
1.  Introduction
Auroras at high-latitude ionosphere are caused by precipitation of electrons and ions from the magne-
tosphere, and thus, reveal dynamic plasma variation in the magnetosphere. The emission mechanism of 
proton auroras differs from that of electron auroras. Although electrons can move only along magnetic 
field lines, protons can move across magnetic field lines when they are neutralized to hydrogen through 
charge-exchange collisions (Vegard, 1939). Isolated proton auroras (IPAs) are one of the proton auroras 
which are observed simultaneously with Pc1 geomagnetic pulsations at subauroral latitudes. They have lat-
itudinal widths of a few degrees and longitudinal widths of 250–800 km (e.g., Sakaguchi et al., 2008, 2016).

Abstract Isolated proton auroras (IPAs) appearing at subauroral latitudes are generated by energetic 
protons precipitating from the magnetosphere through interaction with electromagnetic ion cyclotron 
(EMIC) waves. An IPA thus indicates the spatial scale and temporal variation of wave-particle interactions 
in the magnetosphere. In this study, a unique event of simultaneous ground and magnetospheric satellite 
observations of two IPAs were conducted on March 16, 2015, using an all-sky imager at Athabasca, 
Canada and Van Allen Probes. The Van Allen Probes observed two isolated EMIC waves with frequencies 
of ∼1 and 0.4 Hz at L ≈ 5.0 when the satellite footprint crossed over the two IPAs. This suggests that the 
IPAs were caused by localized EMIC waves. Proton flux at 5–20 keV increased locally when the EMIC 
waves appeared. Electron flux at energies below ∼500 eV also increased. Temperature anisotropy of the 
energetic protons was estimated at 1.5–2.5 over a wide L-value range of 3.0–5.2. Electron density gradually 
decreased from L = 3.5 to 5.4, suggesting that the EMIC wave at L ≈ 5.0 was located in the gradual 
plasmapause. From these observations, we conclude that the localized IPAs and associated EMIC waves 
took place because of localized enhancement of energetic proton flux and plasma density structure near 
the plasmapause. The magnetic field observed by the satellite showed small variation during the wave 
observation, indicating that the IPAs were accompanied by the weak field-aligned current.

Plain Language Summary Isolated proton aurora (IPA) appearing at subauroral latitudes 
(∼55°–65°) is generated by energetic protons precipitating from Earth's magnetosphere, possibly through 
interaction with plasma waves called electromagnetic ion cyclotron (EMIC) waves. The IPA indicates the 
spatial scale and temporal variation of wave-particle interactions in the magnetosphere. EMIC waves are 
expected to contribute to the rapid loss of radiation-belt particles into the atmosphere. Thus, IPAs present 
essential information related to EMIC waves. In this study, we report unique simultaneous ground and 
magnetospheric satellite observations of two IPAs using an all-sky imager at Athabasca, Canada and 
Van Allen Probes acquired on March 16, 2015. Van Allen Probes observed two isolated EMIC waves with 
frequencies of ∼1 and 0.4 Hz when the satellite footprint crossed over the two IPAs. This indicates that 
the IPAs were caused by localized EMIC waves. We conclude that the localized IPAs and associated EMIC 
waves took place due to localized enhancement of energetic proton number flux and local plasma density 
structure near the plasmapause.
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Electromagnetic ion cyclotron (EMIC) waves have been considered to be the cause of proton precipitation 
from the magnetosphere to generate IPAs. EMIC waves are plasma waves excited by ion cyclotron instability 
near the magnetic equatorial plane, and are considered to be one of the major causes of the loss of radia-
tion-belt electrons and ring current ions (e.g., Albert, 2003; Miyoshi et al., 2008; Omura & Zhao, 2012, 2013; 
Summers & Thorne, 2003; Thorne et al., 2006). Note that other generation processes for EMIC waves, such 
as mode conversions (Miyoshi et al., 2019), have been investigated. EMIC waves interact with energetic pro-
tons in the magnetosphere through ion cyclotron resonance to scatter the proton pitch angle and cause their 
precipitation into the ionosphere. EMIC waves are generated by hot (typically 10–100 keV) anisotropic ions 
( perp parT T , where Tperp and Tpar are respectively ion temperatures perpendicular and parallel to the mag-
netic field lines) overlapping with cold dense plasma populations (Cornwall et al., 1970). EMIC waves occur 
more at higher L shells in the magnetosphere (e.g., Keika et al., 2013; Min et al., 2012). On the other hand, 
the plasmapause and plasmaspheric plumes have been suggested as favorable locations for EMIC wave oc-
currence enhancement (Fraser et al., 1989; Horne & Thorne, 1993; Morley et al., 2009; Pickett et al., 2010). 
Usanova et al. (2013) reported that EMIC waves were around 20 times more likely to be observed inside 
plasmaspheric plumes than outside.

