
Abstract Stable auroral red (SAR) arcs are optical events with dominant 630.0-nm emission caused 
by low-energy electron heat flux into the topside ionosphere from the inner magnetosphere. SAR arcs 
are observed at subauroral latitudes and often occur during the recovery phase of magnetic storms and 
substorms. Past studies concluded that these low-energy electrons were generated in the spatial overlap 
region between the outer plasmasphere and ring-current ions and suggested that Coulomb collisions 
between plasmaspheric electrons and ring-current ions are more feasible for the SAR-arc generation 
mechanism rather than Landau damping by electromagnetic ion cyclotron waves or kinetic Alfvén 
waves. This work studies three separate SAR-arc events with conjunctions, using all-sky imagers and 
inner magnetospheric satellites (Arase and Radiation Belt Storm Probes [RBSP]) during non-storm-time 
substorms on December 19, 2012 (event 1), January 17, 2015 (event 2), and November 4, 2019 (event 
3). We evaluated for the first time the heat flux via Coulomb collision using full-energy-range ion data 
obtained by the satellites. The electron heat fluxes due to Coulomb collisions reached ∼109 eV/cm2/s for 
events 1 and 2, indicating that Coulomb collisions could have caused the SAR arcs. RBSP-A also observed 
local enhancements of 7–20-mHz electromagnetic wave power above the SAR arc in event 2. The heat flux 
for the freshly detached SAR arc in event 3 reached ∼108 eV/cm2/s, which is insufficient to have caused 
the SAR arc. In event 3, local flux enhancement of electrons (<200 eV) and various electromagnetic waves 
were observed, these are likely to have caused the freshly detached SAR arc.

Plain Language Summary Stable auroral red (SAR) arcs are aurora with an optical red 
emission from oxygen atoms at latitudes slightly lower than the auroral oval and often occur during 
storm-time substorms. The oxygen excitation is caused by low-energy electrons transferred from the inner 
magnetosphere to the ionosphere. Past studies concluded that these low-energy electrons were generated 
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reached the order of 109 eV/cm2/s, 
indicating that Coulomb collisions 
could be the cause of stable auroral 
red (SAR) arcs

•  The RBSP-A satellite observed 
local enhancements of 7–20-mHz 
electromagnetic wave power above 
a SAR arc

•  Arase observed increases of electron 
fluxes (<200 eV) and various 
electromagnetic waves above a 
freshly detached SAR arc
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1. Introduction
Stable auroral red (SAR) arcs with 630.0-nm emission are caused by low-energy electron heat flux or pre-
cipitation from the inner magnetosphere into the topside ionosphere. SAR arcs are observed at subauroral 
latitudes equatorward of the auroral oval and often occur during the recovery phase of magnetic storms 
and substorms (e.g., Rees & Roble, 1975; Takagi et al., 2018). SAR arcs have long been investigated since 
their discovery in the 1950s (Barbier, 1958). Roach and Roach (1963) reported that the average altitude of 
the peak intensity of the 630.0-nm emission was 400 km. Foster et al. (1994) found that the ionospheric 
trough and the subauroral ion drift occurred simultaneously in the SAR-arc region. Shiokawa et al. (2013) 
showed a SAR-arc event during the initial phase of a geomagnetic storm. They concluded that the SAR 
arc was caused by the inward movement of the ring current induced by storm-time substorms. Mendillo 
et al.  (2016) showed that a SAR arc developed zonally from east to west, and the arc was accompanied 
by a weak 557.7-nm patchy emission. Shiokawa et al.  (2009, 2017) and Takagi et al.  (2018) reported the 
detachment of SAR arcs from the auroral oval toward lower latitudes associated with substorm recovery. 
Takagi et al. (2018) showed statistically that the arc detachment occurs mainly in the pre-midnight sector. 
In recent years, it has also been suggested that SAR arcs are associated with strong thermal emission ve-
locity enhancement (STEVE), which is also an emission structure at subauroral latitudes (e.g., MacDonald 
et al., 2018; Mendillo et al., 2019). Oyama et al. (2020) showed “ephemeral red arc” phenomena observed 
during a geomagnetically quiet period (Kp = 0+) and suggested that such arcs may represent the birth of 
SAR arcs related to the substorm particle injection.

There are three possible mechanisms in the magnetosphere that could generate low-energy electrons to 
cause SAR arcs. The first is Coulomb collisions between plasmaspheric cold electrons/ions and ring-current 
hot ions (e.g., Cole, 1965; Ievenko, 2020; Kozyra et al., 1987). The energy is transferred to the upper atmos-
phere via heat conduction or as a low-energy electron flux (e.g., Prölss, 2006). The second is the Landau 
damping of electromagnetic ion cyclotron (EMIC) waves to cause heated electrons to precipitate into the 
ionosphere (e.g., Cornwall et al., 1971; B. Wang et al., 2019; Zhou et al., 2013). Although it was not a simul-
taneous observation with a SAR arc, Yuan et al. (2014) used Cluster satellite data to show that the electrons 
of a plasma plume were heated by the Landau damping of EMIC waves. The third is kinetic Alfvén waves 
(KAWs) with the electric field parallel to the magnetic field to accelerate plasmaspheric cold electrons to 
the upper atmosphere (Hasegawa & Mima, 1978). Lanzerotti et al. (1978) reported a SAR arc that occurred 
simultaneously with hydromagnetic waves at a frequency of ∼10 mHz measured by ground-based measure-
ments; they suggested that sufficient wave energy was available for electron heating in their SAR-arc event.

It has been reported observationally that SAR arcs are geomagnetically conjugate between the Northern and 
Southern Hemispheres (Martinis et al., 2019). Mendillo et al. (2019) showed that the emission intensities of 
SAR arcs observed at magnetically conjugate points differed between the hemispheres, and they explained 
the difference as being due to the seasonal variation of ambient electron density. The magnetic conjugacy of 
SAR arcs implies a physical process in the magnetosphere causing the arcs. It is thus essential to observe a 
conjugate site of the magnetosphere in order to identify what process is responsible for the SAR-arc genera-
tion. However, to date there have been only a few observations of the magnetospheric source region of SAR 
arcs (e.g., Chu et al., 2019; Ievenko, 2020; Inaba et al., 2020).
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in the spatial overlap region between the plasmaspheric cold electrons and high-energy ring-current ions 
and suggested that Coulomb collisions are more plausible as the generation mechanism of SAR arcs than 
are electromagnetic waves. In this study, we report three SAR-arc events observed by all-sky imagers and 
inner magnetospheric satellites (Arase and Radiation Belt Storm Probes). We evaluated for the first time 
the three possible activation mechanisms using the data for full-energy-range plasma and electromagnetic 
wave data obtained by the satellites. As predicted previously, the calculated heat flux could have caused 
the SAR arcs in two of the events, but there were mixed cases in which electromagnetic waves were 
observed. When Arase flew above a freshly generated SAR arc, the flux of low-energy electrons (<200 eV) 
was enhanced and various electromagnetic waves were observed, which may be responsible for its 
generation.
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Kozyra et al. (1987, 1993) evaluated the electron heat flux due to Coulomb collisions using ring-current ion 
data from the DE-1 satellite and ambient electron density data from an ionospheric model; they concluded 
that H+ and O+ of the ring current are dominant sources for plasmaspheric electron heating to cause SAR 
arcs during the early and late recovery phases of storms, respectively. Recently, two observations of the 
magnetospheric source region of SAR arcs have been reported. Chu et al.  (2019) reported a conjunction 
event of a STEVE and a SAR arc with ground-based all-sky imagers (ASIs) and Radiation Belt Storm Probes 
(RBSP)-B. They showed that the SAR-arc location corresponded to the overlap region between the outer 
plasmasphere and the ring current in the magnetospheric source. Inaba et al. (2020) studied a conjunction 
event of a SAR arc using a ground-based ASI and the Arase satellite. They found no EMIC waves or KAWs 
in association with the SAR arc in the source region of the magnetosphere, and suggested that Coulomb 
collisions were the most plausible mechanism on the basis of the measured ion fluxes and ambient electron 
densities. However, at the time of the SAR arc crossing, the Arase satellite was located significantly away 
(−33° in magnetic latitude) from the magnetic equator, and hence, their study cannot exclude a possibility 
that the waves were dampened before reaching the satellite. In addition, because of the lack of low-energy 
ion data below 5 keV/q from this event, the evaluation of Coulomb collisions was carried out using only 
high-energy ions with more than 5 keV/q (where the “q” indicates the amount of charge).

In this study, we show three conjunction events of SAR arcs observed by ground-based ASIs and inner 
magnetospheric satellites, namely, Arase and RBSP, during non-storm-time substorms on December 19, 
2012 (event 1), January 17, 2015 (event 2), and November 4, 2019 (event 3). In each event, the satellite ob-
servations were made near the magnetic equatorial plane, and we estimate heat fluxes including ion flux 
data at energies below 5 keV/q. Therefore, it is possible to account for low-energy ion processes and electro-
magnetic waves near the equatorial plane better than our previous study (Inaba et al., 2020). Additionally, 
the conjunction events in the present study provide a good opportunity to learn about plasma and field 
characteristics in the magnetospheric source region of SAR arcs.

