
1.  Introduction
The solar wind energy and its complex interaction with the magnetosphere powers the vibrant aurora in the 
Earth's upper atmosphere. The aurora is an optical emission produced by the energetic electrons precipitating 
along the geomagnetic field, eventually collide and excite particles in the upper atmosphere that, in turn, emit 
photons (e.g., Jones, 1974). The diverse processes occurring in different regions of the magnetosphere cause the 
formation of aurora in various forms.

An auroral arc is defined as a curtain-shaped optical emission aligned along the geomagnetic east-west direction 
in the upper atmosphere (e.g., Karlsson et al., 2020, for a review). Different types of arcs correspond to different 
regions of the Earth's magnetosphere and diverse processes that occur in the region. Therefore, these arcs serve as 
a diagnostic tool for investigating the large-scale processes occurring in the magnetosphere and their association 
with the ionosphere.

During geomagnetic storm periods, the interaction of the inner edge of the ring current with the contracted plas-
masphere leads to the formation of the stable auroral red (SAR) arc at subauroral latitudes. SAR arc emissions 
are caused by the thermal excitation of oxygen atoms due to the heat conduction along geomagnetic field lines 
connecting the ionosphere with the plasmasphere, driven by the storm time ring current (Cole, 1965). Recently, 

Abstract  We present observations of an equatorward detachment of the auroral arc from the main oval 
and magnetically conjugate measurements made by the Arase satellite in the inner magnetosphere. The all-sky 
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latitude of the estimated intensity shows reasonably good correspondence with the observed intensity mapped 
at the ionospheric footprints of the Arase satellite. These findings indicate that the observed arc detachment 
at Gakona was associated with the localized enhancement of low-energy electrons (∼0.1–2 keV) at the inner 
edge of the electron plasma sheet. Further, we employ the simulation results of the Community Coordinated 
Modeling Center (CCMC), the BATS-R-US–CIMI 3-D MHD code to understand the conditions in the inner 
magnetosphere around the time of detachment. Although the simulation could not reproduce the lower-energy 
component responsible for the arc detachment, it successfully reproduced two earthward convection events 
at the lower radial distance (R) (R ≤ ∼4) around the time of arc detachment and the features of enhanced 
convection in similarity with the observations.
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a new type of transient red arc has been reported to be emerged at 68° MLat associated with pseudo breakup, 
probably representing the moment of SAR arc birth (Oyama et al., 2020). A spectacular emission feature known 
as strong thermal emission velocity enhancement (STEVE) has also grasped the attention of the space physics 
community in recent years (MacDonald et al., 2018). STEVE is a visible mauve or purple color arc that is ap-
proximately east-west aligned, extending to thousands of kilometers in the meridional direction. Both SAR arc 
(Takagi et al., 2018) and STEVE (Yadav et al., 2021) have shown to be detached from the main auroral oval.

The term "detached arcs" was introduced by Anger et al. (1978) to describe the arc-like auroral features equator-
ward of the auroral oval observed in the afternoon sector by the Isis 2 satellite scanning photometer, also known 
as the “afternoon detached auroral arcs.” These detached arcs showed some similarities to SAR arcs in terms 
of their location and occurrence (both observed in the trough region and subsiding substorm activity) but were 
completely different spectroscopically as they were observed in 391.4 nm (𝐴𝐴 𝐴𝐴+

2  ) and 557.7 nm with no emission 
enhancement in 630.0 nm. Moshupi et  al.  (1979) suggested that the source for the trough region auroras are 
plasma sheet particles left behind by a poleward retreat of the auroral oval. Later, particle observations made by 
the energetic particle detector onboard Isis 2 showed that these detached arcs are formed at the feet of field lines 
having a trapped population of electrons 1 ≤ Ee ≤ 10 keV as well as usual higher-energy radiation belt particles. 
It was also suggested that the pitch angles of the residual plasma sheet population would be scattered into the loss 
cone by electron cyclotron resonance in the cold plasma region outside of the plasmapause (Wallis et al., 1979). 
In addition to the detached arcs caused by electron precipitation, detached protons arcs have also been observed in 
the subauroral region (Zhou et al., 2021 and reference therein). Detached subauroral proton arcs have been shown 
to be formed by the precipitation of high-energy ions caused by the interactions of EMIC waves with ring current 
ions (e.g., Sakaguchi et al., 2008; Zhou et al., 2021). A review on these detached auroral features from the auroral 
oval is provided by Frey (2007). Although observed in the subauroral region, the detached arc we are presenting 
in this study is different from the above arcs because it is observed in the midnight sector with emissions in both 
630.0 nm and 557.7 nm. The detachment mechanism of midnight detached arcs and their association with the 
inner magnetosphere is still not known.

The emergence of satellite measurements in the magnetosphere has paved the way to study the source region of 
auroral features in the magnetosphere using a space-ground conjunction event. For example, the observations 
from Defense Meteorological Satellite Program (DMSP) revealed that auroral arc corresponds to an electron in-
verted-V structure near the equatorward edge of the electron precipitation region, suggesting the pseudo breakup 
of the auroral substorm occurred in the inner part of the plasma sheet (Yago et al., 2005). By using the Active 
Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) and the Van Allen Probes B 
(RBSP-B) in the inner magnetosphere (L values of ∼5.0–5.6), Motoba et al. (2015) suggested that the premid-
night arc is connected to highly localized pressure gradients embedded in the near tail region-2 source region 
via the local upward field-aligned current. Recently, Shiokawa et al. (2020) reported the first observation of the 
source plasma features of auroral arcs and diffuse auroras in the inner magnetosphere by the Arase satellite. They 
observed the bidirectional field-aligned electrons with structured energy-time spectra in the source region of 
auroral arcs. By using the Arase satellite, Inaba et al. (2020) investigated the magnetospheric source region of the 
SAR arc and reported that heating of plasmaspheric electrons and multispecies ions via Coulomb collision with 
ring-current ions is indeed the most plausible mechanism for the SAR arc generation.

The coordinated ground- and space-based measurement at the time of arc detachment might shed some light on 
the series of processes occurring in the magnetosphere that causes the detachment of arc from the main auroral 
oval. However, such measurements are extremely limited because of the rarity of satellite crossing exactly at the 
time of arc detachment and other difficulties such as clear sky. In addition to the conjugate measurements, the 
numerical simulation might also play an important role in explaining the underlying physical mechanisms in the 
inner magnetosphere and their linkage with the ionosphere.

In this study, we present a space-ground conjunction event of an equatorward detachment of the auroral arc 
that occurred on 30 March 2017. This event was exclusive due to the crossing of the Arase satellite in the inner 
magnetosphere over the field of view of the all-sky imager operating at Gakona and therefore has been used 
previously for the space-ground conjunction event analysis by Ozaki et al. (2019) and Hosokawa et al. (2020). 
In the present study, the ionospheric footprints of the Arase satellite crossed the region around the time of arc 
detachment, providing a unique opportunity to investigate the magnetospheric linkage of the arc detachment. 
Through the ground-based all-sky imager (ASI) observations of aurora in red and green lines together with 
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the simultaneous conjugate space-based observations of particle flux, and 
electric and magnetic field variations, we investigate the connection between 
source magnetosphere and ionosphere that leads to the detachment of arc in 
the subauroral region. We extend this study by including simulation results 
from the BATS-R-US–CIMI (Block‒Adaptive‒Tree Solar‒Wind Roe‒Type 
Upwind Scheme–Comprehensive Inner Magnetosphere-Ionosphere) model 
to physically interpret the connection between source magnetosphere and 
ionosphere by comparing simulation and in-situ observations.