In previous satellite observations, isolated proton precipitation at energies of 30–80 keV was observed by the 
POES satellites simultaneously with Pc1 geomagnetic pulsations observed by ground-based induction mag-
netometers (Miyoshi et al., 2008; Yahnina et al., 2000, 2002, 2003, 2007). Nishimura et al. (2014) reported 
evolution of nightside subauroral proton aurora caused by transient plasma sheet flows with EMIC waves 
using simultaneous observations by ground auroral imagers and THEMIS and NOAA/POES satellites. In 
addition, when these ground induction magnetometers observed Pc1/EMIC waves, IPAs were observed by 
ground-based all-sky imagers (e.g., Miyoshi et al., 2008; Nomura et al., 2012; Sakaguchi et al., 2007, 2008). 
According to these reports, on/off timings of IPA emissions always coincided with the appearance and 
disappearance of ground Pc1/EMIC waves. Sakaguchi et al. (2008) showed that the IPA occurrence region 
tends to shift to lower (higher) latitudes with increasing (decreasing) frequency of simultaneous Pc1/EMIC 
waves. These frequencies are related to the ambient magnetic field intensity in the wave generation region. 
Thus, the relationship between the Pc1/EMIC wave frequency and the IPA latitude indicates that the IPA is 
related to the EMIC wave source region on the magnetic equatorial plane. Sakaguchi et al. (2016) reported 
that as the Kp index increases, the IPA occurrence rate increases and the local time of IPA appearance shifts 
toward duskside.

Despite these extensive previous works, there are few simultaneous observations of plasma and electromag-
netic fields in IPA source regions in the magnetospheric equatorial plane, except for the above Nishimura 
et al. (2014). The IPA is a direct ionospheric projection of the wave-particle interaction region at a specific 
L value in the magnetosphere (e.g., Sakaguchi et al., 2016). Thus, simultaneous observations provide im-
portant information regarding EMIC wave-particle interaction regions. In this study, we report the simul-
taneous observation of two IPAs with associated Pc1/EMIC waves and their source regions in the inner 
magnetosphere, using an all-sky monochromatic imager and an induction magnetometer on the ground 
and Van Allen Probes (Probe A), and clarify the characteristics of plasma and electromagnetic fields in the 
source region of IPAs in the magnetosphere.

2.  Instrumentation
In this analysis, we used data from ground-based auroral and geomagnetic field observations and Van Allen 
Probes acquired over 6 years (2013–2018). Auroral and geomagnetic field data were taken from Athabasca, 
Canada (54.6°N, 246.36°E, geomagnetic latitude 61.1°N [L = 4.3]).

An all-sky imager (imager #7) of the Optical Mesosphere Thermosphere Imagers (Shiokawa et al., 1999) 
was used for aurora observations. The imager has a highly sensitive cooled CCD camera that can capture 
faint emission of less than 1 R. The imager has seven interference filters that transmit only the emissions of 
specific wavelengths. In the present analysis, we use emissions of 486.1 nm (Hβ) to confirm proton precip-
itation and 557.7 nm (OI), which is caused by secondary electrons from proton precipitation. The structure 
of the IPA is more clearly confirmed by the 557.7-nm images. The sampling interval of these auroral images 
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is 2 min. The 557.7- and 486.1-nm intensities were converted to absolute values in Rayleigh units by using 
imager sensitivity data and sky background images at a 572.5-nm wavelength.

