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Abstract Rapid (<1 s) intensity modulation of pulsating auroras is caused by successive chorus elements as
a response to wave-particle interactions in the magnetosphere. Here we found that a pulsating auroral
patch responds to the time spacing for successive chorus elements and possibly to chorus subpacket structures
with a time scale of tens of milliseconds. These responses were identified from coordinated Arase satellite and
ground (Gakona, Alaska) observations with a high-speed auroral imager (100 Hz). The temporal variations of
auroral intensity in a few-hertz frequency range exhibited a spatial concentration at the lower-latitude edge of
the auroral patch. The spatial evolution of the auroral patch showed repeated expansion/contraction with
tens of kilometer scales in the ionosphere, which could be spatial behaviors in the wave-particle interactions.
These observations indicate that chorus elements evolve coherently within the auroral patch, which is
approximately 900 km in the radial and longitudinal directions at the magnetic equator.

Plain Language Summary This study shows a direct link between discrete chorus elements and
intensity modulations in a pulsating auroral patch. Currently, it is widely believed that chorus waves play
an important role in the generation of pulsating aurora. Many previous theoretical, simulation, and optical
observation studies have suggested a one-to-one correspondence between successive chorus elements and
intensity modulations of pulsating auroras in the frequency range of a few hertz. In this study, detailed
spatiotemporal characteristics of a pulsating auroral patch were captured by coordinated observations
between the Arase satellite and the ground-based network from study of dynamical variation of Particles and
Waves in the INner magnetosphere using Ground-based network observations (PWING). The ideal conjugate
observations reveal that a pulsating auroral patch responds to the time spacing of successive chorus
elements and possibly to chorus subpacket structures with a time scale of tens of milliseconds. Furthermore,
the intensity modulations of the pulsating aurora at a few-hertz range were caused by the spatial variations of
the pulsating auroral patch. Therefore, this study provides important information on understanding rapid
(tens of milliseconds) resonant interaction processes between chorus waves and charged particles.

1. Introduction

Pulsating auroras exhibit intensity modulations of a few hertz during bright periods, with quasiperiodic var-
iations of a few seconds to tens of seconds (e.g., Jaynes et al., 2015; Miyoshi, Saito, et al., 2015; Nishiyama et al.,
2014; Royrvik & Davis, 1977; Samara & Michell, 2010; Sandahl et al., 1980; Sato et al., 2004). The typical gen-
eration mechanism of pulsating auroras is pitch angle scattering of energetic electrons by whistler mode
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chorus waves undergoing wave-particle interactions at the magnetic equator (S. Kasahara et al., 2018; Li et al.,
2013; Nishimura et al., 2010). While pulsating auroras have been studied for over half a century, the source of
intensity modulations with time scales less than 1 s remains an open question. Many previous studies have
proposed that intensity modulations of a few hertz in pulsating auroras results from pitch angle scattering
by successive discrete chorus elements, that is, rising-tone elements (e.g., Demekhov & Trakhtengerts,
1994; Miyoshi et al., 2010, Miyoshi, Saito, et al., 2015; Saito et al., 2012; Samara & Michell, 2010; Tagirov
et al., 1999; Tsuruda et al., 1981). In addition, theoretical and simulation studies (Lakhina et al., 2010) suggest
that faster intensity modulations at a frequency of a few tens of hertz in pulsating auroras may also be
present, due to the fact that discrete chorus elements consist of subpacket structures with amplitude
modulations of a few tens of milliseconds (Foster et al., 2017; Santolík et al., 2003; Tsurutani et al., 2009).
The subpacket structures can theoretically cause a rapid resonant interaction with energetic electrons
(Foster et al., 2017; Lakhina et al., 2010; Tao et al., 2012, 2017). If such rapid nonlinear processes occur in
the generation of chorus waves, it is expected that related intensity modulations of pulsating auroras should
exist. However, since pulsating auroras are relatively faint, the direct detection of intensity modulations of a
few hertz and tens of hertz related to chorus element structures is challenging.