2. Instruments
2.1. Optical Mesosphere Thermosphere Imagers

We used the cooled-CCD ASIs (imagers 7 and 19) that are parts of the Optical Mesosphere Thermosphere 
Imagers (Shiokawa et al., 1999, 2000) installed at Athabasca, Canada (54.60°N, 246.36°E; magnetic latitude 
[MLAT]: 61.1°N) and Gakona, Alaska (62.39°N, 214.78°E; MLAT: 63.6°N), respectively. The installation 
of these imagers were conducted by the PWING (Study of dynamical variation of particles and waves in 
the inner magnetosphere using ground-based network observations) project (Shiokawa et al., 2017). These 
observatories are located at subauroral latitudes. Imager 7 (Athabasca) has five optical filters for emissions 
at the wavelengths of 557.7 nm (oxygen atoms, exposure time 5 s), 630.0 nm (oxygen atoms, 30 s), 720–
910 nm (OH-bands, 1 s), 486.1 nm (hydrogen atoms, 40 s), 572.5 nm (background continuous emission, 
15 s), 844.6 nm (oxygen atoms, 25 s), and 589.3 nm (sodium atoms, 15 s). The cadence of imager 7 for the 
OH-band was 10 min, and for other filters are 2 min. Imager 19 (Gakona) has five optical filters for emis-
sions at the wavelengths of 557.7 nm (exposure time 15 s), 630.0 nm (30 s), 720–1,000 nm (OH band, 1 s), 
486.1 nm (30 s), and 572.5 nm (30 s). Its cadence of imager 19 for the OH-band was also 10 min, but for 
other filters 1.5 min. These filters transmit a narrow passband (transmission width: 1.5–2.0 nm) of specific 
lines of aurora and night airglow. The 557.7-nm and 630.0-nm images were used to analyze the aurora/
airglow emissions. The imagers were calibrated to derive the absolute emission intensity using the optical 
facilities at the National Institute of Polar Research, Japan (Ogawa et al., 2020; Shiokawa et al., 2000). The 
weather conditions for events 1–3 were clear sky, cloudy followed by clear sky, and cloudy followed by clear 
sky with a few clouds, respectively.

2.2. Exploration of Energization and Radiation in Geospace

The Exploration of energization and Radiation in Geospace (ERG, also called Arase) satellite (Miyoshi, 
Shinohara, Takashima, et al., 2018) is in an elliptical earth orbit with an inclination of 31° at a distance of 
∼400–32,000 km with an orbital period of around 570 min, observing the inner magnetosphere. The Arase 
satellite was launched on December 20, 2016 and started regular observations on March 23, 2017.
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For the present analysis, we utilized the Low-Energy Particle Experiments-Electron Analyzer (LEP-e; Ka-
zama et al., 2017; S.-Y. Wang et al., 2018), the Low-Energy Particle Experiments-Ion Mass Analyzer (LEP-i; 
Asamura et al., 2018; Asamura et al., 2018a, 2018b), the Medium-Energy Particle Experiments-Electron 
Analyzer (MEP-e; Kasahara et al., 2018a, 2018b; Kasahara, Yokota, Hori, et al., 2018), the Medium-Energy 
Particle Experiments-Ion Mass Analyzer (MEP-i; Yokota et al., 2017, 2018), the High-Frequency Analyzer 
(HFA; Kasahara, Kumamoto, et al., 2018; Kumamoto et al., 2018), the Onboard Frequency Analyzer (OFA; 
Kasahara, Kojima, et  al.,  2018; Matsuda et  al.,  2018), the spin-averaged potential data of Electric Field 
Detector (EFD; Kasaba et al., 2017; Kasahara, Kasaba, Matsuda, et al., 2018) of the Plasma Wave Experi-
ment (PWE; Kasahara, Kasaba, Kojima, et al., 2018), and the Magnetic Field Experiment (MGF; Matsuoka 
et al., 2018a, 2018b; Matsuoka, Teramoto, Nomura, et al., 2018). For plasma particles, the Arase satellite 
provides plasma particle data for the energy ranges of ∼19–19,000 eV/q, 10–80 keV/q, ∼10–25,000 eV/q, 
and 10–180 keV/q for LEP-e, MEP-e, LEP-i, and MEP-i measurements, respectively. The PWE instruments 
provide magnetic-field data from 1 Hz to 100 kHz and electric-field data from DC to 10 MHz. The MGF 
covers the frequency ranges of EMIC waves (64-Hz sampling data) and ultra-low-frequency (ULF) waves 
(8 s fitting data).

2.3. Radiation Belt Storm Probes

The RBSP mission, also known as the Van Allen Probes mission, consists of two identical satellites (RB-
SP-A and RBSP-B) in identical but longitudinally separated highly elliptical Earth orbits with a perigee of 
∼7,000–37,000 km and an inclination of 10° (Kessel et al., 2013; Mauk et al., 2013). The orbital period is 
∼9 h.

Measurements of electron and ions fluxes are provided by the Helium, Oxygen, Proton and Electron (HOPE) 
mass spectrometer (Funsten et al.,  2013), which is the low-energy instrument of the Energetic particle, 
Composition, and Thermal plasma (ECT) suite (Spence et al., 2013). Its energy ranges are from ∼15 eV/q to 
50 keV/q for electrons and from ∼1 eV/q to 52 keV/q for ions (H+, He+, and O+). The Electric and Magnetic 
Field Instrument and Integrated Science (EMFISIS) instrument (Kletzing et al., 2013) provides magnet-
ic-field data at frequencies from DC to 30 Hz and electric and magnetic fields at frequencies from 10 Hz to 
12 kHz (to 400 kHz for single-axis electric field).

2.4. Defense Meteorological Satellite Program

The Defense Meteorological Satellite Program (DMSP) satellites are a series of sun-synchronous polar-orbit 
spacecraft flying at an altitude of ∼830 km. At all times, two or more satellites are active; F15, F16, and F18 
provided the ionospheric parameters above the SAR arc on November 4, 2019. The instruments onboard the 
DMSP satellites include sensors to measure precipitating auroral particles (SSJ) with energies from 30 eV/q 
to 30 keV/q, cold/bulk plasma properties and high-resolution vertical and horizontal plasma drifts of the 
topside ionosphere (SSIES), the geomagnetic field (SSM; Greenspan et al., 1986; Rich & Hairston, 1994).

2.5. Global Navigation Satellite System – Total Electron Content

Two-dimensional total electron content (TEC) maps were also analyzed in the SAR-arc event on January 17, 
2015. The temporal and spatial resolutions are 5 min and 0.5° × 0.5°, respectively. The TEC data were de-
rived from collected Global Navigation Satellite System (GNSS) data in the Receiver INdependent EXchange 
format according to the procedure described by Shinbori et al. (2020) and Sori et al. (2019). The absolute 
values of vertical TEC were estimated using the technique proposed by Otsuka et al. (2002). Assuming that 
the ionosphere is a thin layer at an altitude of 400 km, the slant TEC were converted to vertical TEC near 
the geographic longitude of the Athabasca observatory. A north-south keogram of TEC was created, using 
the slant TEC data with a zenith angle of less than 75°.
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3. Geomagnetic Activity
Figure 1 shows (left) 9 days of the SYM-H index (Iyemori, 1990; Iyemori & Rao, 1996) and (right) 12 h of 
the AU and AL indices (World Data Center for Geomagnetism, Kyoto et al., 2015) that include the intervals 
of SAR arcs on December 19, 2012 (a, d), January 17, 2015 (b, e), and November 4, 2019 (c). Because the 
AU and AL indices for November 4, 2019 were not published, we used the H-component magnetic-field 
data (median values were subtracted) at the Time History of Events and Macroscale Interactions during 
Substorms (THEMIS) stations at Alaska near the location of the third event in Figure 1f. The vertical black 
and red dashed lines in Figures 1a–1f indicate when a SAR arc emerged (black) and when Arase or RBSP 
crossed it (red). The arrow in Figure 1d indicates that the SAR arc emerged before the time indicated by the 
black dashed line (outside the observation time of the ASI). The two black dashed lines in Figure 1e indi-
cate that the SAR arc emerged twice. The SYM-H variations indicate that each SAR arc of interest occurred 
during a non-storm-time substorm, defined here as those with SYM-H larger than −30 nT for the whole day 
but the maximum AE value greater than 100 nT. The SAR arcs analyzed in the present study emerged in as-
sociation with small substorms (Figures 1d–1f). These facts suggest that the substorms are more important 
than geomagnetic storms for generating the SAR arcs, at least for the present events.
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Figure 1. (a) 9-day SYM-H index on December 14–23, 2012; (b) 9-day SYM-H index on January 12–21, 2015; (c) 9-day SYM-H index on November 1–10, 2019; 
(d) 12-h AE, AU, and AL indices on December 19, 2012; (e) 12-h AE, AU, and AL indices on January 17, 2015; (f) H-component magnetic fields (median value 
subtracted) observed by ground-based magnetometer at Alaskan stations of the THEMIS project, where red, blue, and green curves are for Trapper Creek 
(GLAT: 62.24°N; GLON: 209.58°E), Poker Flat (GLAT: 65.12°N; GLON: 212.57°E), and Eagle (GLAT: 64.78°N; GLON: 218.83°E), respectively. The vertical black 
and red dashed lines show when the SAR arc emerged (black) and when Arase or RBSP crossed it (red). RBSP, Radiation Belt Storm Probes; SAR, stable auroral 
red; THEMIS, Time History of Events and Macroscale Interactions during Substorms.
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4. Event 1: Weak SAR-Arc Event on December 19, 2012
4.1. Ground-Based Observations

Figure 2 shows 630.0-nm airglow/auroral images taken at 0701–1251 UT on December 19, 2012 at Ath-
abasca. Raw images were mapped to geographical coordinates by assuming that the altitude of the 630-nm 
emission is 400 km. The saturated region in the northern half of the images corresponds to the main auro-
ral oval. A SAR arc emerged at subauroral latitudes from ∼0611 UT when the observation started, then its 
emission intensity gradually decreased. The red dashed curves show the ionospheric footprint trajectory of 
RBSP-B traced to an altitude of 400 km using the Tsyganenko-Sitnov 05 (TS05) geomagnetic-field model 
(Tsyganenko & Sitnov, 2005). Based on Figure 2d, the RBSP-B satellite crossed the faint SAR arc at ∼1055 
UT. The brightness of the faint SAR arc at the time of crossing is ∼65 R. Movie S1 provides a more detailed 
view of the spatiotemporal variations of the emerged SAR arc during 0611–1407 UT.