2.  Database and Methodology
This study is based on three kinds of data sources: ground-based (ASI), 
space-based (Arase), and simulations.

2.1.  Ground-Based Measurements

An OMTI (Optical Mesosphere Thermosphere Imager) (Shiokawa 
et  al.,  1999,  2009b) all-sky imager (camera no. 19) has been operating at 
Gakona (62.4°N, 214.7°E, magnetic latitude: 63.2°N, L = 4.9), since 2017, 
under the PWING project (study of dynamical variation of particles and 
waves in the inner magnetosphere using ground-based network observations) 
(Shiokawa et al., 2017). Magnetic midnight for this ASI occurs at 10.7 UT. 

This imager has a 180° field-of-view fish-eye lens, five band-pass optical filters including background (572.5 
nm), and a thermoelectrically cooled CCD with 1024 × 1024 pixels. In this work, we have used airglow/auroral 
images at two wavelengths: OI at 557.7 nm and OI at 630.0 nm with exposure times of 15 sec and 30 sec, respec-
tively. These images are processed with 2 × 2 binning to increase the signal-to-noise ratio, reducing the image 
resolution to 512 × 512 pixels. In order to remove the background continuum emission, we have subtracted the 
background images. In order to project images onto the geographical latitude/longitude coordinates, it is a pre-
requisite to assume the emission altitude. In general, for airglow study, an emission height of 250 km is used as a 
standard height for 630.0 nm (Blanchard et al., 1997). An emission altitude of 400 km has been usually adopted 
for the monochromatic SAR arc (Roach & Roach, 1963). The mapping altitude of 180–220 km was derived for 
the discrete red-line arc by using the triangulation method (Jackel et al., 2003). The detached auroral arc in the 
present study is not monochromatic as emissions are also observed in the green line. Because of this reason, we 
have assumed an altitude of 300 km for 630.0 nm and 120 km for 557.7 nm to project raw all-sky images onto the 
geographical latitude/longitude coordinates.

2.2.  Space-Based Measurements

The in-situ observations of particles and electric and magnetic fields are obtained by the Exploration of ener-
gization and Radiation in Geospace (ERG) satellite, also known as the Arase satellite (Miyoshi et al., 2018a). 
Launched on 20 December 2016, Arase has an elliptical orbit with a perigee of ∼400 km and an apogee of 
∼32,000 km (R ∼ 6 RE) (where R is the radial distance and RE is the Earth's radius) with an inclination of ∼31°.

On 30 March 2017, the Arase satellite crossed the field of view of the Gakona ASI at ∼1200-1400 UT. Figure 1 
shows the region covered by the Gakona ASI along with the path of the ionospheric footprint of the Arase sat-
ellite mapped to an altitude of 300 km, calculated by using the Tsyganenko-Sitnov (TS05) model (Tsyganenko 
& Sitnov, 2005). The model used the solar wind and W-parameters (the database of solar wind characteristics) 
as an input taken from the TS05 web repository published by N. Tsyganenko. The location of Gakona is marked 
by a blue circle. The footprint of Arase approaches Gakona from the southwest, remain close to Gakona during 
1230-1330 UT and thereafter move in the northwest direction.

In this work, we use the data from the following instruments onboard the Arase: the Low-Energy Particle Ex-
periments-Electron Analyzer (LEP-e) (Kazama et  al.,  2017), the Medium-Energy Particle Experiments-Elec-
tron Analyzer (MEP-e) (Kasahara et al., 2018a), the Medium-Energy Particle Experiments-Ion Mass Analyzer 
(MEP-i) (Yokota et al., 2017), the Magnetic Field Experiment (MGF) (Matsuoka et al., 2018a), and the Plasma 

Figure 1.  Map displaying the crossing of the Arase satellite over the region 
covered by the all-sky imager at Gakona. The location of Gakona is depicted 
by a blue circle. The path of the ionospheric footprint of the Arase satellite 
mapped to an altitude of 300 km is indicated by the blue curve.
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Wave Experiment (PWE) (Kasahara et  al.,  2018b) with the Electric Field 
Detector (EFD) (Kasaba et al., 2017), the High-Frequency Analyzer (HFA) 
(Kumamoto et  al.,  2018), and the Waveform Capture/Onboard Frequen-
cy Analyzer (WFC/OFA) (Matsuda et  al., 2018). We have used the Space 
Physics Environment Data Analysis Software (SPEDAS) tool (Angelopoulos 
et al., 2019) to analyze the Arase satellite data.

2.3.  Model Description

We use the Comprehensive Inner-Magnetosphere Ionosphere (CIMI) mod-
el with the Block‒Adaptive‒Tree Solar‒Wind Roe‒Type Upwind Scheme 
(BATS-R-US) magnetosphere model available through the Space Weather 
Modeling Framework (SWMF) (Tóth et al., 2005; 2012). While CIMI repre-
sents the inner magnetosphere, the global magnetosphere is represented by 
BATS-R-US. The coupling of these codes allows us to simulate consistently 
the inner and outer magnetosphere. The simulation results are provided by 
the Community Coordinate Modeling Center (CCMC, http://ccmc.gsfc.nasa.
gov). BATS-R-US is typically configured to solve the ideal MHD equations 
on a three-dimensional Cartesian grid (Gombosi et al., 2000; Powell et al., 
1999). The computational domain of BATS-R-US extends from 32 RE up-
stream to 224 RE downstream of the planet and 64 RE to the sides in Y and Z 
directions in the Geocentric Solar Magnetospheric (GSM) coordinates. The 
grid resolution is 0.15 RE x 0.15 RE x 0.15 RE at the finest. The tempo-
ral resolution of output files for MHD parameters is a minute. The CIMI 
describes the phase-space densities of energetic electrons (1–3,162 keV) 
and ions (0.1–316 keV) in the inner magnetosphere calculated by solving 
the bounce-averaged Boltzmann transport equation (Fok et al., 2014). The 
grid in CIMI is defined by the ionospheric foot point of the field line. The 
temporal resolution of output files for phase space densities is 5 minutes. 
The boundary between CIMI and BATS-R-US is defined as the last closed 
field line (typically about 8-10 RE) while the inner boundary of CIMI is 2.5 
RE. The simulation time goes from 1500 UT on 29 March 2017 and runs 
for 1 day. The simulations used DSCOVR L2 data as an input for solar wind 
parameters. All solar wind data are interpolated onto a 1-minute cadence.

3.  Results
The results have been divided into four subsections. The first subsection 
deals with the solar wind and geomagnetic conditions during the event of arc 

detachment. The observations from ground-based ASI at Gakona showing the feature of arc detachment are de-
scribed in Subsection 3.2. The conjugate measurements of particle flux at different energies and electric and mag-
netic fields made by the Arase satellite are given in Subsection 3.3. The results obtained by model simulations are 
described in Subsection 3.4 while Subsection 3.5 provide the details about the estimated auroral intensity based 
on the low-energy electron flux observed by the Arase satellite.

3.1.  Solar Wind and Geomagnetic Conditions

Figure 2 shows the interplanetary magnetic field (IMF) Bz component, solar wind plasma pressure (Psw), AU/
AL indices at 1000–1330 UT. The IMF Bz shows two main events of southward orientation, first at ∼1100–1150 
UT and second at ∼1220–1255 UT. While maintaining a northward orientation, IMF Bz shows a decreasing trend 
during the interval 1000–1100 UT. It turns southward at ∼1100 UT and remains dominantly southward during the 
interval 1100–1150 UT with a maximum negative excursion of about –4 nT. After remaining quiet for around 30 
mins (∼1150–1220 UT), the IMF Bz abruptly turned southward at 1220 UT. Although it remains mostly south-
ward at ∼1220–1255 UT, the IMF Bz shows some fluctuations in terms of rapid turning between southward and 

Figure 2.  (From top to bottom) Variation of interplanetary magnetic field 
(IMF)-Bz, solar wind plasma pressure, and AU/AL index on 30 March 2017 
at 1000-1330 UT. The dashed line highlights the approximate time of the arc 
detachment.