To confirm that the observed auroras are IPAs caused by EMIC waves, we also use data from an induction 
magnetometer of the ISEE Magnetometer Network at Athabasca (Shiokawa et al., 2010). This induction 
magnetometer can observe geomagnetic pulsations at a range of Pc1 frequency (0.2–5 Hz) with a sampling 
rate of 64 Hz.

In this study, we used Van Allen Probes launched on 30 August 2012 as an inner magnetosphere observer. 
For analyses, we used equipment onboard the Van Allen Probes, namely, the Electric Field and Wave Suite 
(EFW) (Wygant et al., 2013) to measure electric fields, the Electric and Magnetic Field Instrument Suite 
and Integrated Science (EMFISIS) (Kletzing et al., 2013) to measure magnetic and electric fields, and the 
Helium Oxygen Proton Electron (HOPE) instrument (Funsten et al., 2013) of the Energetic Particle, Com-
position, and Thermal Plasma Suite (Spence et al., 2013) to measure helium, oxygen, protons, and electrons 
at an energy range of 1 eV–50 keV.

3.  Event Selection
To perform simultaneous observations of IPAs on the ground and EMIC waves in the inner magnetosphere, 
we selected clear nights from the 6 years of 2013–2018. Sky conditions were determined using hourly all-
sky images classified into four categories: “s” (clear sky with stars), “p” (few clouds and many stars), “m” 
(many clouds and a few stars), and “c” (overcast or rain). These sky conditions are stored in a database at 
http://stdb2.stelab.nagoya-u.ac.jp/omti/obslst.html. For this study, we selected dates and times categorized 
as “s” or “p.”

For simultaneous observations of IPA source regions in the magnetosphere, the footprint of the Van Allen 
Probes in the ionosphere must be in a region where the IPA is observed on the ground. Therefore, from 
among the clear-sky nights selected above, we selected dates and times when the satellite footprint passed 
over the field-of-view of the all-sky imager at Athabasca (49.56–59.76°N, 241.52–251.72°E). This footprint 
was traced to an altitude of 100 km from the satellite orbit using the International Geomagnetic Reference 
Field (IGRF)-12 model (Thébault et al., 2015). Then, Pc1/EMIC waves were identified using dynamic spec-
tra of the H- and D-components of the magnetic field obtained by the induction magnetometer at Athabas-
ca. We selected clear monochromatic emissions appearing at a specific frequency range of 0.2–5 Hz as Pc1/
EMIC waves.

We next extracted events where IPAs occur simultaneously with Pc1/EMIC waves. The IPA was identified 
as spot-like auroral structures extending in the east-west direction equatorward of the auroral oval. Proton 
emissions were confirmed from all-sky images taken by using the 486.1-nm interference filter.

Next, we determined the imager attitude using star positions in the all-sky image, and converted the all-
sky image to geographic coordinates. Emission heights of 557.7 and 486.1 nm were assumed at an altitude 
of 120 km. By plotting the position of Van Allen Probes on the converted images, we confirmed whether 
the satellite footprint passed over the IPA. The magnetic field model used to calculate the footprint is the 
Tsyganenko 01 (T01) model (Tsyganenko, 2002a, 2002b) if the event date is in geomagnetically quiet time 
(Dst >−25 nT), and the Tsyganenko 04 (T04) model (Tsyganenko & Sitnov, 2005) in geomagnetically dis-
turbed time (Dst <−25 nT).

Using these procedures, we identified three events during which the Van Allen Probes footprint simultane-
ously passed near the IPA from the 6-year analysis of 2013–2018. However, two of these (on April 9, 2015, 
0500 UT and February 17, 2017, 0530 UT) were events where the satellite footprint did not actually pass 
over the IPA. The only perfect simultaneous observation event was on March 16, 2015 (0532–0544 UT and 
0546–0549 UT). The time of this simultaneous observation was the recovery phase of a substorm with max-
imum AE index of ∼400 nT at around 0455 UT, before the start of a magnetic storm. This study reports this 
simultaneous observation event in detail.
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4.  Results
4.1.  Ground-Based Observation