Figure 3a and 3b show north-south keograms for 557.7 and 630.0-nm images assuming emission altitudes 
of 120 and 400 km, respectively. These keograms indicate the temporal variation of emission intensity at the 
longitude of the Athabasca station (246.36°E). Figure 3b shows that the SAR emerged slightly equatorward 
of the southward edge of the main auroral oval (∼56°N) at ∼0600 UT when the observation began, and the 
SAR-arc emission lasted for more than 7 h with varying intensity until 1330 UT, judging from the SAR-arc 
position indicated by the pink arrows. In the 557.7-nm keogram of Figure 3a, a belt-like emission region 
appears at geographic latitudes at 50°–53°N throughout the plotted interval (∼0600–1410 UT). The belt-like 
emission is not real auroral/airglow emission, but probably due to the reflection of the strong auroral emis-
sion in the northern sky by the dome. (Note that this reflection is also seen in keograms of events 2 and 3). 
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Figure 2. (a) 630-nm images captured with Athabasca all-sky imager (ASI) on December 19, 2012 at (a) 0701, (b) 0817, (c) 0937, (d) 1055, (e) 1153, and (f) 1251 
UT. These images were converted to geographic coordinates by assuming 630-nm emission altitude of 400 km. The red dashed curves show the trajectory of the 
footprint of the RBSP-B satellite mapped at an altitude of 400 km using the TS05 model. The red stars indicate the positions of the RBSP-B footprint when the 
images were taken. The horizontal and vertical axes correspond to geographic longitude and latitude, respectively. The black dot at the center of each image 
indicates the location of the Athabasca station. RBSP, Radiation Belt Storm Probes.
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Besides it, there is no 557.7-nm emission at the position of the 630-nm arc. Based on these observations, we 
judged that the observed 630-nm arc was a SAR arc.

4.2. RBSP-B Observations

Magnetospheric source observations by the RBSP-B satellite are shown in Figures 4 and 5. Figure 4 shows 
the observations of plasma particles used to investigate the mechanism of SAR-arc generation by Coulomb 
collisions, namely (a) the electron density calculated from the upper frequency limit of upper hybrid reso-
nance (UHR) waves observed by RBSP-B/EMFISIS and (b) the omnidirectional H+ flux, (c) the omnidirec-
tional He+ flux, and (d) the omnidirectional O+ flux, all observed by RBSP-B/HOPE. Figures 4e–4g show 
the heat fluxes estimated from Coulomb collisions of H+, He+, and O+, respectively, with ambient electrons. 
Figure 4h shows the total electron heat fluxes. The heat flux due to Coulomb collisions was estimated from 
the ion flux observed by RBSP-A/HOPE and the electron density in Figure 4a observed by RBSP-B/EMFISIS 
with the same methods as those used by Jordanova et al. (1996) and Kozyra et al. (1987). The ion flux data 
used for the heat-flux calculation cover an energy range from ∼102 eV/q to ∼52 keV/q. This energy range 
was divided into 59 bins in a logarithmic scale. We assume for all three events that the composition of the 
plasmaspheric plasma was H+:He+:O+ = 77:20:3 with a temperature of 1 eV. Figure 4i shows the omnidi-
rectional electron fluxes observed by RBSP-B/HOPE. The black vertical dashed line indicates when RBSP-B 
crossed the SAR arc, as determined from the 630-nm intensity variation in Figure 4j. McIlwain's L-param-
eter (Lm; McIlwain, 1961), magnetic local time (MLT), MLAT, radial distance (R), and the universal time 
(UT) of RBSP-B are shown below the horizontal axis; these parameters were derived using the TS05 model.

In this event, RBSP-B crossed the plasmapause at ∼1100 UT, as shown in Figure 4a. Based on Figures 4b–4d, 
the fluxes of the ring-current ions with an energy range of ∼101 eV/q–51.7 keV/q were observed. As shown 
in Figures 4e–4g, the heat flux from the H+ flux to the ambient cold electrons was one order of magnitude 
larger than those of He+ and O+. The total heat flux reached ∼2.5 × 109 eV/cm2/s above the emerged SAR 
arc. Figure 4i indicates that the SAR arc occurred near the inner edge of the electron plasma sheet.

The electromagnetic-field variations observed by RBSP-B are shown in Figure 5, based on which we inves-
tigate EMIC waves and KAWs as SAR-arc generation mechanisms. Figures 5a–5c show dynamic wavelet 
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Figure 3. (a) Keograms obtained by slicing (a) 557.7-nm and (b) 630.0-nm images at the Athabasca station in 
meridional direction from ∼0600 to 1410 UT on December 19, 2012. The pink arrows in (b) indicate the location of the 
SAR arc. The vertical white dashed line shows when RBSP-B crossed the SAR arc. RBSP, Radiation Belt Storm Probes; 
SAR, stable auroral red.
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spectra of the magnetic-field variations observed by RBSP-B/EMFISIS 
(4-s fitting data) at frequencies of 1–125  mHz to examine KAWs. The 
three magnetic-field components in solar magnetic (SM) coordinates are 
shown in Figures 5a–5c. The red vertical dashed line indicates when the 
RBSP-B satellite crossed the SAR arc as identified from the 630-nm inten-
sity in Figure 5g. Lanzerotti et al.  (1978) reported ∼8.3- and ∼9.5-mHz 
hydromagnetic waves observed on the ground simultaneously with SAR 
arcs, but Figures 5a–5c show no increase in power spectral density (PSD) 
associated with the SAR arc.

In Figures 5d–5f, we evaluate the mechanism for SAR-arc generation by 
EMIC waves. These figures show dynamic spectra of the magnetic field 
observed by EMFISIS (64-Hz data) at frequencies of 0.1–30 Hz. The three 
magnetic-field components in SM coordinates are shown in Figures 5d–
5f. The cyclotron frequencies of H+, He+, and O+ are plotted on these 
panels. There is no enhancement of PSD associated with the SAR arc. 
According to Anderson et al. (1992a, 1992b), the average PSD of EMIC 
waves is ∼5.0 nT2/Hz in the magnetosphere. However, the observed PSD 
in this frequency range is ∼5.0 × 10−3 nT2/Hz at a maximum, which is 
too weak to identify any EMIC waves in the SAR-arc source. Figures 5d–
5f show horizontal band enhancements of PSD at fixed frequencies of 
∼0.1–0.2 Hz at all times; these band enhancements are considered to be 
artificial noise because their frequencies are almost constant.

4.3. Discussion

First, we discuss the generation mechanism of SAR arcs due to electro-
magnetic waves based on Figures 5a–5f. As shown in Section 4.2, in Fig-
ures 5d–5f there is no increase of PSD associated with the SAR arc. At 
frequencies of ∼10 mHz, the PSD is at most ∼1 nT2/Hz. On the basis of 
Figures 5d–5f, there was no PSD enhancement at frequencies of ∼0.1–
32 Hz. This fact suggests that EMIC waves or 0.1–32-Hz electromagnetic 
waves did not contribute to the generation of the SAR arc for this event.

Second, we consider the generation mechanism of SAR arcs by Coulomb 
collisions. Clearly, the SAR arc was in the overlap region of ring-current 
ions (Figures 4b–4d) and the plasmasphere (Figure 4a), although the lati-
tudinal width of the SAR arc was smaller than that of the overlap region. 

Based on Figures 4e–4g, the heat flux from the H+ to ambient cold electrons was one order of magnitude 
larger than those for He+ and O+, indicating that H+ is most important for this SAR-arc generation. From 
Figure 4h, the total heat flux reached ∼2.5 × 109 eV/cm2/s above the SAR arc. According to the calculation 
by Kozyra et al. (1993, 1997), the generation of a SAR arc with an emission intensity of ∼65 R observed in 
this study (Figure 4j) would require an electron heat flux of ∼8.0 × 109 eV/cm2/s in winter during solar max-
imum. This value is comparable to that estimated (∼2.5 × 109 eV/cm2/s) based on the present observation. 
Thus, we conclude that this SAR arc was probably caused by the heat flux flowing from the magnetosphere 
through Coulomb collisions between the observed ring-current ions and plasmaspheric electrons/ions. The 
difference in latitudinal width between the heat flux and the SAR arc in Figure 4 may have been because 
the SAR arc was embedded in the background 630-nm airglow emission (∼50 R as identified from Figures 2 
and 4j) and thus should be identified only around the peak of the SAR-arc emission.

5. Event 2: Plasmapause Skimming Event on January 7, 2015
5.1. Ground-Based Observations

Figure 6 shows the 630.0-nm airglow/auroral images taken at 0641–1047 UT on January 17, 2015 at Ath-
abasca, converted to geographical coordinates by assuming a 630-nm emission altitude of 400  km. The 
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Figure 4. From top to bottom: (a) electron density calculated from upper 
hybrid resonance (UHR) frequency; (b) omnidirectional H+ flux; (c) 
omnidirectional He+ flux; (d) omnidirectional O+ flux; estimated heat flux 
due to Coulomb collisions between electrons and (e) H+, (f) He+, and (g) 
O+; (h) total heat flux; (j) 630.0-nm airglow/auroral intensities observed 
at Athabasca in RBSP-B footprint. The vertical dashed line shows when 
RBSP-B crossed the SAR-arc peak. RBSP, Radiation Belt Storm Probes; 
SAR, stable auroral red.
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saturated region in the northern half of each image corresponds to the 
main auroral oval. The SAR arc emerged at subauroral latitudes at ∼0900 
UT as shown in Figure 6c. Subsequently, the emission intensity gradually 
increased. The red dashed curves indicate the ionospheric footprint tra-
jectory of RBSP-A traced to an altitude of 400 km using the TS05 model. 
Figures 6a–6f show that RBSP-A was located at subauroral latitudes for 
a long time from ∼0640 to ∼1050 UT. Figure 6d and 6e indicate that RB-
SP-A passed over the emerged SAR arc at ∼0940–1010 UT. The brightness 
of the SAR arc at the time of crossing is ∼110 R. Movie S2 provides a more 
detailed view of the spatiotemporal variations of the emerged SAR arc 
during 0111–1237 UT.