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018GL078857
http://ccmc.gsfc.nasa.gov/
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northward directions. The solar wind plasma pressure was also enhanced from ∼2.5 nPa to 3.5 nPa during the 
first event of IMF Bz negative excursion. The Psw attains the values of about 2.8–3.3 nPa at the interval 1130-
1250 UT and shows a decreasing trend afterwards. The AU/AL indices do not show any considerable change at 
1000–1130 UT, which remains close to zero. The negative bay-like structure in AL at ∼1130–1225 UT indicates 
the presence of a substorm-like activity. It is notable that this activity started 30 mins after the southward turning 
of IMF-Bz. After attaining constant values for about 10 mins (∼1225–1235 UT), the AL index shows another 
bay-like structure at ∼1235–1310 UT, indicating the presence of second substorm-like activity. This substorm 
activity started ∼15-mins after the southward turning of IMF Bz at ∼1220 UT.

In order to check the correspondence between signatures of substorms in the observations (AU/AL) and model 
simulations, we simulate plasma pressure (Movie S1) and velocity (Vx component) (Movie S2), and the dawn-to-
dusk component of the electric field (Ey) (Movie S3) during the interval ∼1030–1315 UT. Note that the region 
around 10 Re is the boundary between BATS-R-US and CIMI, which may cause artificial effects, appeared in 
terms of a circle-like structure at ∼10 Re in the global simulations. While AU/AL observations show the sub-
storm signature after 1130 UT, a continuous increase in velocity (both sunward and antisunward) in the tailward 
side of the Earth is observed after 1030 UT, coinciding with the decreasing trend of IMF Bz. After the southward 
turning of IMF Bz at 1100 UT, the reconnection develops longitudinally in the Y-direction. Unlike velocity, the 
simulated pressure shows continuous fluctuations throughout the time duration; however, enhanced pressure in 
the nightside direction is noticeable at 1120-1150 UT, coinciding with the first substorm. The velocity in the 
nightside direction also seems to maximize at ∼1135-1155 UT. For the second substorm activity as observed in 
the AU/AL indices at ∼1235–1310 UT, both pressure and velocity show random fluctuations with no distinct 
variation. Although BATR-US–CIMI simulate the enhanced nightside activities, particularly for ∼1130–1225 
UT when the first substorm-like activity occurred in AU/AL, it could not reproduce any distinct variation in both 
pressure and velocity for the second substorm-like activity observed in the AU/AL indices. It is notable that, 
for the present case, it is not possible to distinguish the substorm onset timings in the simulations. Further, the 
comparison between the observed and simulated AU/AL indices (not shown here) showed that although the sim-
ulated AU/AL index showed smooth and weak variations from 1130 onwards, it could not reproduce the substorm 
activity. In the global simulations, the Ey component in the nightside showed significant enhancement from ∼5 to 
15 Re in association with the southward turning of IMF-Bz. The Ey component began to increase gradually after 
∼1030 UT and abruptly after ∼1110 UT. The Ey component displayed continuously large values at ∼1115–1200 
UT, exhibiting the values of about ∼1–3 mV/m at 5-15 Re in the nightside. After displaying the relatively lower 
values at ∼1200–1215 UT, the Ey again showed an enhancement from ∼1225 UT, probably in response to the 
turning of IMF Bz in the southward direction at this time. The enhanced simulated Ey in the inner magnetosphere 
inside the geosynchronous orbit (Re < 6) is also notable. The Ey showed higher values in the midnight to dawn 
sector as compared to the dusk sector, particularly inside the geosynchronous orbit. The increased values of sim-
ulated Ey inside the geosynchronous orbit might indicate the presence of enhanced localized electric fields in the 
deep injection region.

3.2.  Ground-Based Observations of the Auroral arc at Gakona

Figure 3 depicts the North-South (N-S) keogram for both red- and green-line emissions during the interval 1130–
1330 UT, constructed by stripping the slices of airglow images at the longitude of Gakona (214.7°E). The strong 
brightness in the northern part of the keograms indicates the presence of an auroral oval. The auroral oval moves 
in the equatorward direction after 1130 UT in the red-line keogram. The effect of two substorm activities is also 
observed in the red-line keogram in terms of enhanced auroral intensities at ∼1150–1225 UT and ∼1230–1320 
UT in the northward part of the keogram. Such feature is not identified in the green-line keogram because of 
the saturation in the poleward part of the images at latitudes of 63–66°. However, in spite of the saturation, the 
equatorward motion of the auroral oval can be identified in the green line from 1130 UT. In the red-line keogram, 
a narrow latitudinal structure separates itself from the main auroral oval at ∼1220–1225 UT (depicted by dashed 
line). After separating itself from the main auroral oval, the arc began to move in the equatorward direction. This 
narrow latitudinal structure, located equatorward of the auroral oval, is known as the auroral arc and the feature 
of its separation from the main auroral oval is referred to as the detachment of the auroral arc. The process of 
detachment occurred during the recovery phase of the first substorm. After detachment, this arc shifted equator-
ward from 62°N to 59°N at 1300 UT, exhibiting a shift of ∼3°. The arc in the red line appeared until the end of 
observation at 1330 UT. Thus, due to the unavailability of the observations after 1330 UT, the time duration of 
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the arc remains unknown. The intense brightness caused by the aurora in the poleward auroral oval leads to the 
saturation of the images in the green line, causing the formation of artificial structure at ∼63–66° in the green-
line keogram. In spite of the saturation, the feature of arc detachment is observed in the green line at ∼1235 UT, 
which shifted to 60°N at 1300 UT (depicted by the dashed line). The detached arc is also observed in the THEMIS 
white light imager (not shown) at Gakona (62.4°N; 214.8°E, magnetic latitude: 63.1°N) and Whitehorse (61°N; 
224.8°E, magnetic latitude: 63.9°N). Although we assume that the arc in the red and green lines is the same, the 
latitudinal difference of ∼1° in the red and green lines might be associated with the ambiguity in the assumed 
emission altitude. Unlike the red-line arc, the arc in the green line appeared until 1300 UT, and thereafter, the 
bright aurora covers the entire field of view of the camera. The intense emission in the south in the green-line 
keogram at 1200–1330 UT is probably a reflection of the northern auroral emission by a dome that covers the 
ASI; however, there is also a possibility of contamination from the dawn terminator.

Figure 4 shows the red-line auroral images during the interval 1203–1250 UT on 30 March 2017 at Gakona. 
These images are mapped to geographical coordinates by assuming an emission altitude of 300 km. The iono-
spheric footprint of the Arase satellite is marked by the black asterisk symbol. The bright emission in the northern 
part of the images indicates the main auroral oval. Initially, at ∼1220 UT, the changes at the edge of the auroral 
oval are observed (indicated by white arrows) as compared to the previous images. At ∼1224 UT, an arc-like 
structure begins to develop at 62° N with a low-intensity region at the immediate poleward boundary of the arc. 
This latitudinally narrow (meridional width of ∼1°) but east-west elongated emission structure, located equator-
ward of the auroral oval, is known as the auroral arc (highlighted by black arrows) and the phenomenon is referred 
to as the detachment of the auroral arc from the main auroral oval. Although the detachment of arc is observed 
at ∼1224 UT, there is a possibility that the arc might be formed inside the main oval but remained masked by 
surrounding bright aurorae. After detaching from the auroral oval, the arc becomes wider, shifted equatorward, 
and observed at ∼59° N at 1250 UT, exhibiting a shift of ∼3 degrees.