Figures 1a–1l show auroral images in geographical coordinates obtained on March 16, 2015 by an all-sky 
imager at Athabasca with a 557.7-nm interference filter. The footprint of the Van Allen Probes (Probe A), 
mapped at an altitude of 120 km, is shown by the yellow star and dashed line. From the upper left to the 
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Figure 1.  (a-l) Auroral images in geographical coordinates obtained on March 16, 2015 by an all-sky imager at Athabasca with a 557.7-nm interference filter. 
Yellow stars and dashed lines indicate the footprint of the Van Allen Probes (Probe A) orbit at an altitude of 120 km.
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lower right, images every 4 min from 0510 to 0554 UT are shown. Since March 16, 2015 was a geomagnet-
ically quiet period, we used the T01 model (Tsyganenko, 2002a, 2020b), which is optimized for such inter-
vals, to estimate the footprint location. There is a persistent bright emission in the northeast of all 12 images, 
corresponding to the auroral oval. In Figures 1b–1j, several IPAs can be seen in the northwest at image 
centers as spot-like structures extending geomagnetically in the east-west direction a little South from the 
equatorward boundary of the auroral oval. The Van Allen Probes, indicated by the yellow star, passed over 
this aurora at 0532–0544 UT. At 0518, 0522, 0526, 0542, 0546, and 0554 UT, another IPA with similar struc-
ture and a stronger emission intensity appeared geomagnetically poleward of the previous IPA. The satellite 
footprint briefly touched this stronger IPA at 0546–0549 UT. After that, this poleward IPA disappeared when 
the Van Allen Probes footprint passed over this location at 0550–0554 UT.

Figures 2a–2l show auroral images in geographical coordinates obtained on March 16, 2015 by an all-sky 
imager at Athabasca with a 486.1-nm (Hβ) interference filter by the same method as those in Figure 1. The 
486.1-nm emission is used to confirm proton precipitation. IPA structures similar to those in Figure 1 are 
clearly seen in the northwest of the images in Figures 2b–2j. A clear IPA emission appears at 0514, 0518, 
0522, 0526, 0542, and 0554 UT, as in Figure 1. The emission in 486.1 nm is weak. However, the noise level 
of the CCD camera was estimated to be less than 2.4 R, and the observed auroral emission in 486.1 nm was 
much larger than this noise level. These images indicate that the observed spot-like IPAs extending geomag-
netically in the east-west direction are caused by proton precipitation.

Figures 3a and 3b show temporal variations of 557.7- and 486.1-nm auroral images (shown in Figures 1 
and 2) in north-south cross section (keogram), and Figure 3c shows H-component magnetic field spectra 
observed on March 16, 2015 by an induction magnetometer at Athabasca from 0400 to 0630 UT. The keo-
grams in Figures 3a and 3b were obtained by converting 557.7- and 486.1-nm images in Figures 1 and 2 to 
altitude adjusted corrected geomagnetic (AACGM) coordinates (Shepherd, 2014) and averaging the auro-
ral intensity for a longitudinal range of 303.63–312.30°E centered at the magnetic longitude of Athabasca 
(307.8°E) for each latitude. These rather wide integration longitudes are taken to monitor temporal varia-
tion of spot-like moving IPAs.

Figures 3a and 3b show that the time of the strong IPA emission appearing intermittently at a magnetic 
latitude of ∼64° coincides with the appearance of Pc1 geomagnetic pulsations at a frequency of ∼0.4 Hz. 
The pink arrow points to a weak IPA emission the Van Allen Probes passed over at 0532–0544 UT. Note that 
clear Pc1 geomagnetic pulsations were not observed in association with this IPA. The black arrow points to 
the time at 0546–0549 UT, when the satellite footprint briefly touched the stronger IPA emission at a higher 
latitude. A Pc1 wave with frequency ∼0.4 Hz was observed at this time.

4.2.  Van Allen Probes Observation

Figures 4a and 4b show the orbit of the Van Allen Probes (Probe A) in the magnetosphere in solar magnetic 
(SM) coordinates, with XY and XZ planes of the SM coordinates, respectively. The time when the Van Allen 
Probes passed over two IPAs (0532–0549 UT) is shown as the red segment in both. At the time of the simul-
taneous observation, the Van Allen Probes was at a radial distance of ∼5 Re near the magnetic equatorial 
plane in the premidnight sector.