Figure 7a shows a north-south keogram of TEC at the geographic lon-
gitude of the Athabasca station (246.36°E). A clear TEC depletion (<3.0 
TECU) with a latitudinally narrow structure was observed at latitudes 
of 48°–55° from ∼0900 UT, indicating the deep ionospheric trough. 
Figure  7b and  7c show north-south keograms for 557.7- and 630.0-nm 
images assuming the emission heights of 120 and 400 km, respectively. 
These keograms indicate the temporal variation of emission intensity at 
the longitude of the Athabasca station. Figure 7b shows that the SAR arc 
emerged slightly equatorward of the southward edge of the main auroral 
oval (∼55°N) at ∼0940 UT, and the SAR-arc emission lasted until 1240 UT 
(judging from the SAR-arc position indicated by the pink arrows), when 
the observation ended. In Figure 7c, 557.7-nm emission corresponding 
to the 630-nm SAR arc does not appear in the 557.7 nm keogram. Thus, 
we identify that the observed 630-nm arc is a SAR arc. Additionally, this 
SAR arc appeared near the poleward edge of the deep ionospheric trough 
shown in Figure 7a.

5.2. RBSP-A Observations

The magnetospheric source observations by the RBSP-A satellite are 
shown in Figures  8 and  9. Figure  8 shows the observations of plasma 
particles relevant to the SAR-arc generation mechanism by Coulomb col-
lisions. Figure 8 shows (a) the electron density calculated from the upper 
frequency limit of UHR waves, (b) the omnidirectional H+ flux, (c) the 
omnidirectional He+ flux, and (d) the omnidirectional O+ flux, all ob-

served by RBSP-A/HOPE. Figures 8e–8g show the heat fluxes estimated by considering Coulomb collisions 
of H+, He+, and O+, respectively, with ambient electrons. The heat fluxes due to Coulomb collisions were 
estimated from the ion flux observed by RBSP-A/HOPE and the electron density in Figure 8a observed by 
RBSP-A/EMFISIS with the same methods as in event 1. The ion flux used for the heat-flux calculation has 
an energy range from ∼98 eV/q to ∼52 keV/q. This energy range was divided into 42 bins in a logarithmic 
scale. Figure  8h shows the total electron heat fluxes, Figure  8i shows the omnidirectional electron flux 
observed by RBSP-A/HOPE, and Figure 8j shows the 630.0-nm airglow/auroral intensity at the RBSP-A 
footprint location at an altitude of 400 km.

In the present event, RBSP-A was skimming the plasmapause, as shown in Figure 8a. The sharp increases 
and decreases in electron density (e.g., at 0500 and 0630–0720 UT) observed in Figure 8a are considered 
to have been caused by relative motion of RBSP-A entering and exiting the plasmasphere. As shown in 
Figures 8b–8d, the fluxes of the ring-current ions with energies of ∼0.1–20 keV/q were observed. In Fig-
ures 8e–8g, the heat flux from energetic H+ to the ambient cold electrons was one order of magnitude higher 
than that of He+ and more than twice as high as that of O+. The total heat flux reached ∼5.0 × 109 eV/cm2/s 
above the emerged SAR arc. However, the total heat flux at ∼0600 UT – when RBSP-A was located at sub-
auroral latitudes but did not cross the SAR arc – was higher than that at ∼1000 UT when RBSP-A crossed 
the SAR arc. Figure 8i indicates that the SAR arc occurred near the inner edge of the electron plasma sheet.
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Figure 5. From top to bottom: (a–c) wavelet spectra of magnetic field at 
frequencies of 1–125 mHz observed by ECT onboard RBSP-B; (d–f) fast-
Fourier-transform spectra of magnetic field at frequencies of 0.1–30 Hz 
(the yellow, pink, and red curves represent the gyro frequencies of H+, 
He+, and O+, respectively, at the satellite's position); (g) 630.0-nm airglow/
auroral intensities observed at Athabasca in RBSP-B footprint. The red 
vertical dashed line shows when RBSP-B crossed the SAR-arc peak. ECT, 
Energetic particle, Composition, and Thermal plasma; RBSP, Radiation 
Belt Storm Probes; SAR, stable auroral red.
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Figure  9 shows the electromagnetic-field variations observed by RBSP-A. Figures  9a–9c show dynamic 
wavelet spectra of the magnetic-field variations observed by RBSP-A/EMFISIS (4-s fitting data) at frequen-
cies of ∼1–125 mHz to evaluate KAWs. The three magnetic-field components in SM coordinates are shown. 
Based on Figures 9a–9c, the PSD was enhanced at frequencies of 7–20 mHz at ∼1015 UT as indicated by 
pink arrows, but only above the SAR arc. Figure 9d shows the SM-coordinate magnetic-field deviation from 
the 500-s running averages. This figure indicates that the 7–20-mHz electromagnetic waves at ∼1015 UT 
had a wave amplitude of ∼0.9 nT (peak to peak) in the Bz component.

Figures 9e–9g show dynamic spectra of the magnetic field observed by RBSP-A/EMFISIS (64-Hz data) at 
frequencies of 0.1–30 Hz. The three magnetic-field components in SM coordinates are shown. The cyclotron 
frequencies of H+, He+, and O+ are displayed in these panels as a reference to examine possible EMIC wave 
activity. However, neither EMIC nor any other waves associated with the SAR arc were not observed.

5.3. Discussion

First, we consider the SAR-arc generation mechanism in terms of electromagnetic waves. As discussed in 
Section 5.2, the enhancement in PSD at frequencies of 7–20 mHz at ∼1015 UT was possibly related to the 
SAR arc having KAWs as the generation mechanism. The amplitude of the 7–20-mHz ULF waves was at 
most 0.9 nT (peak to peak), as shown in Figure 9d. Lanzerotti et al. (1978) concluded that a wave amplitude 
of 10 nT was necessary to generate the SAR arc that they analyzed. Their work may indicate that the ob-
served 7–20 mHz waves were perhaps too weak to cause the SAR arc in the present study. These enhance-
ments of PSD at frequencies of 7–20 mHz may coincide with the onset of a small substorm at ∼1015 UT, as 
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Figure 6. 630-nm images captured with Athabasca ASI on January 17, 2015 at (a) 0641, (b) 0751, (c) 0901, (d) 0937, (e) 1011, and (f) 1047 UT. These images 
were converted to geographic coordinates by assuming 630-nm altitude of 400 km. The red dashed curves show the trajectory of the footprint of the RBSP-A 
satellite mapped at an altitude of 400 km using the TS05 model. The red stars indicate the positions of the footprint of RBSP-A when the images were taken. 
The horizontal and vertical axes correspond to the geographic longitude and latitude, respectively. The black dot at the center of each image indicates the 
location of the Athabasca station. ASI, all-sky imager; RBSP, Radiation Belt Storm Probes.
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shown in the AU and AL indices of Figure 1e. It has been reported by many studies that Pi2 pulsations occur 
in the ULF band with a period range from 40 to 150 s at the onset of substorms (or auroral intensifications; 
e.g., Liou et al., 2000). The observed ULF waves last for ∼30 min, indicating that the duration is too long 
for Pi2 pulsations associated with onset, and may instead suggest that this low-amplitude ULF wave is as-
sociated with the SAR arc. On the basis of Figures 9e–9g, there was no enhancement of PSD at frequencies 
of ∼0.1–32 Hz, indicating that 0.1–32-Hz electromagnetic waves did not contribute to the generation of the 
SAR arc for this event.

Second, we consider the SAR-arc generation mechanism due to Coulomb collisions. Based on Figures 9e–
9g, the heat flux from the H+ flux to the ambient cold electrons was one order of magnitude higher than 
that of He+ and more than twice as high as that of O+, indicating that H+ is most important for this SAR-arc 
generation. As shown in Figure 8h, the total heat flux reached ∼5.0 × 109 eV/cm2/s above the emerged SAR 
arc. Kozyra et al. (1993, 1997) suggested that the generation of a SAR arc with an emission intensity of 110 R 
as observed herein (Figure 9h) would require an electron heat flux of ∼9.0 × 109 eV/cm2/s in winter during 
solar maximum, which is comparable to the estimated one (∼5.0 × 109 eV/cm2/s) based on the present 
observation.