Figure 3.  North-South (N-S) keogram for the green (557.7 nm) and red lines (630.0 nm). The intense brightness in the 
northern part of the keograms represents the auroral oval. The dashed lines highlight the detachment of the auroral arc.
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The ionospheric footprint of the Arase satellite is located at the equatorward boundary of the auroral oval at 
∼1220 UT, moves into the auroral arc at ∼1230–1234 UT, and is seen poleward of the auroral arc after ∼1244 
UT. The overlapping of the Arase ionospheric footprint at the brightened arc during the interval ∼1225–1240 
UT indicates that the Arase satellite traversed the region around the time of arc detachment. The feature of arc 
detachment from the main auroral oval and satellite trajectory over the region covered by ASI can be seen in 
supplementary Movie S4.

In similarity with Figure 4, the images (1204–1247 UT) in Figure 5 and supplementary Movie S5 show the 
development and detachment of arc in the green line on 30 March 2017 at Gakona. As already discussed, the 
processes of arc detachment in the green-line images are not as conspicuous as observed in the red line because of 
the saturation of images in the poleward direction. The changes in the boundary of the auroral oval, as observed 
in the red line, cannot be identified in the green line. The presence of arc at ∼61° N is observed in the images at 
1234–1243 UT (highlighted by black arrows). The ionospheric footprint of the Arase satellite at 120 km altitude 
crossed the arc in the green-line images at 1234–1243 UT.

3.3.  Arase Observations

Figure 6 shows the (a) electron density, the energy-time flux spectra (omnidirectional) of (b) low- and (c) medi-
um-energy electrons and (d) medium-energy ions observed by the Arase satellite, and airglow/auroral intensity 
for (e) red and (f) green lines at the ionospheric footprint of Arase at three different mapping altitudes (200, 300, 
and 400 km for red line and 100, 120, and 150 km for green line) during 1200-1330 UT on 30 March 2017. The 
labels below the X-axis in the figure show the location of the Arase satellite with respect to L* (L* is the mag-
netic drift invariant, also known as the Roederer L parameter) (Roederer, 1970), referred to as the L-value here; 

Figure 4.  Red-line (630.0 nm) emission airglow/auroral images during the interval 1203-1250 UT on 30 March 2017 at 
Gakona. The brightness in the northern part of the images indicates the auroral oval. The footprint of the Arase satellite 
is shown by the black asterisk symbol. White arrows highlight the changes in the shape of the auroral oval before the arc 
detachment, whereas black arrows indicate the auroral arc.
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magnetic local time (MLT), magnetic latitude (MLAT), and radial distance (R). During the interval 1200–1330 
UT, the satellite moved outward from L = 3.8 to L = 5.0 and was located in the midnight sector (0.4–2.5 MLT) 
in the southern hemisphere. The electron number density, shown in panel (a), is derived from the upper hybrid 
resonance (UHR) waves observed by the HFA/PWE onboard the Arase satellite. The periodic data gap in LEPe 
energy time spectra below 1 keV is associated with the change in observation mode.

We have estimated emission intensities at the ionospheric footprint of the Arase satellite at three different mapping 
altitudes because of the ambiguities in the assumption of the altitude of the emission layer. At all three mapping alti-
tudes, a significant increase in the emission intensities is observed at ∼1224–1251 UT for both red and green lines, in-
dicating the auroral arc (highlighted by dashed lines). In addition to the emission altitude, the magnetospheric models 
could also cause the uncertainties of the Arase's ionospheric footprint; therefore, we calculated the ionospheric foot-
print of the Arase satellite using different models (e.g., IGRF only, T01, T96, and TS05, not shown here). Although 
with a slight discrepancy in latitude (≤1°), the arc is observed in all the models. For brevity, in Figure 6 (e) and (f), the 
emission intensities at the ionospheric footprint of Arase are shown only for TS05. While the emission peak at differ-
ent mapping altitudes shows a discrepancy in magnitude of ∼200 Rayleigh (Ry) for the red line, it is observed to be 
∼1500 Ry for the green line. At the time of arc detachment, the auroral intensity for the red line (at 300 km) increases 
from ∼600 Ry to ∼2300 Ry, exhibiting an enhancement of ∼1700 Ry. This abrupt increase in the intensity represents 
a spatial pattern of the relative location of the satellite to the arc rather than temporal variation. Similarly, the auroral 
intensity for the green line (at 120-km) increases from 4500 Ry to 10000 Ry, showing a substantial enhancement of 
∼5500 Ry. A slight difference in latitude (<1°) in the onset and peak emission intensity of the arc at the ionospheric 
footprints of the Arase satellite at three emission altitudes indicates the ambiguity in mapping.

The electron density (panel a) shows a consistently decreasing trend with a steep decrease at 1220 UT, suggesting 
a plasmapause crossing at this timing. This indicates that the detachment of arc in the ionosphere occurred at the 
base of the flux tube that is outside the plasmapause where ambient electron density was around 1–10 electrons/cm3.

Figure 5.  Same as Figure 4 but for the green line (557.7 nm) and during the interval 1204-1247 UT.
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In LEPe energy time (E-t) spectrum (panel b), we can see the electrons of energies <1 keV being penetrated 
deeper to L∼4.1 at ∼1215 UT, indicating the electron plasma sheet. At the inner boundary of the electron plasma 
sheet, the electrons of energies ∼0.1–2 keV show a localized enhancement at L∼4.3-4.5. It is notable that the 
enhancement of these lower-energy electrons (∼0.1–2 keV) to lower L-shell (L∼4.3–4.5) coincided with the arc 
detachment. In order to check the structure of electrons and ions near the inner edge of the plasma sheet for other 
orbits, we examined the LEP-e, MEP-e, and MEP-i E-t spectra for the previous and following orbit (supplemen-
tary Figure F1). Broadly, the electron fluxes for all the orbits show similar features near the inner edge of the 
electron plasma sheet; however, the localized enhancement of low-energy electrons (∼0.1–2 keV) at L∼4.3–4.5 

Figure 6.  Variation of (a) electron density, (b) low- & (c) medium-energy electron, and (d) medium-energy ion energy-time 
spectra (omnidirectional) observed by the Arase satellite, and airglow/auroral intensity for (e) red and (f) green line at the 
ionospheric footprint of the Arase satellite at three different mapping altitudes during 1200-1330 UT on 30 March 2017. The 
periodic data gap in LEPe energy time spectra below 1 keV is associated with the change in observation mode.
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around the time of arc detachment (∼1230 UT) was not observed for the previous and following orbit. In addition, 
E-t spectra for MEPe show a slight nose-like kink structure at 1230 UT, a common feature of convectively drifting 
electrons, not observed in the other orbits.

In MEPe E-t spectra (Figure 6c), the flux of particles towards lower L-shells appears to be energy dependent. 
The lower-energy component (<∼20 keV) was penetrated deeper to L∼4.3 at ∼1230 UT in comparison to the 
higher-energy component (>∼20 keV), which shows an inward penetration to L∼4.7 at ∼1300 UT. For electrons 
of energies <1 keV, the energy of electrons decreases as they penetrated deeper towards lower L-shells (LEPe E-t 
spectra). This feature of decreasing electron energy at deeper L-shells can be also recognized in the MEPe E-t 
spectra (panel c) at energies <10 keV at ∼1220–1230 UT.