Here we present evidence of a one-to-one correspondence between dense rising-tone chorus elements
observed by the Arase satellite (Miyoshi et al., 2018) near the equator (a possible chorus source region) and
intensity modulations of pulsating aurora captured at its northern conjugate ground station, providing a clear
explanation for the long-standing issue of intensity modulations of less than 1 s in pulsating auroras. The coor-
dinated ground-satellite observations not only captured the well-known few-hertz modulations of pulsating
aurora but also observed previously unseen temporal variations of auroral intensity over tens of milliseconds.
The fast temporal variations of pulsating aurora with tens of milliseconds can be possibly associated with
subpacket structures of chorus waves. This ideal conjugate observation provides the first confirmation of rapid
spatiotemporal evolution of chorus wave-particle interaction regions visualized by pulsating auroral emissions.

2. Microscopic Observations of Pulsating Aurora

The ground-based observation network by study of dynamical variation of Particles and Waves in the INner
magnetosphere using Ground-based network observations (PWING) (Shiokawa et al., 2017) was used for
coordinated observations with the Arase satellite to cover the full range of magnetic local time at subauroral
latitudes. A coordinated geomagnetic conjugate observation could be performed for each of Arase’s elliptic
orbits. The coordinated observations by the Arase satellite and the ground-based PWING observation net-
work have allowed more complete study of the origin of intensity modulations less than 1 s in pulsating aur-
oras, which has been an open issue in auroral physics since the 1970s (Royrvik & Davis, 1977). The data set of
Arase and PWING have better sensitivities and higher temporal resolutions for waves and aurora measure-
ments than constellation observations by the Time History of Events and Macroscale Interactions during
Substorms (THEMIS) satellites and the THEMIS Ground Based Observatory (GBO) (Nishimura et al., 2010,
2011). Our sampling is for waves at 1/65,536 s (Y. Kasahara et al., 2018; Matsuda et al., 2018; Ozaki et al.,
2018) and for aurora at 1/100 s (Shiokawa et al., 2017); see Texts S1 and S2 in the supporting information.

