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Abstract

Pulsating aurora (PsA) is characterized by quasi-periodic intensity modulations with a period of a few to a few tens of seconds.
It is caused by precipitation of energetic electrons of a few to several tens of kilo electronvolts produced by chorus waves in
the magnetosphere. Precipitating electron energies of PsA have been identified in the past by sounding rocket and satellite
observations, but the spatial distributions of precipitating electron energies of PsA have never been estimated. In this study,
using the data from ground-based all-sky cameras at two wavelengths of 427.8 nm and 844.6 nm, we estimated the temporal and
spatial variations in the precipitating electron energy of PsA. The results showed that the spatial distribution of precipitating
electron energies was not uniform in the PsA patch, suggesting that the coherent spatial scale of the wave-particle interactions

is smaller than each PsA patch size.
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Key Points:

e The precipitating electron energy of pulsating aurorae is estimated using images from all-

sky cameras with narrow-band optical filters.
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e Spatial distribution of precipitating electron energies is not uniform in the pulsating

auroral (PsA) patch.

e The coherent spatial scale of the wave-particle interactions is smaller than each PsA

patch size.

Abstract

Pulsating aurora (PsA) is characterized by quasi-periodic intensity modulations with a period of
a few to a few tens of seconds. It is caused by precipitation of energetic electrons of a few to
several tens of kilo electronvolts produced by chorus waves in the magnetosphere. Precipitating
electron energies of PsA have been identified in the past by sounding rocket and satellite
observations, but the spatial distributions of precipitating electron energies of PsA have never
been estimated. In this study, using the data from ground-based all-sky cameras at two
wavelengths of 427.8 nm and 844.6 nm, we estimated the temporal and spatial variations in the
precipitating electron energy of PsA. The results showed that the spatial distribution of
precipitating electron energies was not uniform in the PsA patch, suggesting that the coherent

spatial scale of the wave-particle interactions is smaller than each PsA patch size.
Plain Language Summary

Pulsating aurora (PsA) is caused by the intermittent electron precipitation at an energy range
from a few kilo-electronvolt to tens of kiloelectronvolt through electron interactions of chorus
waves. Previous sounding rocket and satellite observations have detected the precipitating
electrons of PsA, but spatial distributions of precipitating electrons inside the PsA patch have not
been derived. The purpose of this study is to determine the variations of the characteristic energy
and downward energy flux, using ground-based all-sky cameras with multi-wavelength
observations. The results showed that the precipitating electron energy and downward energy
flux are not uniform in the PsA patch, suggesting that the coherent spatial scale of the wave-

particle interactions is smaller than each PsA patch size.
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1. Introduction

[1] Pulsating aurora (PsA) is a type of diffuse aurora, which is typically observed between
midnight and dawn during the recovery phase of a substorm (e.g., Lessard, 2012, Hosokawa et
al., 2015, Nishimura et al., 2020). Pulsating aurorae exhibit two characteristic temporal
variations: the main pulsation, which is a quasi-periodic modulation lasting from a few seconds
to a few tens of seconds, and the internal modulation, which is a modulation of a few hertz
embedded within the main pulsation (e.g., Miyoshi et al., 2010, 2015). Pulsating aurorae are
caused by electrons that precipitate into the atmosphere due to pitch-angle scattering by chorus
waves in the magnetosphere (e.g., Nishimura et al., 2010; Miyoshi et al., 2015, 2020, 2021;
Kasahara et al., 2018; Hosokawa et al., 2020).

[2] Sounding rocket and satellite observations have ascertained that energetic electron fluxes of a
few to several tens of kilo-electronvolt produce pulsating aurorae (Bryant et al., 1975; Sandahl et
al., 1980; Miyoshi et al., 2010). Miyoshi et al. (2015) proposed a model in which lower-band
chorus (LBC) bursts cause the main modulations of PsA, and rising tone elements embedded in
an LBC burst cause the internal modulations. The mechanisms are confirmed by the recent
conjugate observations by the Arase satellite and a ground-based high-speed Electron-

Multiplying CCD (EMCCD) camera (Hosokawa et al., 2020).

[3] Ground-based optical observations have been used to estimate the precipitating electron
energy of PsA. Ono (1993) estimated the precipitating electron energy of PsA using observations
from a multi-wavelength photometer with an intensity ratio of 427.8 to 844.6 nm. He
demonstrated that the estimated energy for the main pulsation is a few kilo-electronvolt. While
ground-based optical imaging observations at multiple wavelengths are useful for determining
the spatial distributions of the precipitating electron energy of aurora (Grubbs et al., 2017), such
imaging observations have not been done for the study of PsA. Using the color digital cameras
onboard the International Space Station (ISS), Nanjo et al. (2021) estimated the ratio of blue to
green (B/G ratios) that are proxies for the energies of PsA electrons. They found that the B/G
ratio tends to be higher in the morning sector than in the midnight sector, which is consistent
with the results of previous studies showing the MLT dependence of the energies of PsA