We should discuss the fact that the total heat flux at ∼0600 UT, when RBSP-A did not cross the SAR arc, was 
larger than that at ∼1015 UT, when it did cross. We consider here the density variation of the ionospheric 
plasma as the receptor condition of heat flux. In previous studies, SAR arcs were observed either at the 
minimum of the ionospheric trough (e.g., Inaba et al., 2020; Mendillo et al., 2016) or on the equator edge of 
the trough (e.g., Kozyra et al., 1997). If the heat flux is supplied to the region with low plasma density (i.e., 
trough), then each electron can receive more heat without ion cooling effects, and the electron temperature 
(Te) tends to increase (e.g., Kozyra et al., 1997; Prölss, 2006). Although Figures 7a and 7b actually show that 
the SAR arc emerged near the poleward edge of the deep ionospheric trough, no such trough was observed 
by RBSP-A at ∼0600 UT when the heat flux increased. This could be why the SAR arc emerged only at 
∼1015 UT when the background plasma density in the ionosphere was small. The other possibility is that, 
according to the 630-nm continuous images in Movie S2, the SAR arc appeared slightly north of the RBSP-B 
footprint at ∼0600 UT, suggesting a possible error in the field-line mapping of the satellite position. In other 
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Figure 7. (a) Keogram of total electron content (TEC) map at longitude of the Athabasca station (246.36°E), and 
keograms obtained by north-south slicing the (b) 630.0 nm and (c) 557.7 nm images at the longitude of Athabasca, from 
0340 to 1240 UT on January 17, 2015. The pink arrows in (b) indicate the location of the SAR arc. The vertical white 
dashed line shows when RBSP-A crossed the SAR arc. The two horizontal white dashed lines in Figure 7a and 7b show 
the poleward boundary of the SAR arc. RBSP, Radiation Belt Storm Probes; SAR, stable auroral red.
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words, the enhancement of the heat flux at 0600 UT may correspond to 
the SAR-arc emission occurring at a slightly higher latitude (∼55°N) than 
that of the RBSP-B footprint (∼52.5°N) at ∼0600 UT. However, even in 
this case, although the emission intensity at ∼1015 UT was larger than 
that at 0600 UT, the heat flux was smaller. Again, there is a discrepancy 
between the heat flux and the emission intensity, suggesting the impor-
tance of other factors such as ionospheric density, the receptor condition 
of heat flux.

6. Event 3: Freshly Detached Bright SAR-Arc Event 
on November 4, 2019
6.1. Ground-Based Observations

Figure  10 shows the 630.0-nm airglow/auroral images taken at 1132–
1455 UT on November 4, 2019 at the Gakona station. These images were 
converted to geographical coordinates by assuming an emission altitude 
of 400 km. The saturation in the northern half of each image in Figure 10 
corresponds to the main auroral oval. The SAR arc detached from the 
auroral oval at ∼1158 UT and then moved equatorward and its emission 
intensity gradually weakened. The red dashed curves represent the iono-
spheric footprint of the Arase satellite traced to an altitude of 400 km us-
ing the TS05 model. On the basis of Figure 10c, the Arase satellite crossed 
the freshly detached bright SAR arc at ∼1215 UT. The brightness of the 
freshly detached SAR arc at the time of crossing is ∼1.5 kR. Movie S3 
provides a detailed view of the spatiotemporal variations of the SAR arc 
during 0900–1526 UT.

Figures 11a and 11b show north-south keograms for 557.7- and 630.0-nm 
images along the meridian over the Gakona station, assuming emission 
heights of 120 and 400  km, respectively. Figure  11b indicates that the 
SAR arc detached from the southward edge of the auroral oval (∼62°N) 
at ∼1200 UT, and the SAR-arc emission lasted until ∼1530 UT (judging 
from the SAR-arc position indicated by the pink arrows), when the obser-
vation ended. By contrast, no such detached structure emerged from the 
auroral oval in the 557.7-nm keogram shown in Figure 11a. These obser-

vations support the idea that the 630-nm arc was a SAR arc. However, only around the time at which the arc 
detached (i.e., ∼1200 UT), a string-like region of 557.7 nm extending in the east-west direction appeared in 
the eastern part of the images, as shown in the sequential 557.7-nm images in Movie S4. We find no such 
string-like structure in the keogram of Figure 11a, which contains only latitudinal information around the 
image center. SAR arcs with weak green-line emission have been reported by past studies (e.g., Mendillo 
et al., 2016), but the green-line emission in the present event was brighter.

6.2. Arase Observations

The observations of the magnetospheric source by the Arase satellite are shown in Figures 12 and 13. Fig-
ure 12 shows plasma-particle observations for investigating SAR-arc generation due to Coulomb collisions. 
Figure 12 shows (a) the electron density calculated from the upper frequency limit of UHR waves (solid 
curve) and the satellite potential (dashed curve), and the omnidirectional (b) H+, (c) He+, (d) O+, and (e) 
electron fluxes, all observed by the Arase satellite. Figures 12f–12h show the heat fluxes estimated by con-
sidering Coulomb collisions of H+, He+, and O+, respectively, with ambient electrons. The heat fluxes due to 
Coulomb collisions were estimated from the ion flux observed by Arase/LEP-i and MEP-i and the electron 
density based on the UHR frequency observed by Arase/PWE with the same methods as in events 1 and 2.

The ion flux data used for the heat-flux calculation have energy ranges from ∼114 eV/q to ∼25.5 keV/q 
for LEP-i and from ∼27.3 to ∼97.3 keV/q for MEP-i. These energy ranges were divided into 20 bins and 7 
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Figure 8. From top to bottom: (a) electron density; (b) omnidirectional H+ 
flux; (c) omnidirectional He+ flux; (d) omnidirectional O+ flux; estimated 
heat flux due to Coulomb collisions between electrons and (e) H+, (f) 
He+, and (g) O+; (h) total heat flux; (i) omnidirectional electron flux (all 
observed by RBSP-A satellite); (j) 630.0-nm airglow/auroral intensities 
observed at Athabasca in RBSP-A footprint. RBSP, Radiation Belt Storm 
Probes.
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bins in a logarithmic scale for LEP-i and MEP-i data, respectively. Fig-
ure 12i shows the total electron heat flux, and Figures 12j and 12k show 
the 630.0- and 557.7-nm airglow/auroral intensities, respectively, at the 
pixels of the Arase footprint at a height of 400 km. The blue dashed curve 
in Figure 12j shows the 630-nm emission intensity at the Arase footprint 
traced to an altitude of 300 km using the TS05 model.

The freshly detached SAR arc was observed with the locally intensified 
557.7-nm emission and was mapped to the plasmapause-ring-current in-
teraction region, as shown in Figures 12a and 12b. The observed freshly 
detached arc was not a standard SAR arc because it was not pure red. As 
shown in Figures 12b, 12c, and 12e, enhancements of the H+, He+, and 
electron fluxes (<1 keV/q) were observed near the freshly detached bright 
SAR arc. In Figures 12f–12h, the heat flux from the H+ flux to the ambient 
cold electrons was one order of magnitude higher than those of He+ and 
O+. As shown in Figure 12i, the estimated total electron heat flux reached 
4 × 108 eV/cm2/s. Kozyra et al. (1993, 1997) suggested that the emission 
intensity of a SAR arc should be 100–101 R at solar minimum (year 2015) 
if the electron heat flux from the source region is ∼2  ×  108  eV/cm2/s. 
The estimated heat flux for the present event seems to be too weak to 
cause the observed 1.5-kR red arc. We reason that the freshly detached 
arc corresponds to the local enhancement of low-energy electron fluxes 
at energies below ∼1 keV/q at 1157–1207 UT in Figure 12e. The differ-
ence between the location of the freshly detached SAR arc (Figures 12i 
and 12j) and the local increases in electron fluxes (Figure 12e) is due to 
the field-line mapping error; this point is further discussed in Section 6.4. 
Note also that this local enhancement of electron flux at energies below 
∼1 keV/q was observed with a similar local enhancement of ion fluxes 
at energies below ∼1 keV/q in Figure 12b. These flux enhancements oc-
curred immediately after the peak of the total electron heat flux shown 
in Figure 12i.

Figures  13a–13j show the electromagnetic-field variations observed 
by Arase. Figure  13k shows the pitch-angle distribution of the LEP-e 
low-energy electron flux at energies of 0.1–1.0 keV/q. Figure 13a shows 
the electric-field spectra from 10 kHz to 3 MHz observed by Arase/HFA; 
the white dotted curve indicates the UHR frequency, indicating a clear 
plasmapause crossing at ∼1200 UT. Figures 13b and 13c show the elec-
tric-field and magnetic-field spectra from 10 Hz to 20 kHz observed by 

Arase/OFA; the white curves indicate the local electron cyclotron frequency (fce), 2fce, 0.5fce, and 0.1fce. In 
Figures 13a–13c, the signals appearing at all frequencies at ∼1200–1210 UT were caused by calibration. Fig-
ures 13b and 13c show the PSD enhancements at frequencies of ∼1 kHz (0.1–0.5fce) collocated with the local 
flux enhancements of electrons in Figures 13k and 13m, suggesting that lower-band chorus (LBC) waves 
were associated with the freshly detached SAR arc. Figure 13b shows that electrostatic electron cyclotron 
harmonic (ECH) waves were observed at 1155–1230 UT, as shown by the pink rectangle.