Figures 5–8 show data obtained on March 16, 2015 by the Van Allen Probes (Probe A) from 0400 to 0630 UT. 
Magnetic local time (MLT), magnetic latitude (MLAT), and L values are shown at the bottom of each figure. 
The two pink dashed lines and two cyan dashed lines indicate time intervals when the Van Allen Probes 
footprint crossed over the IPAs at lower and higher latitudes, respectively.

Figures 5a and 5b, respectively, show proton and electron number fluxes observed by HOPE, and Figures 5c 
and 5d, respectively, show Y and Z components of the electric field spectra in modified geocentric solar 
ecliptic (MGSE) coordinates observed by EFW. In Figure 5a, plasma sheet ion flux can be continuously rec-
ognized after 0410 UT at energies above ∼1 keV with increasing energies closer to the Earth (nose structure, 
Ejiri et al., 1980; Smith & Hoffman, 1974). Proton flux at an energy range of ∼5–20 keV increases rapidly 
around the time when the Van Allen Probes crossed over the two IPAs. In addition, electron flux at energies 
less than a few hundred electronvolts increases at these times. Figures 5c and 5d show a strong EMIC wave 
at a frequency of around 1 Hz, clearly corresponding to the time when the satellite crossed over the weaker 
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IPA at a lower latitude. This strongly suggests that the IPA observed on the ground was caused by the EMIC 
wave generated in the inner magnetosphere. There is a small timing delay of the start of the IPA crossings 
at 0532 UT (shown by the pink dashed line) from the EMIC waves at 0528 UT, which correspond to the 
latitudinal difference of ∼0.1° in the footprint location in Figure 1. We will discuss possible causes of this 
discrepancy later in Section 5. The yellow lines in these panels show cyclotron frequencies of H⁺, He⁺, and 
O⁺. The frequency of this EMIC wave was between the H and He cyclotron frequencies.
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Figure 2.  (a-l) Auroral images in geographical coordinates obtained on March 16, 2015 by an all-sky imager at Athabasca with a 486.1-nm interference filter. 
Yellow stars and dashed lines indicate the footprint of the Van Allen Probes (Probe A) orbit at an altitude of 120 km.
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To investigate variations of electric and magnetic fields and plasma density associated with the IPA crossing, 
Figures 6a–6c show electric field variations in the MGSE coordinates observed by EFW, magnetic field vari-
ations observed by EMFISIS in SM coordinates while subtracting 10-min running averages, and the electron 
density estimated from the upper limit frequency of upper hybrid resonance waves observed by EMFISIS, 
respectively. Because the magnetic field weakens with satellite distance from the Earth, 10-min running 
averages were subtracted to eliminate effects of Earth's magnetic field.

In Figure 6a, characteristic electric field variations were not observed when the satellite footprint passed 
the two IPAs. Figure  6b shows rapid AC fluctuations with an amplitude of ±3  nT especially in the By 
component, corresponding to the EMIC waves at a frequency range of ∼1 and ∼0.4 Hz, at the times of the 
IPA crossings. In addition, we observed the gradual decrease in By and increase in Bz with an amplitude of 
∼2 nT at 0532–0544 UT shown by the pink dashed lines in Figure 6. Electron density decreased from 0418 
to 0600 UT and featured complexity and variability, indicating that the Van Allen Probes observed the EMIC 
waves in the plasmapause region. Note that electron density at the time of the IPA crossings was just before 
the sharp decrease of the density.