Figure 1 shows a notable conjugate event between Arase and the Gakona ground station (62.39°N, 214.78°E,
L = 5.1, one of multiple ground sites in the PWING network), observed in the late recovery phase (Dst = �22
nT) of a magnetic storm, at 13:13 UT, 30 March 2017. The Arase footprints (blue, green, and red symbols) were
calculated using the international geomagnetic reference field (Thébault et al., 2015) and the Tsyganenko
2002 (Tsyganenko, 2002a, 2002b) and 2004 models (Tsyganenko & Sitnov, 2005). One pulsating auroral patch
associated with chorus waves was identified from the temporal coincidence between a bundle of discrete
chorus elements and auroral intensity variations (see Figure S1) in a data set with a temporal resolution of
1 s. Figures 1c and 1e show the discrete chorus elements observed by Arase near the equator (a possible
source region of chorus waves) and a north to south keogram of the pulsating auroral patch for a time inter-
val of 12 s at 1313:45 to 1313:57 UT, respectively. The chorus elements above a frequency of 1 kHz could arise
from other source locations, because they exhibit oblique propagation characteristics with wave normal
angles over 30°, in contrast to the quasi-parallel propagating chorus elements at less than 1 kHz, as shown in
Figure 1d, obtained based on an analysis using Means’method (Means, 1972). The half gyrofrequency 0.5fce0
at the magnetic equator is estimated to be approximately 2 kHz using the Tsyganenko 2002 model. The
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Figure 1. (a) Schematic illustration of coordinated Arase and PWING observations of pulsating aurora. (b) All-sky image
averaged from 1313:45.24 to 1313:57.11 UT, 30 March 2017. The yellow frame shows the auroral patch associated with
the in situ chorus. The blue, green, and red dots show the Arase footprints using each magnetic field model. (c and d)
Frequency-time diagram of discrete chorus elements and its wave normal vectors observed by Arase. (e) North to south
keogram of pulsating aurora extracted from the electron-multiplying charge-coupled device images, which were taken
through the RG665 filter to capture prompt auroral emissions at the N2 first positive bands. (f) Perfect one-to-one corre-
spondence between the 1/100-s averaged chorus wave amplitude and the time-shifted auroral intensity variations at the
maximum correlation pixel. IGRF = international geomagnetic reference field model; T02 = Tsyganenko 2002 model;
TS04 = Tsyganenko 2004 model.
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observed chorus elements appear only in the lower band. The related intensity modulations of the pulsating
aurora were captured at 100 Hz by an all-sky electron-multiplying charge-coupled device (EMCCD) camera.
The keogram of the pulsating auroral patch shows rapid geometry variations (repeated expansion and con-
traction in a short period) in accordance with the time variations of successive rising-tone elements (see
Movie S1). These spatial variations of pulsating auroral patches linked with rising-tone chorus elements sug-
gest that the amplitude evolution of chorus elements may be related to the spatial evolution of the wave-
particle interaction region near the equator. The time difference between the chorus and the aurora, due
to the difference in the wave and particle velocities and the difference in their traveling distances, was esti-
mated to be �0.26 s using a cross-correlation analysis (see Text S3 and Figure S2). As shown in Figure 1f, the
time-shifted intensity variation of the pulsating aurora corresponds one to one with the successive chorus
elements through the wave-particle interactions on the order of hundreds of milliseconds. The average
auroral intensity was calculated for 3 × 3 pixels around the pixel having the maximum correlation value.
The wave amplitude of the chorus elements is less than 100 pT, which is a typical value and smaller than
the large-amplitude chorus waves reported in the radiation belts (Santolík et al., 2014). The spatiotemporal
characteristics of coordinated observations of the pulsating aurora by Arase and PWING reveal that pulsating
aurora, at a time scale less than 1 s, has a close relationship with successive discrete chorus elements.

Figures 2a and 2b show the auroral patch shape averaged over the same interval in Figure 1f in a local east-
north-up Cartesian system at an assumed auroral altitude of 110 km (see Text S2). The magnetic declination
was assumed to be 18°, from the international geomagnetic reference field model. The boundary of the aur-
oral patch was determined by two methods. The first was Otsu’s method, based on a simple threshold seg-
mentation (Otsu, 1979). The other method was the level set method for numerical shape optimization (Osher
& Sethian, 1988). The auroral patch was roughly an ellipse of 15-km length in the latitudinal (magnetic north-
south) direction and 70-km length in the longitudinal (east-west) direction. In the frequency domain, typical
temporal characteristics of the auroral intensities, possibly related to the chorus element spacing and the
subpacket structures, are shown in Figures 2c and 2d using the Fourier spectral intensity maps at frequencies
of 4 and 48 Hz (see Text S4 and Figure S3) in the samemanner as used by Kataoka et al. (2012). The 4-Hz mod-
ulation, which is related to the spacing of chorus elements, is concentrated at the lower-latitude edge of the
auroral patch. This suggests that the extension of the lower-latitude edge of the auroral patch is dominated
by the effect of increasing frequency (inward source motion) of rising-tone chorus elements or that it corre-
sponds to the inward wave propagation with a nonducted mode. The observed chorus waves could be in the
nonducted mode, because the associated chorus waves were not observed at the ground station at
Chistochina (40 km east of Gakona). The 48-Hz modulation, which could be related to the chorus subpacket
structures, does not show a spatial concentration at the southward edge. As shown in Figure S3, in contrast to
the previous work by Kataoka et al. (2012), the tens-of-hertz modulations of the pulsating aurora are blurred
because of their nonperiodic temporal characteristics shown in the next section. Figures 2e and 2f show the
spatial distribution of the maximum cross-correlation value and of the time difference between the 1/100-s
averaged chorus wave amplitude and auroral intensity for each pixel. As shown in Movie S1, the observed
pulsating auroral patch shows a typical expansion motion (Yamamoto & Oguti, 1982) from the center loca-
tion, which is possibly a seed region of the chorus source in the magnetosphere connected via the geomag-
netic field line. Pulsating auroras show not only the expansion type but also several kinds of motions such as
pure pulsation, streaming, and propagation (Scourfield & Parsons, 1971). The overall relationship between
various spatial behaviors of pulsating auroras and chorus wave generation is still unclear. However, the
observed high correlation region is distributed only around the edge region of the auroral patch with almost
the same time difference value of �0.26 s, in contrast to the findings of a previous study (Nishimura et al.,
2010, 2011) that used a low temporal resolution (3 s) data set obtained by the THEMIS all-sky imagers
(Mende et al., 2008). Although a rapid motion of a pulsating auroral shape at a few-hertz range was reported
by Nishiyama et al. (2016) and Fukuda et al. (2016), the spatial variations in their studies showed somewhat
different characteristics. The observed high correlation at a few-hertz range was caused by the dynamic spa-
tial variations (horizontal expansion and contraction from the center) rather than pure intensity pulsations.