Figures 13d–13f show dynamic wavelet spectra of the magnetic-field variations observed by Arase/MGF (8-s 
fitting data) at frequencies of 1–62.5 mHz to examine KAWs. Figure 13g shows the magnetic perturbations 
obtained by subtracting the International Geomagnetic Reference Field (IGRF)-13 model (e.g., Thébault 
et al., 2015; time resolution: 8 s). The three magnetic-field components in SM coordinates are shown. In 
Figures 13d–13f, there are increases in PSD (especially in the Z component) at frequencies of 7–10 mHz at 
∼1150–1210 UT, which is close to the location of the electron flux enhancement. Figure 13g shows a local 
Bz decrease at ∼1200 UT. The PSDs at 4–10 mHz were observed continuously at 1130–1400 UT irrespective 
of the SAR arc.
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Figure 9. From top to bottom: (a–c) wavelet spectra of magnetic field 
at frequencies of 1–125 mHz observed by ECT onboard RBSP-B; (d) 
magnetic-field deviation from 500-s running averages; (e–g) fast-Fourier-
transform spectra of magnetic field at frequencies of 0.1–30 Hz (the yellow, 
pink, and red curves represent the gyro frequencies of H+, He+, and O+, 
respectively, at the satellite's position); (h) 630.0-nm airglow/auroral 
intensity observed at Athabasca in the RBSP-A footprint. Pink arrows 
indicate PSD enhancements at frequencies of 7–20 mHz. ECT, Energetic 
particle, Composition, and Thermal plasma; PSD, power spectral density; 
RBSP, Radiation Belt Storm Probes.
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Figure 10. (a) 630-nm images captured with Gakona ASI on November 4, 2019 at (a) 1132, (b) 1158, (c) 1215, (d) 1235, (e) 1355, and (f) 1455 UT. These images 
were converted to geographic coordinates by assuming 630-nm emission altitude of 400 km. The red dashed curves show the trajectory of the footprint of the 
Arase satellite mapped at an altitude of 400 km using the TS05 model. The red stars indicate the positions of the footprint of Arase when the images were 
taken. The horizontal and vertical axes correspond to the geographic longitude and latitude, respectively. The black dot at the center of each image indicates the 
location of the Gakona station. ASI, all-sky imager.

Figure 11. Keograms obtained by slicing (a) 557.7-nm and (b) 630.0-nm auroral images at Gakona in meridional 
direction at longitude of Gakona from ∼0900 to ∼1530 UT on November 4, 2019. The pink arrows in (b) indicate the 
location of the SAR arc. The vertical white dashed line shows when the Arase satellite crossed the SAR arc. SAR, stable 
auroral red.
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Figures 13h–13j show the dynamic spectra of the magnetic-field observed 
by Arase/MGF (64-Hz data) in the frequency range of 0.1–30  Hz. The 
three magnetic-field components in SM coordinates are shown in Fig-
ures  13h–13j, respectively. The local cyclotron frequencies of H+, He+, 
and O+ are plotted in these panels as a reference to examine EMIC-wave 
activity. Figures 13h–13j show several horizontal band enhancements of 
PSDs at fixed frequencies of ∼0.3–0.7 Hz (between the cyclotron frequen-
cies of He+ and O+) at ∼1100–1150 UT. These band enhancements are 
considered to be artificial noise because their frequencies are constant. 
In Figure 13h and 13i, broadband PSD enhancements were observed at 
1130–1140 UT, and these also seem to be noise. In Figure 13h and 13j, 
weak increases in PSD were observed at ∼1  Hz at ∼1145 UT and at 
0.2–0.6 Hz at ∼1200 UT. These enhancements may have been due to real 
electromagnetic waves. The increase of PSD at ∼1200 UT seems to cor-
respond to the local increase of electron flux; the PSDs then were rather 
weak, with an amplitude of ∼10−2 nT2/Hz.

Figures 13k and 13m show the electron flux with a pitch angle of ∼174.4° 
observed by MEP-e and LEP-e, respectively. Because the satellite was lo-
cated 4.6° south of the magnetic equator as shown below the horizontal 
axis (MLAT), the flux with a pitch angle of 174.4° is evaluated assuming 
that the aurora observed on the ground also appeared at the conjugate 
point in the Southern Hemisphere. There were local electron-flux en-
hancements at energies of <200 eV and 10–20 keV with pitch angles near 
the loss cone. The black dashed and solid curves in Figure  13m show 
the electron density estimated from the UHR frequency and the ECH 
intensity observed in Figure 13b. The ECH intensity was derived by in-
tegrating the PSDs in frequencies of 1–2fce (e.g., Fukizawa et al., 2018). 
The contaminated and calibration parts were linearly interpolated. These 
curves suggest that the increase of electron flux <200 eV was observed in 
the spatial overlap between the electron density gradient and the ECH 
generation region.

6.3. DMSP Observations

The ionospheric responses associated with the SAR arc are shown in Fig-
ures 14 and 15. Figure 14 shows the data observed as DMSP-F15 crossed 

the SAR arc at ∼1325 UT. Figure 14a includes a 630-nm image taken at 1324:50 UT and a plot of the foot-
print of the 400-km altitude mapping of the DMSP-F15 position using the IGRF-12 model. The emission 
intensity at the pixels of the footprint is shown in Figure 14e to identify the position of the SAR arc as a clear 
peak. The red vertical dashed line in Figures 14b–14e represents the SAR-arc peak. The satellite altitude, 
MLT, MLAT, and UT of DMSP-F15 are shown below the horizontal axis. The MLT and MLAT values are 
those at the original flying altitude.

Figure  14b shows that the SAR-arc peak with an intensity of ∼1.8  kR was located at the minimum of 
ionospheric density trough. Figure 14c shows that there was a weak eastward and upward ion flow at the 
SAR-arc peak. Figure 14d shows a substantial Te rise up to ∼9000 K at the SAR arc. In Figure 14b, the elec-
tron density increases slightly to the left of the red dashed line (slightly poleward of the Te enhancement 
in the ionosphere). The data of precipitating particle flux is not available during the time interval shown in 
Figures 14b–14e.

Figure 15 shows the observations from DMSP-F16 as it crossed the SAR arc at ∼1434 UT. Figure 15a shows 
the footprint mapping of the DMSP-F16 position to 400-km altitude using the IGRF-12 model, and a 630-
nm image taken at 1424:50 UT. The emission intensities along the pixels of the footprint are indicated in 
Figure 15g to clarify the SAR-arc position. The red vertical dashed line in Figures 15b–15g indicates the 
SAR-arc peak.
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Figure 12. From top to bottom: (a) electron density calculated from 
UHR frequency (solid curve) and satellite potential (dashed curve); (b) 
omnidirectional H+ flux (LEP-i); (c) omnidirectional He+ flux (LEP-i); 
(d) omnidirectional O+ flux (LEP-i); (e) omnidirectional electron flux 
(LEP-e); electron heat flux estimated from Coulomb collisions between 
electrons and (f) H+, (g) He+, and (h) O+; (i) total heat flux; (j) 630.0-nm 
and (k) 557.7-nm airglow/auroral intensities observed at Gakona in Arase 
footprint. LEP-e, Low-Energy Particle Experiments-Ion Mass Analyzer; 
UPR, upper hybrid resonance.
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Figure 15b and 15c show the electron and ion fluxes, respectively. The 
SAR-arc peak was located at the equatorward boundary of the electron 
precipitation region, as shown in Figure 15b. No particular variation of 
the ion flux is seen at the SAR arc, as evident from Figure 15c. Figure 15d 
shows that the SAR-arc peak with an intensity of ∼500 R was located at 
the ionospheric trough minimum. Figure 15e indicates that there was a 
very weak eastward and upward ion flow at the SAR-arc peak. Figure 15f 
shows a high Te increase up to ∼7000 K at the SAR arc. In Figure 15d, 
the electron density increases slightly to the left of the red dashed line 
(slightly poleward of the Te enhancement in the ionosphere), similarly to 
that in Figure 14b. Although not shown herein, a similar enhancement 
of electron density was observed at slightly higher latitudes than those 
for the increases in Te associated with the SAR arc, namely when F15 
crossed the SAR arc at ∼1504 UT and when F18 crossed the SAR arc at 
∼1522 UT. These facts suggest that the electron density increased locally 
just poleward of the Te enhancements in the present event.

6.4. Discussion

The freshly detached SAR arc that Arase encountered was not a conven-
tional SAR arc because a strong green-line emission (∼7 kR) accompanied 
the red arc (2 kR). However, the arc later became a SAR arc with dom-
inant 630-nm emission. The 630-nm arc existed continuously for ∼2 h 
30 m, as shown in Movie S3; this is the average lifetime of substorm-as-
sociated SAR arcs (e.g., Takagi et al., 2018). The observations made when 
DMSP crossed this arc at later times also show clear characteristics of a 
SAR arc (i.e., localized Te enhancement in the ionospheric trough). Thus, 
we conclude that this freshly detached 630.0-nm arc became a SAR arc 
later, and we refer to that arc as a “freshly detached SAR arc.”

As shown in Figure 12b, 12c, and 12e, flux enhancements of H+, He+, 
and electrons at energies below 1 keV were observed above the freshly 
detached SAR arc. These flux enhancements, particularly that of elec-
trons, can cause auroral emission. We reason that the freshly detached 
SAR arc accompanied by local green-line emission was caused by two 
electron-flux components with a pitch angle (∼174.4°) near the loss cone. 
Specifically, it is considered that the component of electron flux less than 
200  eV produced the red arc, and the local component of 10–20  keV 
strengthened the green-line emission at the equatorward edge of the dif-
fuse aurora, as observed by the ASI (Figure S5).

Figure 13b and 13c show that LBC waves at a frequency of ∼1 kHz coin-
cided with the electron-flux enhancement. Because LBC waves are known 
to scatter electrons with energies of kiloelectronvolts to tens of kiloelec-
tronvolts and cause diffuse aurora (e.g., Miyoshi et al., 2015, 2020; Thorne 
et al., 2010), they may have caused the observed increase of electron flux 
at energies of 10–20 keV with pitch angles near the loss cone and inten-
sified the 557.7-nm emission at the equator edge of the diffuse aurora.