The MEPi E-t spectra (panel d) also show the presence of two components in the energy L-shell dispersion. The 
ions of energies >20 keV show a multiple nose-like structure at ∼1200-1215 UT. At 1200-1215 UT, a narrow 
depletion region is observed for ions of energy ∼20-30 keV. The flux of ions of energies <20 keV remains invar-
iably higher in comparison to higher-energy (>20 keV) ions at the entire L-shell.

Figure 7 shows the (a) electric field and (b) magnetic field variations in the SM coordinates, (c) electric and (d) 
magnetic field deviations from their 20-minute running averages, frequency-time wave diagrams obtained from 
PWE/OFA for (e) electric field, (f) magnetic field, and (g) DC-512 Hz electric field at 1200–1330 UT. The two 
solid black curves in panels (e) and (f) represent local cyclotron frequencies (fce) and 0.5fce, respectively. The in-
terval between two dashed lines indicates the presence of the arc. The cadence of electric field and magnetic field 
data is ∼8 seconds, the spin period of the Arase satellite. The Arase measures two electric field components and 
the third component is estimated by assuming that the electric field component parallel to the ambient magnetic 
field is zero. The variations of very small magnitude (∼1-2 mV/m) in all three components of the electric field 
are observed almost during the entire considered interval at 1200–1330 UT. In the magnetic field (Figure 7d), no 
recognizable variation is observed during the crossing of detached arc at ∼1224–1251 UT, except for the two sets 
of small perturbations (±1 nT) at ∼1240 UT and ∼1300 UT. Based on these observations, we infer that there are 
no recognizable field-aligned currents (FACs) associated with the detached auroral arc (e.g., Keiling et al., 2009).

The wave at ∼1 kHz observed continuously during 1215–1325 UT in OFA-E and OFA-B is chorus emission 
(panels e and f). Since these waves are observed continuously during the interval 1215-1325 UT irrespective of 
the arc crossing by the satellite, we infer that the presence of these waves does not hold any particular relation 
with the detached arc. The multihundred Hz emission at 1230–1240 UT in panel (e) is an electrostatic hiss. The 
multihundred Hz emission at ∼1243–1253 UT in panels (e) and (f) is an electromagnetic hiss. The 60-100 Hz 
signal at ∼1235–1240 UT in panel (g) is an artificial noise. This noise was observed in OFA-E (panel e) and EFD 
(panel g), and also in the electric field (panels and c).

3.4.  Model Simulations

With an objective to explain the physical mechanism responsible for the penetration of lower-energy plasma to 
the lower radial distance around the time of arc detachment, we simulate electron and proton flux by using the 
BATS-R-US–CIMI model. Figure 8 shows the simulated proton flux (omnidirectional flux) as a function of time 
and radial distance (R [RE]) at five different energies (from ∼1.7 to 17.7 keV) at a fixed MLT (01 MLT) where 
the arc detachment was observed. The dashed line in the figure highlights the approximate time of the arc detach-
ment. Corresponding to the decreasing trend of IMF Bz from 1000 UT and ensuing southward turning at 1100 
UT (Figure 2), the flux increases at all energies after ∼1030 UT at R∼7–8. The enhanced flux at higher R-values 
that moves towards lower R-values with the progression of time is known as the earthward penetration of plasma. 
Figure 8 shows two such earthward penetration events. During the first inward penetration event, the cloud of 
plasma moved from R∼7 at 1100 UT to R∼4 at 1230 UT. By contrast to this slow earthward motion, during the 
second inward penetration event, a cloud of plasma moved from R∼7 at 1215 UT to R∼4 at 1240 UT.

Figure 9 shows the simulated electron flux as a function of time and R [RE] at five different energies at a fixed 
MLT (01 MLT) where the arc detachment was observed. In similarity with proton flux, the enhancement in 
electron flux is initially observed at higher R-values (R∼6.5-7.5) for all energies after ∼1030 UT onwards. This 
enhanced flux at higher R-values was penetrated inward in the earthward direction, and at 1200–1230 UT, the 
increased flux is observed at R∼4 for ∼3–10 keV. At 1.7 keV, the inward motion of flux to R<5 is not success-
fully simulated; however, a tendency of inward motion from R∼7 to R∼5 is observed at 1100–1130 UT. At 17.7 
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keV, the inward motion of flux below R<5 is not discernible because of the enhanced flux during the entire 
considered period. The second penetration event is observed for ∼3–10 keV with a tendency of inward motion at 
∼1215–1240 UT. The increased flux at R∼4 at 17.7 keV at 1200–1300 might be associated with the two afore-
mentioned inward moving flux events.

In order to examine the variation of particle flux with a radial distance, we plot proton and electron fluxes at 0100 
MLT as a function of energy and R [RE] (energy spectra) in Figures 10 and 11, respectively, at different times 
1100–1300 UT in panels a-e. For both ions and electrons, the time-sequential energy spectrum plots show the 
presence of inward moving flux. Initially, at 1100 UT, enhanced flux is observed at R∼5.5–7.5 for the protons 
of energy ∼20–200 keV. As time progresses, the flux moves inward, and at 1200 UT, the increased flux is ob-
served at R∼4–6 for protons of energy ∼20–80 keV. At 1230–1240 UT, the increased flux moved further inward 

Figure 7.  (a) Electric field and (b) magnetic field variations in GSM coordinates, (c) electric and (d) magnetic field 
deviations from their 20-minute running average values, frequency-time diagrams obtained from PWE/OFA for (e) electric 
field, (f) magnetic field, and (g) DC-512 Hz electric field at 1200-1330 UT. Solid black lines in panels (e) and (f) represent 
local cyclotron frequency (fce) and 0.5fce.
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to R∼3.5–5 for protons of energy ∼20–80 keV. The proton flux below 20 keV does not show any considerable 
change at different times, similar to the Arase observations.

Unlike proton flux, considerable change is observed for electron flux of energy ∼8–80 keV at different times. 
At 1100–1130 UT, the lower R-values (R<4) seem to be completely devoid of electron flux of energy <10 keV. 
For electrons of energy ∼8–80 keV, the flux enhancement is initially observed at R∼4.5–6.5 at 1130 UT. With 
the progression of time, the electron flux shows the feature of inward motion towards the lower R-values. At 
1230–1300 UT (around the time of arc detachment), the enhanced flux moves inward to R∼3.5–4.5 for electrons 
of energy ∼8–40 keV. The electron flux of energy <10 keV is also enhanced at R<4 at 1230-1300 UT; however, 
no change is observed for electrons of energies <5 keV for all R-values. Thus, although simulations successfully 
show the earthward motion of lower-energy electrons (∼8–40 keV), it could not reproduce the electron flux (<2 
keV) responsible for the arc detachment.

Figure 8.  Simulated proton flux as a function of time and radial distance (R [RE]) at five different energies (from ∼1.7 to 
17.7 keV). The dashed line highlights the approximate time of arc detachment.
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3.5.  Estimated Auroral Intensity Based on LEPe Flux

One of the notable findings from the conjugate measurements of the Arase satellite and ground-based ASI is that 
the penetration of lower-energy electrons (∼0.1–2 keV) to lower L-shell (LEPe E-t spectra) coincided with the 
arc detachment. Therefore, in order to examine the relationship between low-energy electrons and equatorward 
arc detachment, we estimated the intensity of the 630.0-nm and 557.7-nm emissions by using the electron flux 
data obtained by LEPe. The LEPe onboard the Arase measured the three-dimensional distribution function of 
electrons with energies of ∼19 eV–19 keV in the magnetosphere. It is known that electrons in the loss-cone (∼2° 
at the equator L∼6) can precipitate in the ionosphere. Thus, in order to estimate the emission intensity caused 
by the precipitation of energetic charged particles, the most realistic approach would be to use the field-aligned 
flux. The level-3 data of LEPe provide the pitch angle distribution of electron flux with a bin size of 11.25°. Un-
fortunately, the angular coverage and resolution of the instrument were not suitable for exclusively measuring the 
field-aligned flux (0° and 180°) at 1100–1300 UT. Therefore, we have used the level-2 data of electron flux for 
pitch angles (0°–15°) close to the loss cone angle to calculate the emission intensity. Note that the use of fluxes 

Figure 9.  Same as Figure 8 but for electron flux.
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slightly off the loss cone might cause uncertainty in estimating the emission 
intensity. Further, in order to avoid the influence of the satellite potential, we 
have used electron flux ≥100 eV.