electrons (e.g., Hosokawa and Ogawa, 2015; Paratamies et al., 2017).
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[4] The in-situ observations of sounding rockets (Sandahl et al., 1980; Yau et al., 1981) and low-
altitude satellites (Miyoshi et al., 2010, 2015) can provide the detailed energy spectrum of
precipitating electrons during PSA appearance, but these observations are limited to a point
inside the PsA patch. In general, PsA exhibits dynamic spatio-temporal variations during
pulsations (Nishimura et al., 2020). Nishiyama et al. (2016) reported on the sub-patch structures
of each PsA patch, suggesting that coherent chorus-wave particle interaction regions are smaller
than those of each PsA patch. Therefore, it is important to investigate the two-dimensional (2D)
spatio-temporal variations of the precipitating electrons within a PsA patch using ground-based
observations to understand the detailed electron scattering mechanisms creating PsA. The
purpose of this study is to determine variations of the characteristic energy and downward energy
flux of PsA through space and time, using ground-based all-sky cameras with multi-wavelength
observations. In this study, we develop a method to derive the characteristic energy and
downward energy flux of PsA from multi-wavelength observations and a two-stream simulation

of precipitating electrons, and we apply the method to the actual PsA event.
2. Methods and Observations

[5] To understand spatio-temporal variations in the precipitating electron energy of PsA, we
estimate the precipitating electron energy using images taken from a couple of newly installed
all-sky cameras at two wavelengths with narrow-band optical filters. From an analysis with a
two-stream simulation of production of optical emissions by precipitating electron fluxes
(Solomon, 2017), we obtain the characteristic energy of precipitating electrons from the optical

observation and derived their spatio-temporal variations.

[6] We operated two high-speed all-sky imagers (ASIs) in Tromsg, Norway (69.6°N, 19.2°E in
geographic coordinates). Two ASI systems consist of a fish-eye lens, narrow-band optical filters
at 427.8 and 844.6 nm (Taguchi et al., 2004), and EMCCD camera systems (Hosokawa et al.,
2021). These wavelengths were selected after detail considerations about the possible
wavelength for the optical measurements (Oyama et al., 2018). The EMCCD detector images
had a sampling frequency of 10 Hz and a spatial resolution of 256 x 256 CCD pixels. The field
of view (FOV) was approximately 500 x 500 km at an altitude of 110 km. The two ASI systems
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were calibrated using an optical calibration system at the National Institute of Polar Research

(NIPR), Japan, to derive their absolute sensitivity (Ogawa et al., 2020).

[7] Using the data collected in our observations, we calculated the absolute intensity of the
auroral emission at each wavelength by subtracting the EMCCD dark counts. This absolute
intensity contains both actual PsA emissions as well as other background auroral emissions. We
consider the background auroral emission intensities as running averages of absolute intensities
over 10 s at each pixel. To estimate the actual PsA emissions , we subtracted the running
averages from the absolute intensities at each pixel at each time. The ratio of the estimated
energy with and without this subtraction of running averages at the magnetic zenith was 1.5 in
this study, suggesting that the calculation of energy without background subtraction causes
systematic underestimation of the actual precipitating energy. Because the van Rhijn effect
becomes significant at a large zenith angle (Kubota et al., 2001), we used data with a zenith
angle smaller than 30°. The attenuations due to the combination of atmospheric extinction and
the van Rhijin effect at zenith angle 30° are 1.03, and 0.93 if the atmospheric extinction factor is

0.1 and 0.2, respectively.

[8] As in previous studies (e.g., Ono, 1993), we estimated the intensity ratio of PsA at two
wavelengths to determine the precipitating electron energy. We first derived the expected ratio of
optical emissions at two wavelengths as a function of the precipitating electron energies, using
the two-stream simulation by the GLobal airglOW model (GLOW) (Solomon, 2017). Same
method has been applied for the discrete aurora (Grubbs et al., 2017).

[9] We also evaluated the uncertainty of the estimated energies by considering the error
propagation. This uncertainty is caused by the statistical error of the observed count of the
EMCCD and the error of the intensity ratio-energy conversion obtained from GLOW. From
these two errors, the average uncertainty is 54% in the magnetic zenith direction during the

period of this study.
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Figure 1. Keograms of pulsating auroral emissions for (a) 427.8 and (b) 844.6 nm observed at

Tromse, Norway, and (c) the AL index on March 6, 2017/02:00:00-03:00:00 UT.