Figure  13b shows that ECH waves were observed, which can resonate 
with electrons from a few hundred electronvolts to a few kiloelectron-

volts via cyclotron resonance (e.g., Ashour-Abdalla & Kennel, 1978; Ashour-Abdalla et al.,  1979; Horne 
et al., 2003). Kazama et al. (2018) showed that ECH waves are associated with (i) enhancement of electron 
flux at energies of ∼91 eV and (ii) depletion of electron density. The ECH intensity shown in Figure 13m 
may have contributed to the increase of electron flux (<1 keV). Where the electron density is relatively high 
(density gradient region) and the ECH waves overlap, an increase in electron flux (<200 eV) was observed; 
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Figure 13. From top to bottom, (a) electric-field spectra obtained by PWE/
HFA; (b) electric-field spectra obtained by PWE/OFA; (c) magnetic-field 
spectra obtained by PWE/OFA; (d)–(f) wavelet spectra of magnetic field at 
frequencies of 1–62.5 mHz; (g) magnetic perturbations (time resolution: 
8 s) obtained by subtracting IGRF-13 model; (h)–(j) fast-Fourier-transform 
spectra of magnetic field at frequencies of 0.1–3.0 Hz observed by MGF; 
(k, m) electron flux with pitch angle of ∼174.4° observed by MEP-e 
and LEP-e, respectively, all measured by Arase satellite during crossing 
of freshly detached SAR arc at ∼1215 UT. The white dotted curve in 
Figure 13a shows the UHR frequency. The white curves in Figure 13b 
and 13c indicate the local electron cyclotron frequency (fce), 0.5fce, and 
0.1fce. The yellow, pink, and red curves in Figures 13h–13j represent the 
gyro-frequencies of H+, He+, and O+, respectively, at the satellite's position. 
The black curves in Figure 13m show the electron density estimated from 
the UHR frequency (dashed) and the ECH intensity observed in Figure 13b 
(solid). ECH, electron cyclotron harmonic; HFA, High-Frequency 
Analyzer; IGRF, International Geomagnetic Reference Field; LEP-e, Low-
Energy Particle Experiments-Electron Analyzer; MEP-e, Magnetic Field 
Experiment; Medium-Energy Particle Experiments-Electron Analyzer; 
OFA, Onboard Frequency Analyzer; PWE, Plasma Wave Experiment; SAR, 
stable auroral red; UHR, upper hybrid resonance.
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this suggests that the energy of ring-current electrons is transferred to plasmaspheric electrons through 
ECH waves and becomes a heat source for the SAR arc. Although the interaction between ring-current ions 
and the plasmasphere has been considered to be important, the overlap of ring-current electrons and the 
plasmasphere may also be important. Upper-band chorus (UBC) waves (0.5–1fce) can also resonate with 
electrons at energies from ∼100 eV to 2 keV and cause diffuse aurora (Ni et al., 2008; Ni, Thorne, Meredith, 
et al., 2011; Thorne et al., 2010), but no UBC waves were observed, as shown in Figure 13b and 13c.

Based on Figures 13d–13g, we also examine KAWs (ULF waves). As discussed in Section 6.2, Arase observed 
PSD enhancements of the magnetic field at frequencies of 7–10 mHz, as shown in Figure 13f. This PSD en-
hancement is close to the location of the electron-flux enhancement. These observations suggest that KAWs 
may increase the electron, H+, and He+ fluxes around the inner edge of the plasma sheet. However, it is 
difficult to consider the 7–10-mHz waves as being the main source of the SAR arc because PSDs with similar 
intensity were observed also at other times (e.g., 1120–1130 UT) in the plasmasphere, and not exclusively 
at the SAR arc.

The enhancement of the PSDs of EMIC waves at 0.2–0.6 Hz at ∼1200 UT may also have been related to 
the freshly detached SAR arc. However, the amplitude of the PSD enhancement was ∼10−2 nT2/Hz, which 
may be too weak to heat cold electrons (Yuan et al., 2014). Additionally, the pitch-angle distribution of the 
observed electrons at energies below 200 eV in Figure 13k does not appear to be scattered (e.g., Figure S6). 
Thus, we conclude that the Landau damping of EMIC waves did not contribute to the generation of the 
local enhancement of electron flux observed at ∼1200 UT. Instead, these PSD enhancements at the EMIC 
frequency ranges may have been caused by the local enhancements of H+ and He+ fluxes observed at ∼1200 
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Figure 14. (a) 630-nm image captured with airglow ASI at Gakona on November 4, 2019 at 1324:50 UT; (b) electron density, (c) vertical (green) and horizontal 
(pink) ion velocity, and (d) electron temperature, all observed by DMSP-F15 satellite; (e) 630.0-nm airglow/auroral intensity observed at Athabasca near the 
DMSP-F15 footprint. The image in (a) was converted to geographical coordinates by assuming 630-nm emission altitude of 400 km. The black dashed curve 
shows the trajectory of the footprint of the DMSP-F15 satellite mapped at an altitude of 400 km using the IGRF-12 model. The pink dots in (a) indicate the 
positions of the footprint of DMSP-F15 at the times shown left of them. The black dot at the center of the image in (a) indicates the location of the Gakona 
station. ASI, all-sky imager; DMSP, Defense Meteorological Satellite Program; IGRF, International Geomagnetic Reference Field.
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UT, as shown in Figure 12b and 12c, because EMIC waves are generated by the energetic ring-current ions 
with temperature anisotropy near the magnetic equator (e.g., Lu & Wang, 2006; Mauk & McPherron, 1980).

As well as evaluating electromagnetic waves, we discuss the relationship between the satellite potential 
and the enhancements of e− and H+ flux. Satellite potential is related to electron density and Te (e.g., Davis 
et al., 2008). Referring to Figure 6 of Inaba et al. (2020), there is a good correspondence between the behav-
iors of electron density (UHR frequency) and the satellite potential. In Figure 12a of the present study, by 
contrast, the behaviors of electron density fluctuations estimated from the UHR frequency and the satellite 
potential change greatly differ at 1155–1230 UT. If the electron density calculated from the upper frequency 
limit of UHR waves is correct, then large difference between the behaviors of electron density and the satel-
lite potential may indicate ambient Te variations at the same time. This difference is particularly noticeable 
at 1157–1207 UT, when the flux enhancements at energies below 200 eV were observed. This Te increase 
is likely to correspond to the increase of the strong flux (<200 eV), which is inferred to be associated with 
ECH or ULF waves, rather than with heat flux due to Coulomb collisions. This fact suggests that ECH (ULF) 
waves could be a heat source.

The DMSP observations in Figures 14 and 15 show that the electron density increased slightly poleward of 
the Te enhancements, and the SAR arc formed in the shared region between the density plume and the Te 
enhancements. This fact suggests that the electron-density enhancement in this shared region is a common 
phenomenon that is related to the generation of SAR arcs. Inaba et al. (2020) found on the basis of meas-
urements by the Swarm satellite that the electron density increased at the location of a SAR arc with Te 
enhancement. These observations suggest the enhancement of plasma density near a SAR arc and a plasma 
supply from the magnetosphere.
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Figure 15. (a) 630-nm image captured with airglow ASI imager at Gakona on November 4, 2019 at 1434:50 UT; energy-time spectrograms of (b) precipitating 
electron flux and (c) ion flux, (d) electron density, (e) vertical (green) and horizontal (pink) ion velocity, and (f) electron temperature, all observed by DMSP-F16 
satellite; (g) 630.0-nm airglow/auroral intensity observed at Athabasca in DMSP-F16 footprint. The pink dots in (a) indicate the positions of the footprint of 
DMSP-F16 at the time shown to their right. ASI, all-sky imager; DMSP, Defense Meteorological Satellite Program.
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We reason that the small discrepancy between the positions of the freshly detached SAR arc and the local 
enhancement of electron flux is due to ambiguity of the field-line mapping from the Arase altitude to the 
ionosphere. Figure 1f shows that the freshly detached SAR arc was observed at the growth and recovery 
phase of substorms, and Figure 13g shows that Bz decreased locally at ∼1200 UT. These geomagnetic ob-
servations strongly suggest that the magnetic field varied dynamically in association with substorms, and 
the TS05 model may not reproduce the geomagnetic-field configuration accurately. Figure 13k and 13m 
indicate that Arase observed electron-flux enhancements at energies less than 200 eV and 10–20 keV with 
pitch angles near the loss cone at ∼1157–1207 UT. We reason that these local enhancements correspond to 
the observed freshly detached red arc and the intensified 557.7-nm emission at the equatorward edge of the 
diffuse aurora, as observed by the ground-based camera.

7. Summary and Discussion
This study reports on three events in which RBSP and Arase satellites crossed SAR arcs near the equatorial 
plane of the inner magnetosphere at L = 5.1–6.0. The observed characteristics of the three SAR-arc events 
analyzed in this study are summarized as follows.

Event 1: The RBSP-B satellite crossed a weak SAR arc. Only at the crossing, the heat flux to the ionosphere 
increased to a value comparable to that of Kozyra et al. (1993, 1997). However, there was no PSD enhance-
ment in the magnetic-field data in the millihertz and hertz wave bands associated with the SAR arc, in-
dicating that EMIC waves and KAWs were not the source of the observed SAR arc. From these facts, this 
SAR arc was very likely to have been caused by the heat flux generated by the Coulomb collisions between 
ring-current ions and plasmaspheric electrons.

Event 2: The RBSP-A satellite skimmed along the plasmapause for more than 4 h. At ∼0600 and ∼1015 UT, the 
estimated heat fluxes to the ionosphere increased to a value comparable to that of Kozyra et al. (1993, 1997). 
However, the SAR arc occurred only at ∼1015 UT, and we reason that this was due to differences in the 
ionospheric plasma density, that is, at 1015 UT, the heat flux flowed into the ionospheric trough where 
effective heating of electrons occurred because there was less ionospheric cooling. Frequency analysis of 
electromagnetic waves in the 0.1–3.0-Hz range showed that EMIC waves were unlikely to have caused the 
observed SAR arc. In the millihertz range, 7–20-mHz electromagnetic waves were observed; although their 
amplitude was as small as 0.9 nT (peak to peak), this is the first time that an inner magnetospheric satellite 
has observed electromagnetic waves around 10 mHz, only above a SAR arc, while ∼10-mHz hydromagnetic 
waves were observed simultaneously with SAR arcs by ground observation (Lanzerotti et al., 1978). These 
facts again indicate that Coulomb collisions are the most plausible mechanism for the generation of this 
SAR arc. The 7–20-mHz electromagnetic waves may have a minor contribution to the heat flux in this case. 
However, the observed amplitude of 0.9 nT (peak to peak) seems to be too weak to contribute to the electron 
heating.