3. Spatiotemporal Evolution of Pulsating Auroral Patch

Figure 3 shows rapid spatiotemporal variations of the pulsating auroral patch (also see Movie S1). The tem-
poral and spatial variations of the auroral patch are separated to identify the relationship to the chorus
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element structures. To identify their temporal characteristics, Figure 3c shows the chorus waveform
amplitude and auroral intensity at the maximum correlation pixel during the period from 1313:45.24 to
1313:47.70 UT (the first 2.46-s duration in Figure 1c) for the quasi-parallel propagating chorus elements.
We calculated the time variations of the auroral patch size in the ionosphere (110 km) to identify the
spatial characteristics of the pulsating aurora. Figure 3d shows the spatial scaling of the auroral patch size,
which suggests that few-hertz modulations are caused by the spatial variations of the auroral patch. As
shown in Figures 3e–3g, the expansion speeds are approximately 50–75 km/s in the north to south
direction and 200–250 km/s in the east to west direction at ionospheric altitude (110 km). These speeds
are consistent with the previous work for typical pulsating auroras (Scourfield & Parsons, 1971). The spatial
variations of the auroral patch are weakly related to the amplitude variations of the chorus elements, even
though the chorus elements and background whistler mode waves in the linear growth stage are densely
packed. Tagirov et al. (1999) also suggested a connection between chorus elements and a patch
expansion of pulsating aurora. The auroral patch size might show a tendency to extend horizontally (to
the field line) with increasing chorus amplitude and to shrink with decreasing chorus amplitude. The size

Figure 2. (a) Auroral patch shape calculated by the LSM andOTSUmethods. The blue asterisk indicates the pixel having the
maximum correlation value between chorus elements and auroral intensity. (b) Auroral image in the ENU coordinates
averaged in the duration from 1313:45 to 1313:57 UT. (c and d) Fourier spectral intensity maps at the frequencies 4 and
48 Hz. (e and f) Spatial variations of maximum cross-correlation value between the 1/100-s averaged chorus amplitude and
auroral intensity, and of the time difference between them. LSM = level set method; OTSU = Otsu’s method; ENU = east-
north-up.
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Figure 3. (a) Frequency-time diagram, (b) waveform of chorus elements, (c) chorus amplitude and time-shifted auroral intensity, and (d) auroral patch area calculated
from the LSM and OTSU methods with a duration of 2.46 s. The wave amplitude (blue line) is averaged with the temporal resolution of 1/100 s to be the same as
that of the auroral data. The chorus amplitude with an original temporal resolution (1/65,536 s) is plotted as a pale blue line. The yellow frames indicate the time
ranges for Figure 4. (e, f, and g) Rapid spatiotemporal variations of pulsating auroral patch. The blue asterisk indicates the pixel having themaximum correlation value
between chorus elements and auroral intensity. LSM = level set method; OTSU = Otsu’s method.
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error due to the assumed altitude is less than 5%, even at an altitude twice as high. The observed rapid spatial
evolutions are faster than those from ionospheric convection, which can be characterized as the averaged
motion of the pulsating auroral patch (Yang et al., 2015). There seems to be no clear theoretical and
analytical studies to explain this observational constraint that few-hertz modulations of pulsating aurora
are caused by the spatial scaling of pulsating auroral patch (see Table 2 in Humberset et al., 2016, for a
brief summary of theories of pulsating aurora). Further careful studies using the data set of an isolated
auroral flash and a single chorus wave packet along with numerical simulations are necessary to
substantiate the clear relationship between spatial variations of auroral patches and chorus waves.