Figures 7a–7c show the X, Y, and Z components of the magnetic field spectra in SM coordinates, respective-
ly. The yellow lines in these panels show the cyclotron frequencies of H⁺, He⁺, and O⁺. Similar to Figures 5c 
and 5d, an EMIC wave packet at a frequency range of ∼1 Hz was clearly observed in these magnetic field 
spectra at the time of weaker IPA crossing at a lower latitude. Additionally, an EMIC wave at a frequency of 
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Figure 3.  (a) Temporal variation of 557.7-nm and (b) 486.1-nm auroral images (shown in Figures 1 and 2) in north-
south cross-sections (keograms) and (c) H-component magnetic field spectra observed on March 16, 2015 by an 
induction magnetometer at Athabasca from 0400 to 0630 UT. The red dotted lines indicate correspondence between 
the IPAs at magnetic latitude of ∼64° and the Pc1 geomagnetic pulsations at ∼0.4 Hz. The pink arrow points to the IPA 
emission the Van Allen Probes passed over at 0532–0544 UT. The black arrow points to the time at 0546–0549 UT when 
the satellite footprint briefly touched a stronger IPA emission at a higher latitude.
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∼0.4 Hz was observed at the time of the cyan dashed lines. This indicates a close relationship between the 
two EMIC waves and the two IPAs at lower and higher latitudes. The ∼1- and 0.4-Hz waves are proton-band 
and helium-band EMIC waves, respectively, because the former appeared between H+ and He+ cyclotron 
frequencies and the latter appeared between He+ and O+ cyclotron frequencies. The ∼0.4-Hz wave was not 
clearly identified in the electric field spectra in Figures 5c and 5d owing to artificial noise in this frequency 
range.
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Figure 4.  Orbit of the Van Allen Probes on (a) the XY plane and (b) the XZ plane in SM coordinates.
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Figure 8 shows the proton temperatures and their anisotropy calculated from the distribution function of 
protons at energies of 1 eV–50 keV observed by HOPE. Figures 8a–8c respectively show proton temperature 
parallel to the magnetic field line (Tpar) and perpendicular to the magnetic field line (Tperp), and proton 
temperature anisotropy ( perp par/T T ). Tperp was systematically larger than Tpar, and /perp parT T  was ∼1.5–2.5 
at 0400–0545 UT. This proton temperature anisotropy is favorable for generation of EMIC waves (Cornwall 
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Figure 5.  (a) Proton and (b) electron number fluxes observed by HOPE, and (c) Y and (d) Z components of electric field spectra in MGSE coordinates observed 
at 0400–0630 UT on March 16, 2015 by EFW onboard Van Allen Probes (Probe A). Pink and cyan dotted lines show time intervals when the Van Allen Probes 
footprint crossed over the two IPAs. Yellow lines show the cyclotron frequencies of H+, He+, and O+.
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et al., 1970). There is no particular enhancement of temperature anisotropy when the Van Allen Probes 
crossed the IPAs.

Figure 9 shows the proton flux anisotropy observed by HOPE, where (a–c) show proton number flux per-
pendicular and parallel to the magnetic field line and proton flux anisotropy, respectively. Anisotropy was 
estimated by calculating perpendicular flux divided by the parallel flux. For most of the plotted energy 
range, proton flux perpendicular to the magnetic field was larger than the parallel flux. There is no particu-
lar enhancement of temperature anisotropy at the time when the Van Allen Probes crossed the IPAs.

5.  Discussion
The Van Allen Probes observed EMIC waves at frequencies of ∼1 and 0.4 Hz at the low- (∼63° MLAT) 
and high- (∼64° MLAT) latitude IPA crossings at 0532–0544 UT and at 0546–0549 UT, respectively. The 
frequencies of these two EMIC wave signals correspond to the proton- and helium-bands, respectively. 
Sakaguchi et al. (2008) showed that the occurrence region of IPA tends to shift to lower (higher) latitudes 
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Figure 6.  (a) Electric field variations in MGSE coordinates observed by EFW, (b) magnetic field variations observed 
by EMFISIS in SM coordinates, and (c) electron density observed at 0400–0630 UT on March 16, 2015 by EMFISIS 
from the upper hybrid resonance frequency. 10-min Running averages are subtracted from the original magnetic field 
variations in Figure 6b to eliminate effects of satellite motion in Earth's magnetic field. Pink and cyan dotted lines show 
time intervals when the Van Allen Probes footprint crossed over the two IPAs.
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with increasing (decreasing) frequency of simultaneous Pc1/EMIC waves on the ground, and the relation-
ship between IPA latitudes and EMIC wave frequencies in this study agrees with their results. However, 
the induction magnetometer on the ground did not observe the Pc1/EMIC wave at a frequency of ∼1 Hz 
(proton-band), while it did observe the ∼0.4-Hz (helium-band) wave. Perraut et al. (1984) reported that it is 
difficult for proton-band EMIC waves to propagate to the ground, but helium-band waves do propagate to 
the ground. This is consistent with the results of this study.

