment of STEVE into the nightside. Note that such particle
injection events at the geostationary orbit were also observed often for red and
red+green arcs. The dispersionless injection of both electron and proton flux at
geosynchronous orbit for SAR arc was reported in the past (e.g., Ievenko et al.,
2008). However, the peculiar features in the magnetic field was observed only
for STEVE, for example, i) both ASY-H index and X-component magnetogram
at Boulder showed an abrupt enhancement ~30-mins prior to the STEVE arc
detachment, forming a feature of prominent positive bay-like enhancement
before the detachment of STEVE arc ii) the SYM-H index and X-component
magnetogram at Athabasca showed small enhancement ~30 mins prior to the
detachment of STEVE, and iii) the X-component magnetogram at Fort Smith
shows the presence of additional activities in the recovery phase of substorms.
Such features were not observed for red arcs and red+green arcs. These results
unambiguously indicate that STEVE develops after the substorm associated
energy injection and consequent intensification of asymmetric ring current.

5 Conclusions

While individual statistics of SAR arc and STEVE have been reported in pre-
vious studies, here we present for the first time comparative statistical study
of three types of subauroral arc from the same station—an aspect not yet ad-
dressed. We have used 15-years (2006-2020; covering two solar minimum) of
ASI observation at Athabasca to perform a comparative statistical study of red
arcs, red+green arcs, and STEVE. The most commonly observed arc was red
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arc (139 events), followed by red+green arc (42 events) and STEVE (26 events),
an extremely rare phenomenon.

We found that the detachment rate of red arcs was high for the solar minimum
and high geomagnetic activity years, displaying dependence on both solar flux
and geomagnetic activity. The detachment rate of red+green arc was higher for
moderate geomagnetic activity years and had minimal or no occurrence for low
geomagnetic activity. The detachment rate of STEVE also maximized in solar
minimum and high-geomagnetic activity year (2019). Given that auroral oval
expands equatorward with increasing geomagnetic activity, the occurrence of
all subauroral arcs was low during peak geomagnetic activity year (2016-2017),
indicating that occurrence rate of arcs has a dependence on the location of ob-
serving station. The detachment rate of STEVE was higher in the premidnight
sector, whereas red arcs and red+green arcs exhibit higher detachment rate
around the midnight sector.

In order to provide insights on the specific geomagnetic conditions during
STEVE, we performed a comparative superposed epoch analysis for various
geomagnetic activity indices for red arcs, red+green arcs, and STEVE. Results
reveal that STEVE occurred during relatively higher geomagnetic activity, the
substorm activity was ~2-3 times higher for STEVE as compared to other arcs.
The ASY-H index shows the prominent bay-like enhancement with a peak just
prior to the detachment of STEVE, the bay-like enhancement was ~4 times
higher for STEVE as compared to other arcs.

Majority of STEVE events were accompanied by the feature of dispersionless
injection for both electron and proton flux at the geosynchronous orbit ~30
mins prior to the STEVE detachment. The feature of dispersionless injection
for particle flux at the geosynchronous orbit was also observed for red arcs and
red+green arcs. However, the geomagnetic activity indices show peculiar fea-
tures for STEVE and not for other arcs. For example, i) both ASY-H index
and X-component magnetogram at Boulder showed the presence of prominent
positive bay-like enhancement before the detachment of STEVE, ii) the SYM-H
index and X-component magnetogram at Athabasca showed small enhancement
~30 mins prior to the STEVE detachment, and iii) the X-component magne-
togram at Fort Smith and AL index showed the presence of additional activities
during the time of STEVE detachment. The development of STEVE occurred
at the end of substorm expansion phase and significant intensification of asym-
metric ring current in the dusk sector.
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