More detailed views of the temporal variations of the pulsating auroral patch and the chorus wave ampli-
tude are shown in Figure 4. Four rising-tone elements (shown in yellow frames in Figure 3) are carefully
selected to compare the chorus subpacket structures with auroral intensity variations in a microscopic
point of view. These subpacket amplitudes are large enough for the comparison, well above the ampli-
tudes of background continuous whistler mode waves in the linear stage. We see clear chorus subpacket
structures in each rising-tone element appearing as nonperiodic amplitude modulations with a duration
from a few milliseconds to tens of milliseconds. Since the chorus subpacket structures have a temporal
separation between neighboring subpackets over the Nyquist frequency (50 Hz) of the EMCCD camera
observation, which is equivalent to fce0/80, the Fourier spectral intensity maps for the tens-of-hertz mod-
ulations were not clear in Figures 2d and S3. However, as shown in Figure 4, the auroral intensity in the
time domain varies over tens of milliseconds in accordance with the rapid amplitude variations of the
chorus subpacket structures. The intensity variations of the pulsating auroral patch on timescales of tens
of milliseconds are large compared to the noise level of the EMCCD camera. The maximum intensity var-
iation of the pulsating aurora, possibly related to the chorus subpacket structures, is approximately 150

Figure 4. Magnified (top panels) waveforms of rising-tone chorus elements shown in yellow frames in Figure 3, (bottom panels) chorus amplitude variations, and
time-shifted auroral intensities. All these panels are shown for a time interval of 0.14 s. All color lines are plotted in the same manner as Figure 3c.
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counts, which is equivalent to 5% of the intensity variations for the few-hertz components. Our observa-
tions suggest that a single chorus element could be formed by repeated prompt interactions between
subpacket wave structures and energetic electrons.

4. Discussion

Since the temporal characteristics of chorus subpacket structures can influence a rapid electron accelera-
tion in the radiation belts (Foster et al., 2017), it is important to discuss the temporal characteristics of
pulsating auroras for understanding the nonlinear process of wave-particle interactions. Our observations
show that chorus element structures can nonperiodically interact with energetic electrons on a time scale
of tens of milliseconds, even considering possible time-of-flight (TOF) effects. On the other hand, Kataoka
et al. (2012) showed a periodic 54-Hz modulation of a pulsating aurora observed at the Poker Flat
Research Range near Gakona. The periodic 54-Hz modulation is comparable to the temporal characteris-
tics of chorus subpacket structures, as suggested in their study. The duration of the chorus subpacket
structures can be related to the trapping time of energetic electrons. The trapping time Ttr is represented
as Ttr = 2π/(kv⊥Ωw)

1/2, where k is the wave number, v⊥ is the perpendicular velocity of resonant electrons,
and Ωw is the electron gyrofrequency in the wave magnetic field. If the wave number and perpendicular
velocity are almost constant, then the duration of subpacket structures is characterized by the wave
amplitudes. The observed amplitudes of the chorus subpacket structures appear in a wide range from
tens of picotesla to 100 pT. Tens-of-hertz modulations and chorus subpacket structures showed nonper-
iodic variations in this observation. Moreover, statistical results for subpacket structures of a large-
amplitude chorus in the radiation belts showed no clear dependence on the time spacing between
neighboring subpacket peaks (Santolík et al., 2014). Therefore, our observations suggest that there are
aperiodic temporal characteristics in the nonlinear generation processes of chorus subpacket structures,
which are important for understanding rapid electron acceleration and loss mechanisms in the
inner magnetosphere.