Event 3: The Arase satellite passed over an auroral arc that was freshly detached from the auroral oval and 
consisted of both 557.7- and 630.0-nm emissions. Later, this arc evolved to a SAR arc characterized by only 
the 630.0-nm emission. Thus, we refer to this arc as a “freshly detached SAR arc.” We conclude that the 
component of electron flux at energies less than 200 eV produced the freshly detached SAR arc. The local-
ized 10–20-keV electron-flux enhancement intensifies the green-line emission at the equatorward edge of 
the diffuse aurora. These flux enhancements were accompanied by the flux enhancements of H+, and He+ 
(<1 keV), ECH, LBC, weak EMIC, and 7–10-mHz ULF waves. We reason that the local green-line emission 
appeared in the same position as the red arc because various electromagnetic waves occurred with sub-
storm. In addition, although the DMSP data indicated a Te increase up to ∼9000 K, the heat flux estimated 
from magnetospheric observations was not sufficient to cause the SAR arc. It may be possible that the ECH 
waves, which have not been previously implicated, caused scattering of low-energy (<1  keV) electrons, 
resulting in the ionospheric heating (e.g., Kazama et al., 2018; Thorne et al., 2010). The mechanisms that 
cause of the observed increase of proton and helium ion flux needs further study.

Table 1 summarizes the maximum heat fluxes for the three events estimated from ion fluxes and plasmas-
pheric densities measured by the RBSP and Arase satellites. The heat fluxes of events 1 and 2 are com-
parable but slightly smaller than those of past studies (∼8.0 × 109–1.0 × 1010 eV/cm2/s in winter during 
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solar maximum, as estimated by Kozyra et al. (1987, 1990)). Kozyra et al. (1987) estimated the heat fluxes 
by using a plasmaspheric model and ion-flux data observed by the DE-1 satellite, and Kozyra et al. (1990) 
calculated the required heat fluxes using an ionospheric and atmospheric model. The discrepancy between 
the present study and the past studies suggests that the heat fluxes estimated based on direct observations 
are slightly smaller than those predicted using the models.

We also discuss the possible cause of the slight shortage of heat flux and the occurrence of SAR arcs during 
non-storm-time substorms for the three events.

The somewhat smaller heat flux than expected may have been supplemented by the 7–20-mHz ULF waves 
with an amplitude (peak to peak) of 0.9 nT observed in event 2 and the enhancement of the electron flux at 
energies below 200 eV observed in event 3. Further quantitative studies, including the role of ECH waves for 
SAR-arc generation, are needed to test this hypothesis. We also note that the most intense and latitudinally 
widest emissions in event 3 were on the eastern edge of the SAR arc, which is opposite to what we would 
expect from the expected “bulge” shape of the plasmasphere (e.g., Ievenko, 2020). When Arase crossed the 
thick part of the SAR arc of event 3 at the eastern edge, it was located at ∼2.2 MLT, which is opposite to the 
dusk-premidnight region where SAR arcs are often observed (Takagi et al., 2018). According to Ni, Thorne, 
Liang, et al. (2011), ECH waves are limited to the magnetic equatorial plane and often occur at 21–6 MLT. 
Assuming that the SAR arc of event 3 is associated with ECH, the ECH waves observed at postmidnight may 
have intensified and latitudinally broadened the eastern part of the SAR arc.

Similar to event 3, the SAR arcs in events 1 and 2 were observed at ∼3 and 2.4 MLT, respectively, during 
non-storm-time substorms. A statistical study of dispersionless substorm injections by Perry et al. (1996) 
found that non-storm-time substorms (Dst > −30 nT) tend to occur more on the eastern side compared 
with storm-time substorms (Dst ≤ −30 nT). This suggests that the eastward shift of injection location during 
non-storm-time substorms may be related to the postmidnight SAR arc in the present study. Interestingly, 
He et al. (2017) showed that subauroral polarization streams (SAPSs) during quiet-time substorms are likely 
to occur more on eastern side than SAPSs during storm-time substorms, suggesting a possible relationship 
with non-storm-time SAR arcs.

The observed SAR arc events in this study are different from typical SAR arcs because they were observed 
during non-storm times. This may have been the reason for the smaller heat fluxes. According to the rela-
tionship between heat flux and SAR-arc emission intensity in winter during solar maximum discussed by 
Kozyra et al. (1997), the heat flux is estimated to be larger than the SAR-arc emission intensity when a large 
storm occurs. Kozyra et al. (1990, 1997) also showed the relationship between SAR-arc intensity and heat 
flux in fall during solar minimum, which is very similar to that found in the present study. This fact may 
suggest that the SAR arcs in the present events occurred under conditions close to those of the ionosphere 
and atmosphere in fall during solar minimum.

Our results indicate that although Coulomb collisions are the most plausible mechanism for generating 
SAR arcs, the latter cannot be explained by the former alone, and electromagnetic or electrostatic waves 
are sometimes observed with SAR arcs. The occurrence of SAR arcs during non-storm-time substorms has 
been a topic attracting less attention than those during storm time. Our observations require further under-
standing not only of SAR-arc generation but also of the magnetosphere-thermosphere-ionosphere coupling 
process during non-storm-time and storm-time substorms.
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Event # Date Time Heat flux 630.0-nm intensity

Event 1 December 19, 2012 ∼1055 UT ∼2.5  109 eV/cm2/s ∼65 R

Event 2 January, 17 2015 ∼1015 UT ∼5.0  109 eV/cm2/s ∼110 R

Event 3 November 4, 2019 ∼1215 UT ∼4.0 × 108 eV/cm2/s ∼1.5 kR

Table 1 
Maximum Heat Fluxes Estimated for Three SAR-Arc Events Using RBSP and Arase
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Data Availability Statement
The SYM-H, AU, and AL indices were provided by the World Data Center (WDC) for Geomagnetism at 
Kyoto University, Japan. The PWING observation data and geomagnetic indices (AE and SYM-H) are dis-
tributed by the Inter-university Upper atmosphere Global Observation Network (IUGONET) project of 
the Ministry of Education, Culture, Sports, Science and Technology of Japan. The ground-based THEMIS 
magnetometer data can be obtained through http://themis.ssl.berkeley.edu/data/themis/thg/l2/mag/. 
The RBSP/HOPE and RBSP/EMFISIS data used in this study were downloaded from the RBSP ECT and 
EMFISIS websites at http://www.rbsp-ect.lanl.gov/rbsp_ect.php and https://emfisis.physics.uiowa.edu/
data/index. The scientific data of the ERG (Arase) satellite were obtained from the ERG Science Center 
(ERG-SC) operated 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 LEP-e-L2 omniflux v02_02 data (S.-Y. 
Wang et al., 2018), LEP-e-L3 PAD v02_01 data, LEP-i-L2 omniflux v02_02 data (Asamura et al., 2018a), 
LEP-i-L2 3dflux v03_00 (Asamura et al., 2018b), MEP-e-L2 omniflux v01_02 data (Kasahara et al., 2018b), 
MEP-e-L2 3dflux v01_01 data (Kasahara et al., 2018a), MEP-i-L2 3dflux v02_00 data (Yokota et al., 2018), 
PWE/EFD/pot-L2 v03_01 data (Kasahara, Kasaba, Matsuda, et al., 2018), PWE/HFA-L2 v01_02 (Kasahara, 
Kumamoto, et al., 2018), PWE/OFA-L2 v02_01 (Kasahara, Kojima, et al., 2018) and MGF-L2 8sec v04_04 
data (Matsuoka et al., 2018a), MGF/64-Hz-L2 v04_04 data (Matsuoka et al., 2018b), and L2 v03 orbit data 
(Miyoshi, Shinohara, & Jun,  2018). The optical data from Athabasca and Gakona stations are available 
from the ISEE through the ERG-SC. The DMSP observation data were provided by the Madrigal CEDAR 
Database and Boston College, Institute for Scientific Research (http://cedar.openmadrigal.org). The OMNI 
data were provided by the GSFC/SPDF OMNIWeb interface (http://omniweb.gsfc.nasa.gov). The solar wind 
parameters and W-parameters for driving the TS05 model were provided by the TS05 web repository (http://
geo.phys.spbu.ru/∼tsyganenko/TS05_data_and_stuff/). The GNSS-TEC data providers are listed at http://
stdb2.isee.nagoya-u.ac.jp/GPS/GPS-TEC/gnss_provider_list.html; the main ones were UNAVCO (https://
www.unavco.org/data/gps-gnss/gps-gnss.html), CDDIS (https://cddis.nasa.gov/archive/gnss/data/daily/; 
Noll, 2010), CHAIN (http://chain.physics.unb.ca/chain/pages/data_download; Jayachandran et al., 2009), 
PNGA (http://www.geodesy.cwu.edu; Pacific Northwest Geodetic Array (PANGA),  1996), SOPAC (ftp://
garner.ucsd.edu/pub/rinex/), SONEL (https://www.sonel.org/-GPS-.html), and NCEDC (https://ncedc.
org/bard.overview.html; NCEDC, 2014).
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