In this event, there is a time lag between the IPA crossings and the appearances of the EMIC waves in 
Figures 5c, 5d, and 7. The start of the IPA crossings at 0532 UT (shown by the pink dashed line) is ∼4 min 
delayed from the EMIC wave start at 0528 UT, corresponding to the latitudinal difference of ∼0.1° in the 
ionospheric footprint. This time delay (or spatial difference) may be due to (1) ambiguity of the field-line 
mapping of the satellite footprint to the ionosphere. For example, the footprint location can differ ∼1° in 
latitudes between IGRF and T01 models. The second possibility is (2) time interval necessary for protons 
precipitation from the magnetosphere to the ionosphere. In this event, the time of the proton precipitation 
(5–20 keV) was estimated to be ∼12–24 s. This value is much smaller than the observed time difference 
(4 min). The third possibility is (3) protons motion across magnetic field lines due to E × B drift. In that case, 
the E × B drift velocity can be estimated to be 460–920 m/s (0.1° in latitude divided by 12–24 s precipitation 
time). These values seem to be higher than typical north-south convection velocities at subauroral latitudes. 
The other possibility is that (4) hydrogen atom is not trapped by magnetic field lines, causing the expansion 
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Figure 7.  (a) X, (b) Y, and (c) Z components of magnetic field spectra in S M coordinates obtained at 0400–0630 UT on 
March 16, 2015 by Van Allen Probes (Probe A). Pink and cyan dotted lines show time intervals when the footprint of 
the Van Allen Probes crossed over the two IPAs. Yellow lines show the cyclotron frequencies of H⁺, He⁺, and O⁺.
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of the auroral emission region from the precipitation region. However, this process does not cause the 
observed systematic shift of the IPA location to latitudes higher than the EMIC region. From these consid-
erations, we consider that the observed time lag/spatial difference between IPA and EMIC regions is due to 
ambiguity of the field-line mapping.

In Figure 5a, proton flux responsible for the ring current at energies of 5–20 keV increases rapidly during 
the interval of the IPA crossings. This may be due to injection of hot plasma from the magnetotail by previ-
ous substorms. Since proton flux locally increased, it is possible that injected protons in a previous substorm 
are concentrated at a specific L value range during their longitudinal drift. The low-energy electron flux 
enhancement in Figure 5b in the same L range may be also caused by the same previous substorm injec-
tion. Associated with the rapid increase of proton fluxes, the Van Allen Probes observed EMIC waves at 
frequencies of ∼1 and 0.4 Hz. The proton temperature anisotropy at energies of 1 eV–50 keV was 1.5–2.5 at 
0400–0500 UT, gradually decreasing from 0500 to 0600 UT. The temperature anisotropy of ions drives EMIC 
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Figure 8.  (a) Proton temperature parallel to the magnetic field line (Tpar) and (b) perpendicular to the magnetic field 
line (Tperp) and (c) proton temperature anisotropy ( perp par/T T ) observed at 0400–0630 UT on March 16, 2015 by Van 
Allen Probes (Probe A). Pink and cyan dotted lines show time intervals when the Van Allen Probes footprint crossed 
over the two IPAs.
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wave growth. Namely, if anisotropy is sufficiently high, the wave will grow to scatter the pitch angle of pro-
tons to reduce anisotropy (Cornwall et al., 1970). The EMIC waves can thus grow in this region. However, 
Figures 8 and 9 indicate no particular enhancement of temperature anisotropy when the Van Allen Probes 
observed the two localized EMIC waves.

Plasmaspheric plumes or plasmapause are locations where EMIC waves strengthen. In this study, EMIC 
waves were observed near the plasmapause, consistent with previous studies (e.g., Fraser et al., 2009). IPAs 
observed on the ground extended in the longitudinal direction, so the EMIC waves likely occurred along the 
plasmapause. In addition, electron density at the time of the IPA crossings was in the plasmapause region 
just before the sharp decrease. The surrounding plasma density is known to greatly influence resonance 
conditions of waves and ions (e.g., Miyoshi et al., 2008). Therefore, we conclude that local increase of proton 
flux at a specific energy range (5–20 keV) and local structure of the electron density near the plasmapause 
contribute to the generation of localized IPAs in a narrow latitudinal width.