Next, the ratio of the auroral intensity related to discrete elements to that for subpacket structures is almost
the same as for the case of a pulsating proton aurora and Pc1 waves at subauroral latitudes (Ozaki et al., 2016).
The association between pulsating proton aurora and Pc1 waves is close to that between pulsating electron
aurora and chorus waves; thus, the observed intensity modulations of tens of milliseconds can be possibly
related to the chorus subpacket structures. Chorus waves can interact with electrons in a wide (keV to
MeV) energy range (Miyoshi, Oyama, et al., 2015). When precipitating electrons of wide energy range travel
to the ionosphere from a source region, auroral intensity variations of tens of milliseconds are blurred by the
TOF effect due to velocity dispersion (Miyoshi et al., 2010). Rapid temporal variations of auroral intensity were
observed, in contradiction to the TOF effect. Thus, the observed rapid temporal variations of the auroral
intensity are likely to be caused by energetic electrons in a narrow energy range.

Finally, by advanced visualization of auroral shape evolution, the wave-particle interaction region in the radial
and longitudinal directions at the equatorial plane can be determined from the projection of the ionospheric
auroral image (Figure 2b) to themagnetosphere using the Tsyganenko 2002model. Using this projection, the
source size at the magnetic equator was estimated to be approximately 900 km in diameter in the radial and
longitudinal directions. The Larmor radii for energetic electrons of 10 and 100 keV at the magnetic equator
are 4 and 12 km, respectively. Thus, the horizontal patch size is much larger than the Larmor radius for ener-
getic electrons. Santolík et al. (2003) showed a smaller coherent chorus source size of less than 100 km, using
multisatellite observations. The source size of the wave-particle interaction (900-km diameter) estimated
from the auroral patch in this study is almost the same as the chorus source size determined by recent
Van Allen Probes satellite observations (Agapitov et al., 2017). Nishimura et al. (2011) presented pulsating aur-
oral patch sizes that are highly correlated with bundles of chorus waves on the time scale of seconds, of a few
thousands of kilometers up to 7,000 km in the radial and longitudinal directions at the equator. These results
at auroral latitudes (higher L) are approximately 1 order of magnitude larger than our observational results at
subauroral latitudes (lower L). A possible dependence of chorus source scale on L shell was also reported
(Agapitov et al., 2017), because the chorus source scale can depend on the wavelength, background geo-
magnetic field, plasma density, and wave normal angle. The source size of wave-particle interactions by
Nishimura et al. (2011) and our study might be still only looking at a small part of the whole picture.
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5. Conclusions

Coordinated Arase and PWING observations of a pulsating aurora provide the observational evidence that
pulsating auroras reflect the rapid spatiotemporal evolution of the wave-particle interaction region on time-
scales of less than 1 s. The key findings of this study are as follows:

1. Intensity modulations of a pulsating aurora are clearly related to successive discrete chorus elements and
also possibly associated with chorus subpacket structures at a time scale of tens of milliseconds.

2. The dominant temporal characteristics of the auroral intensity at a few-hertz range were caused by the
repeated spatial expansion and contraction of an auroral patch at the southward edge.

3. The estimated transverse (radial and longitudinal directions) size of the wave-particle interaction region
(900-km diameter) was comparable to the source size for a coherent chorus element reported by recent
Van Allen Probes observations (Agapitov et al., 2017).

These findings suggest that the nonlinear wave-particle interaction rapidly develops and changes in a region
with a limited spatial source scale.
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