It is established that keV electrons generate the green-line emissions with 
a maximum emission rate at ∼10 keV, whereas the emission rate for red-
line emissions (630.0 nm) maximized at ∼0.5 keV (Banks et al., 1974). It 
was shown that the 𝐴𝐴 𝐴𝐴1(𝐷𝐷) state is mainly produced by the direct electron 
impact of low-energy electrons <300 eV (Shepherd et  al.,  1980; Solomon 
et al., 1988). For 𝐴𝐴 𝐴𝐴(1𝑆𝑆) , the energy transfer from 𝐴𝐴 𝐴𝐴2(𝐴𝐴3Σ+

𝑢𝑢 ) is considered as 
the main source when high-energy electrons precipitate into the atmosphere, 
whereas the direct electron impact excitation of atomic oxygen becomes the 
main source for lower-energy electron precipitation (e.g., Torr & Torr, 1982; 
Shiokawa & Fukunishi 1990). Shiokawa and Fukunishi (1990) calculated the 
column emission rates for auroral 630.0-nm emission (4.28 photons cm−2 
s−1 for 0.5-keV electrons and 1.85 photons cm−2 s−1 for 5-keV electrons) 
and 557.7-nm emission (1.3 photons cm−2 s−1 for 0.5-keV electrons and 15 
photons cm−2 s−1 for 5-keV electrons) for precipitating electrons of energies 
0.5 keV and 5.0 keV. We have interpolated/extrapolated these column emis-
sion rates to cover the entire spectrum of energies 0.1-19 keV measured by 
the LEPe (column emission rate of 4.28/1.3 photons cm−2 s−1 for electrons 
of energies <2 keV and 1.85/15.0 photons cm−2 s−1 for electrons of energies 
>2 keV). Although this method is a very rough estimation, it may give an 
approximation of the auroral intensities produced by precipitating electrons 
in the ionosphere.

Figure 12 shows the observed (at three different mapping altitudes of 200, 
300, and 400 km for the red line and 100, 120, and 150 km for the green 
line; similar to panels (e) and (f) of Figure 6) and calculated intensities of the 
630.0-nm and 557.7-nm emissions at the ionospheric footprint of the Arase 
satellite on a linear scale, plotted versus universal time (UT). The location of 
the Arase satellite with respect to L-value, MLT, MLAT, and radial distance 

(R) is also shown at the bottom of the figure. The data gap in estimated intensities is caused by the data gap in 
the LEPe particle flux associated with the change in observation mode, also seen in the LEPe energy time spectra 
in Figure 6. The estimated auroral intensity at 630.0 nm began to increase after ∼1220 UT, showing a peak at 
∼1235–1240 UT, and gradually decreased thereafter. The peak of the calculated auroral intensity at 630.0 nm co-
incided with the peak of observed emission intensity at 300 km (indicated by a dashed red line). At 557.7 nm, the 
calculated auroral emission intensity began to increase after 1230 UT and peaks at ∼1240–1245 UT, coinciding 
with the peak in the observed intensity at 120 km (indicated by a dashed green line). These results suggest that 
the height of emission might be 120 km and 300 km for the green and red lines, respectively. While the observed 
auroral intensity shows an enhancement of ∼1700 Ry over the background, the estimated auroral intensity shows 
an increase of roughly ∼550 Ry for the red line. The magnitude of the estimated 557.7-nm intensity (∼2000 Ry) 
was much smaller than the observed intensity (5500 Ry). By using the above magnitudes of the peak emission 
intensity, the ratio between the red and green lines comes out to be ∼3.2 and ∼3.6 for observed and estimated au-
roral intensity, respectively. Thus, although the magnitude of observed and calculated emission intensities at both 
557.7-nm and 630.0-nm emission is considerably different, their ratio remains reasonably close. It is notable that 
the peak latitude of observed and calculated auroral intensities matches considerably well for both 630.0-nm and 
557.7-nm emissions. These observations indicate that the localized enhancement of low-energy (∼0.1–2 keV) 
electrons at the inner edge of the electron plasma sheet observed by LEP-e might be the source of the detached 
auroral arc observed at Gakona.

Figure 10.  Simulated proton flux as a function of energy and R [RE] (energy 
spectra) at 0100 MLT.
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4.  Discussion
Recent studies have reported the common feature of the equatorward detach-
ment of the auroral arc from the main auroral oval, e.g., SAR arc (Shiokawa 
et al., 2009a, 2017; Takagi et al., 2018; Inaba et al., 2020) and STEVE (Gal-
lardo-Lacourt et al., 2018; Yadav et al., 2021). These studies raise the funda-
mental questions that what causes the equatorward detachment of arc from 
the main oval and how it is linked to the inner magnetosphere. There is no 
study carried out so far shedding light on this particular aspect. In this study, 
we present conjugate measurements from an all-sky imager and the Arase 
satellite for an auroral arc event that occurred on 30 March 2017 at ∼1230–
1300 UT (∼0130-0200 MLT). Although conjugate measurements of satel-
lites crossing the arc have been reported by earlier studies (Inaba et al., 2020; 
Shiokawa et al., 2020 and reference therein), the present observations are un-
precedented because the ionospheric footprints of the Arase satellite crossed 
the auroral arc at the time of its detachment from the main auroral oval. In or-
der to investigate the detachment mechanism, we also use model simulations 
from the BATS-R-US–CIMI. The equatorward detachment of this arc from 
the main auroral oval appeared similar to the SAR arc and STEVE. We also 
checked the anisotropy of the low-energy electrons by the pitch angle distri-
bution of LEPe particle flux (not shown here). The enhancement of particle 
flux around the time of arc detachment is found to be isotropic. It is notable 
that the observed auroral arc is spectrally different from SAR arc (subvisual 
red-arc) and STEVE (visible purple arc) because it consists of emissions in 
both the red and green lines. The in-situ measurements from the Arase satel-
lite indicate that this arc occurred at the base of the flux tube that is outside 
the plasmapause. By contrast, SAR arcs and STEVE are reported to occur 
at or just inside the plasmapause (Cornwall et al., 1971; Kozyra et al., 1997; 
Chu et al., 2019).