In the case of electron auroral arcs in the auroral oval, it is understood that shear of plasma flow corre-
sponding to the converging electric field forms upward field-aligned current and associated auroral arcs 
(e.g., Hasegawa & Sato, 1979). Generally, large DC magnetic field variations of several hundred nanoTeslas 
have been observed when satellites cross auroral arcs at ionospheric altitudes (e.g., Armstrong & Zmu-
da, 1970). In the present event, when the satellite footprint passed two IPAs, characteristic DC variations 
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Figure 9.  Proton number flux (a) parallel and (b) perpendicular to the magnetic field line and (c) ratio (anisotropy) 
of perpendicular flux divided by the parallel flux, observed at 0400–0630 UT on March 16, 2015 by Van Allen Probes 
(Probe A). Pink and cyan dotted lines show time intervals when the Van Allen Probes footprint crossed over the two 
IPAs.
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of the electric field were not observed. On the other hand, we observed the magnetic field variations with 
an amplitude of ∼2 nT in By and Bz at 0532–0544 UT shown by the pink dashed lines in Figure 6. The 
satellite moved 0.28 Re in X direction as shown in Figure 4. The field-aligned current estimated by the 
magnetic field observed by the satellite was ∼0.258 μA/m2 (=(2 nT/0.28 Re/µ0) × (BI/BM)), BI = 54,225.7 nT, 
BM = 187.45 nT, µ0 = 1.256 × 10−6 NA−2. This indicates that the observed IPAs were accompanied by a weak 
field-aligned current which was one order smaller than the typical field-aligned currents in the auroral oval 
(1–2 μA/m2, e.g., Iijima & Potemra, 1978).

6.  Conclusions
In this study, we investigated simultaneous ground-satellite observations of IPAs associated with Pc1 ge-
omagnetic pulsations at subauroral latitudes, using an all-sky imager at Athabasca and Van Allen Probes 
(Probe A) for the 6 years of 2013–2018. One simultaneous observation event was identified during the re-
covery phase of a substorm on March 16, 2015. No such simultaneous ground-satellite observations of IPAs 
and their associated plasma and electromagnetic fields in the source magnetosphere have been previously 
reported. The following summarizes the results of this study:

1.  The Van Allen Probes footprint passed over two IPAs at 0532–0544 UT and at 0546–0549 UT. Respective-
ly corresponding to these timings, the Van Allen Probes observed localized EMIC waves at frequencies 
of ∼1 and 0.4 Hz near the plasmapause in the magnetic equatorial plane at a radial distance of ∼5 Re.

2.  Localized EMIC waves at frequencies of ∼1 and 0.4 Hz in the magnetosphere correspond to IPAs at low-
er (∼63° MLAT) and higher (∼64° MLAT) latitudes. However, the wave at a frequency of ∼1 Hz was not 
observed on the ground, while the EMIC wave at a frequency of ∼0.4 Hz was observed. We consider this 
to be because the EMIC wave at ∼1 Hz was a proton-band that hardly propagates to the ground.

3.  Corresponding to these localized EMIC waves, the proton flux at an energy range of 5–20 keV locally 
increased. The ambient electron density at the time of these IPA crossings was just before the sharp 
decrease in the plasmapause region. The proton temperature anisotropy was 1.5–2.5 at 0400–0545 UT. 
However, the temperature anisotropy does not show the characteristic enhancement associated with 
these localized EMIC waves. We conclude that proton flux increase at a specific energy range and the 
plasmapause structure greatly contribute to the latitudinally localized appearance of EMIC waves and 
IPAs. This locally enhanced proton flux may be due to drifting particles injected by a previous substorm.

4.  The Van Allen Probes did not observe converging electric fields, and observed magnetic field variations 
at the time scale of the IPA crossings. This result suggests that the IPAs caused by EMIC waves were 
accompanied by a weak field-aligned current.

Data Availability Statement
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