Although the detachment of the auroral arc from the main auroral oval is ob-
served at ∼1225 UT, the movement of the auroral oval in the equatorward di-

rection began from 1130 UT. The process of arc detachment occurred during the recovery phase of the substorm 
activity. After detachment, the arc also shifts in the equatorward direction. The equatorward motion of the auroral 
oval corresponds to the inward motion of source plasma in the inner magnetosphere. The coordinated satellite 
measurements at L∼3.8–5.0 during 1200-1330 UT show the enhancement of low-energy electrons (∼0.1–2 keV) 
at the inner boundary of the electron plasma sheet at L∼4.3–4.5 (Figure 6). The MEP-e electron flux shows the 
presence of a nose-like kink structure around the time of detachment (∼1230 UT), plausibly indicating a fresh 
particle penetration into the inner magnetosphere. The simulation from BATS-R-US–CIMI shows two events of 
earthward motion of plasma from R∼7 to R∼4 at 1100–1230 UT and 1215–1240 UT. Although the model could 
not reproduce the lower-energy component responsible for the arc detachment (∼0.1–2 keV), it successfully sim-
ulated the enhancement of low-energy electron flux (∼8–40 keV) at the lower radial distance (R ≤ ∼4) around 
the time of arc detachment (1230–1240 UT) (Figure 11). These observations indicate the connection of arc de-
tachment with the enhancement of low-energy electrons at the inner boundary of the electron plasma sheet. This 
hypothesis is further supported by estimating the emission intensities for both 630.0 nm and 557.7 nm based on 
the LEPe flux data. The peak latitude and time of the calculated auroral emission intensity coincided with that of 
the observed intensities for both 630.0 nm and 557.7 nm (Figure 12).

The difference in magnitude between the observed and estimated emission intensity may be primarily caused by 
the assumptions in deriving the column emission rates (Shiokawa & Fukunishi, 1990), unavailability of field-
aligned flux in the loss cone, and interpolation/extrapolation of the two-column emission rates (0.5 keV and 5 
keV) to cover the entire energy spectrum of LEPe (∼0.1–19 keV). In addition, the sensitivity of the LEPe electro-
static detector in measuring the absolute flux might also partially account for the difference in magnitude of the 
observed and estimated emission intensity. Even though Shiokawa and Fukunishi (1990) took into account all the 
important processes responsible for the excitation of atomic oxygen to 𝐴𝐴 𝐴𝐴1(𝐷𝐷) and 𝐴𝐴 𝐴𝐴1(𝑆𝑆) , some other processes 

Figure 11.  Same as Figure 10 but for electron flux.
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might be missing, e.g., the energy transfer from 𝐴𝐴 𝐴𝐴2(𝐴𝐴3Σ+
𝑢𝑢 ) , which is considered as the main source for 𝐴𝐴 𝐴𝐴(1𝑆𝑆) 

when high-energy electrons precipitate into the atmosphere. However, it is noteworthy that, in spite of such rough 
approximation, a good correspondence exists between the peak latitude of the observed and calculated auroral in-
tensity for both the red and green lines. These calculations suggest that the detached equatorward moving auroral 
arc might hold association with the localized enhancement of low-energy electrons at lower L-shells.

Anger et al. (1978) reported the arc-like auroral emissions in the northern hemisphere equatorward of the auroral 
particle precipitation region and they termed these arcs as "detached arcs." Observed by Isis 2 satellite scanning 
photometer, these "detached arcs" did not show any enhancement in the 630.0-nm emission. By contrast, we 
observe detached arc in both the red and green lines. Later, Wallis et al. (1979), by using the energetic parti-
cle detector onboard Isis 2, revealed that these "detached arcs" occurred at the feet of the field lines having a 
trapped population of 1-10 keV electrons as well as the usual higher-energy radiation belt particles. Above these 
detached arcs, they observed the precipitation of these trapped particles at all energies up to 210 keV. Thus, our 

Figure 12.  Observed (at three different altitudes) and estimated intensities for 557.7-nm (upper two panels) and 630.0-nm 
(lower two panels) emission lines at the ionospheric footprint of the Arase satellite during the interval 1200-1330 UT.
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observations further support the hypothesis put forth by Wallis et al. (1979) that trapped residual plasma sheet 
fluxes might provide the source populations for the detached arc.

The energy-time spectrum observed by the Arase satellite reveals that for both ions and electrons, energy time 
dispersion has two components that depend on energy: <20 keV and >20 keV, referred to as lower- and higher-en-
ergy components, respectively. While the low-energy electrons (<10 keV) was penetrated down to L∼4.1, the 
higher-energy electrons (>20 keV) show a maximum penetration at L∼4.7. By contrast, both low- and high-ener-
gy ions were penetrated to L∼3.8, although the flux of lower-energy (<20 keV) ions is found to be much higher 
(∼106) compared to higher-energy (>20 keV) ions (∼105). This indicates that ions at all energies were penetrated 
deeper towards lower L-shells in comparison to electrons. By using simulations, Ejiri et al. (1980) showed that 
electrons cannot penetrate inside the plasmapause, whereas given sufficient time ions can penetrate inside the 
plasmapause at every MLT but do more readily in the dusk-to-midnight region. This probably explains the pen-
etration of ions deeper in the inner magnetosphere compared to electrons as the present event corresponds to the 
midnight sector (∼00–02 MLT).

The ion E-t spectra in Figure 6d also show the presence of a narrow depletion region at ∼20–30 keV at 1200–1215 
UT. A sharp and deep dip of ions at around 10 keV in the ion spectra was first reported by Shirai et al. (1997) 
by using the Akebono satellite. In order to explain this drop-off of ions, they proposed that the lower-energy 
boundary of the drop-off demarcates the open/closed character of the drift orbits, only below which continuous 
supply from the magnetotail is present. The simulations by Ejiri et al. (1980) also showed that there is a char-
acteristic distinguished energy (15–25 keV) at which protons penetrate to the lower L-shells than particles with 
lower or higher energies. For ions, a nose-like structure is observed at L∼3.8-4.2 for >20–keV energy component. 
Nose-structures, which are common features of convectively drifting particles and indicate the fresh transport of 
plasma into the inner magnetosphere, have been reported extensively in the energy-time spectrograms of the in-si-
tu measured ion fluxes by various magnetospheric missions (e.g., Smith & Hoffman, 1974; Vallat et al., 2007; 
Dandouras et al., 2009; Ferradas et al., 2016; Ferradas et al., 2018). The concurrent ion and electron E-t spectra 
provide information about the relative location of the ion plasma sheet with respect to the localized enhancement 
of low-energy electrons. The observations suggest that the enhanced low-energy electrons (∼1220–1300 UT) and 
the associated equatorward moving detached arc is located inside the ion plasma sheet.

Comparison of electron structures for the concerned orbit with the previous and following orbit (Figure F1 in 
Supporting Information S1) revealed that the peculiar feature is observed around the time of arc detachment 
(∼1230 UT) in terms of the localized enhancement of low-energy electrons (∼0.1–2 keV) at L∼4.3–4.5, not 
observed for the other orbits. In addition, E-t spectra for MEP-e show a slight nose-like kink structure at ∼1230 
UT (Figure 6c), which is also not observed for the other orbits. This probably indicates the penetration of fresh 
particles in the inner magnetosphere around the time of arc detachment. Previous studies suggested that the 
combined action of global convection and substorm-associated dipolarization and electric field variations inject 
plasma deeper towards the Earth (Fok et al., 1999; Ganushkina & Pulkkinen, 2002). While explaining the for-
mation of intense nose structures, Ganushkina et al. (2000, 2001) suggested that such nose structures can occur 
under the concurrent action of short-lived impulsive electric fields and convection electric fields. It was found 
out that during a substorm ion population may move from geostationary orbit into the plasmasphere up to L∼4.7 
in ∼1 hour (Ganushkina et al., 2001), whereas large-scale convection leads to the nose structure formation in >5 
hours (Buzulukova et al., 2003).

In the present case, two small substorm type activities are observed in the AU/AL indices at 1130-1225 UT and 
1235-1310 UT. We checked the GOES satellite particle flux data (not shown here), but could not find the sig-
nature of dipolarization and substorm-associated injection event at the geostationary orbit. Turner et al. (2015) 
proposed that the interaction of electrons with a fast magnetosonic wave in the Pi2 frequency range inside the 
plasmasphere may cause the injection of electrons with energy ≤250 keV to L ≤ 4. Note that the study of Turner 
et al. (2015) was based on 47 injection events and all events occurred shortly after dipolarization signatures. For 
the present case, at the magnetospheric footprint of the detached arc (Arase observations), no considerable varia-
tion in electric and magnetic fields is observed (Figure 7a–d), indicating the absence of a fast magnetosonic wave 
in the Pi2 frequency range in the deep injection region. In addition, the magnetic field observed by Arase showed 
no signature of dipolarization at the magnetospheric footprint of the detached arc. Thus, although the AL-index 
depicts two-substorm-like activities at ∼11:30 and ∼12:40 UT, the Arase and GOES observations do not show 
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any clear signature of substorm-associated dipolarization and transient electric field at least at the site of meas-
urement. However, the possibility of a transient electric field outside of the measurement site cannot be discarded.

The BATS-R-US–CIMI simulations show the signatures of enhanced localized electric fields around the geosyn-
chronous orbit as the increased values of the dawn-to-dusk electric field is observed around the geosynchronous 
orbit particularly in the midnight-to-dawn sector that is around the time of Arase observations. These enhanced 
localized electric fields inside the geosynchronous orbit might be sufficient to accelerate particles towards the 
lower L-shell. The BATS-R-US–CIMI successfully reproduced two inward penetration events around the time 
of detachment, probably demonstrating the enhanced convection. During the first penetration event, the cloud of 
plasma moved from R∼7 at 1100 to R∼4 at 1230 UT. In contrast to this slow earthward motion, during the sec-
ond penetration event, plasma moved from R∼7 at 1215 UT to R∼4 at 1240 UT. The BATS-R-US–CIMI model 
successfully simulated the build-up of lower-energy electrons (∼8–40 keV) at the lower radial distance R ≤ ∼4 
around the time of arc detachment. However, the enhanced localized electric fields could not reproduce the low-
er-energy component responsible for the arc detachment (<2 keV), because no change in the electrons of energy 
<5 keV is observed in the simulations. Thus, although the model successfully reproduced the convection features 
qualitatively, it could not reproduce the energy component responsible for the arc detachment.

The simulations also reproduced the enhanced convection features, e.g., the energy L-shell dispersion, i.e., inward 
penetration of lower-energy electrons to the lower L-shell, in similarity with the Arase observations. The repro-
ducibility of these features by global simulation is important to understand the generation of equatorward auroral 
motion. The simulated AL index, although did not show two-substorm-like activities, it showed negative values 
from ∼1130 onwards, in similarity with the observed AL index but with a much lesser magnitude (see Figure F2 
Supporting Information S1). Since the simulation cannot reproduce the reconnection precisely, the simulated 
AL index (and other parameters associated with reconnection) might be underestimated as compared to the ob-
servations. However, as explained above, the simulation successfully captures the inward convection of particle 
flux even when the simulated AL-index underestimates the observed AL-index. These weak variations might 
represent enhanced magnetospheric convection in the simulations. Since the observations also did not show any 
signatures of substorm-associated dipolarization, we speculate that the convection enhancement might play a role 
in creating such a localized enhancement of low-energy electrons at the inner edge of the electron plasma sheet.

5.  Conclusion
This study presents unique observations of an equatorward detachment of the auroral arc from the main oval 
(using an ASI at Gakona) and magnetically conjugate measurements made by the Arase satellite in the inner 
magnetosphere on 30 March 2017. The arc detachment is observed in both red and green lines in the recovery 
phase of a substorm. Results reveal that the equatorward detachment of arc coincided with the localized en-
hancement of low-energy electrons (∼0.1–2 keV) at the inner boundary of the electron plasma sheet and that 
the mechanism that creates the arc detachment is occurring inside the ion plasma sheet. In order to examine the 
association of these enhanced low-energy electrons with the equatorward detached arc, we estimated the auroral 
intensity for both 630.0 nm and 557.7 nm by using the low-energy electrons (0.1 keV–19 keV) flux data. In spite 
of the rough estimation, the peak of the observed and calculated auroral intensity for both 630.0 nm and 557.7 
nm shows reasonably good correspondence. These results indicate the linkage between the detached arc and the 
inner magnetosphere via the localized enhancement of low-energy electrons (∼0.1–2 keV) at the inner edge of 
the electron plasma sheet. In order to understand the conditions in the inner magnetosphere around the time of arc 
detachment, we used the BATS-R-US–CIMI model. Although the simulation could not reproduce the lower-ener-
gy component (<2 keV) responsible for the arc detachment, it successfully reproduced two earthward convection 
events and buildup of lower-energy electrons (∼8-40 keV) at the lower radial distance R ≤ ∼4 around the time 
of arc detachment. Simulations also successfully reproduced the features of steady-state convection in similarity 
with the Arase observations.

Data Availability Statement
The optical data obtained at Gakona are available through ISEE/Nagoya University. Quick-look plots of the 
OMTI data are available at http://stdb2.isee.nagoya-u.ac.jp/omti/ and the data can be accessed from the ERG Sci-
ence Center operated by ISAS/JAXA and ISEE/Nagoya University (https://ergsc.isee.nagoya-u.ac.jp/data/ergsc/

http://stdb2.isee.nagoya-u.ac.jp/omti/
https://ergsc.isee.nagoya-u.ac.jp/data/ergsc/ground/camera/omti/asi/
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ground/camera/omti/asi/). The data from 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/data_info/
index.shtml.en; Miyoshi et al., 2018b). The present study analyzed LEP-e-L2 v02_02 (10.34515/DATA.ERG-
04002) (Wang et al., 2018), MEP-e-L2 v01_02 (10.34515/DATA.ERG-02001) (Kasahara et al., 2018c), MEP-
i-L2 v02_00 (10.34515/DATA.ERG-03001) (Yokota et  al.,  2018), PWE/EFD/E_spin-L2 v04_01 (10.34515/
DATA.ERG-07000) (Kasahara et  al.,  2018d), PWE/HFA-L2 v01_02 (Kasahara et  al., 2018e), PWE/OFA-L2 
v02_01 (10.34515/DATA.ERG-08000) (Kasahara et  al., 2018f) and MGF-L2 v04.04 (10.34515/DATA.ERG-
06001) (Matsuoka et al., 2018b), and L2 v03 orbit (10.34515/DATA.ERG-12000) (Miyoshi et al., 2018c) data. 
Simulation results have been provided by the Community Coordinated Modeling Center at Goddard Space Flight 
Center through their public Runs on Request system (https://ccmc.gsfc.nasa.gov; run number: Naoko_Taka-
hashi_082420_1). The solar wind input used in the simulations is taken from the DSCOVR L2 data https://omni-
web.gsfc.nasa.gov/ftpbrowser/dscovr_merged.html. The solar wind parameters and AU/AL index were obtained 
from SPDF, NASA, USA (https://omniweb.gsfc.nasa.gov/form/omni_min_def.html). The solar wind parameters 
and W-parameters for driving the Tsyganenko-Sitnov (TS05) model were provided by the TS05 web repository 
(http://geo.phys.spbu.ru/∼tsyganenko/TS05_data_and_stuff/). The all-sky imager at Gakona was calibrated using 
optical facilities of the National Institute of Polar Research, Japan (Ogawa et al., 2020). THEMIS ASI data can 
be viewed via the University of Calgary data portal located online (http://data-portal.phys.ucalgary.ca/). GOES 
data are archived at NOAA's National Centers for Environmental Information (NCEI) http://satdat.ngdc.noaa.
gov/sem/goes/data/full/.
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