[10] Figure 1 shows the keograms at 427.8 and 844.6 nm from 02:00 to 03:00 Universal Time
(UT) (04:30 to 05:30 Magnetic Local Time [MLT]) on March 6, 2017. The bottom panel shows

the AL index, indicating a moderate substorm occurred during this interval. The substorm onset

was 02:07 UT. At approximately 02:15 UT and 02:50 UT, significant PsA emissions were

observed during the substorm expansion and recovery phase. The average pulsation period of the

main pulsation during this time interval was 11.2 £+ 7.1 s, and the average emission intensity in

the main pulsation was about 320+200 and 160180 Rayleigh (R) at 427.8 and 844.6 nm,

respectively.
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118

119 Figure 2. All-sky images of pulsating auroral patches at (a)-(h) 427.8 nm and (i)-(p) 844.6nm
120  observed at Tromsg, Norway, from 02:15:02 to 02:15:16 UT on March 6, 2017 (zenith angle less
121 than 30°). Contours of estimated characteristic energies are also shown in color. Light blue,

122 green, yellow, and red contours indicate 1.5, 2.5, 3.5, and 4.5 keV, respectively.
123

124 [11] Figure 2 shows the all-sky images of the pulsating auroral patches at 427.8 nm observed at
125 Tromse, Norway, from 02:15:02 to 02:15:16 UTC with superposed contours of the estimated
126  energy in color (1.5, 2.5, 3.5, and 4.5 keV). During this time interval, a patch of PsA was clearly
127 identified within the FOV of ASI. The PsA patch shows three main pulsations. The patch

128  expanded from east to west, and its size was approximately 200 and 110 km in the east-west and

129 north-south direction, respectively, assuming an emission altitude of 110 km.
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131

132 Figure 3. Two-dimensional distribution of estimated characteristic energies (a-h) and downward
133 energy fluxes (i-p) at zenith angles less than 30° from 02:15:02 to 02:15:16 UT on March
134 6,2017. These images are at the same time interval as the images in Figure 2. Three black lines in

135 each plot indicate the L values of L = 6.7, 6.5, and 6.3, from top to bottom.
136

137 [12] Figure 3 shows the 2D distribution of the estimated energies and downward energy fluxes
138 for the same time interval as that in Figure 2. The pixels with 427.8-nm intensity less than 100 R
139 or 844.6-nm intensity less than 50 R were eliminated because of the small signal/noise ratio.

140  During the ON times (02:15:06 and 02:15:10UTC), high-energy electrons of more than 1.5 keV
141 precipitated into the center of the patch. However, the precipitating electron energies around the

142 PsA patch was small (~1 keV). The average estimated energy and the average downward energy
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flux for the pulsating ON time at the magnetic zenith were 1.54 keV and 2.32 erg/cm?/s,

respectively.

[13] We derived the L-shells at a 110-km altitude using the Altitude Adjusted Corrected
Geomagnetic Model (AACGM, Baker and Wing, 1989), as shown in Figure 3. Table 1 shows
the average energies inside the patches at L = 6.3, 6.5, and 6.7 for the consecutive three main
pulsations ON times. The statistical t-test confirmed the significance of this L-shell dependence
of the precipitating electron energies at the first two pulsations, while no significance at the last
pulsation. As shown in Figure 3 (i-p), the size of the last patch is smaller than the two preceding
patches, which may be a reason for no significant dependence. The precipitating electron energy
depended on the location of the PsA patch. For the first two ON times, the energy in the lower L-
shell (L = 6.3) was higher than that in the higher L-shell (L = 6.7).

4 Summary and Discussion

[14] In this study, we developed the method to derive precipitating electron energies using two-
wavelength observations and determined, for the first time, the 2D spatial distributions of the
precipitating electron energies during PsA. These spatio-temporal variations of PsA have not
been detected previously by single-point observations, such as those of sounding rockets and
low-altitude satellites. The 2D imaging optical observations with two wavelengths have a
significant advantage for deriving the fundamental characteristics of precipitating electrons,

especially for the spatial distributions of precipitating electrons of PsA.

[15] We investigated the PsA event at Tromse, Norway, that occurred during the substorm
expansion and recovery phase on March 6, 2017. The minimum AL index was -369 nT. Our
findings show that the average energy increased during the pulsating ON time, reaching 1.54
keV at the magnetic zenith, which is consistent with the previous study that observed a point
inside PsA patch using the photometer (Ono, 1993). Further, we determined the spatio-temporal
evolutions of the precipitating electron energy. We found that the characteristic energy and
downward energy flux of precipitating electrons inside the PsA patch were not uniform. The
results revealed that the precipitating electrons increased at the lower L-shell at 02:15:03 UTC
and 02:15:08 UTC, while they were nearly the same at 02:15:13 UT.
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[16] The typical spatial scale of the coherency of the chorus waves is ~960 km (0.15 Re) in the
magnetosphere (Agapitov et al., 2021). If we map this scale to the ionosphere, it will become
~100 km in latitudes which is smaller than the scale size of pulsating auroral patches for the
present event. Thus, it is expected that the precipitating electron energy has a spatial distribution
inside a PsA patch. A principal component analysis has reported that the PsA patch consists of
several sub-patch structures (Nishiyama et al., 2016). They showed that the average spatial scale
of sub-patches is ~800 km at the magnetic equator, which is consistent with the coherence scale
of the chorus waves. Our findings shown in Table 1 indicate that the precipitating electron
energy is not uniform in the spatial scale of ~1300 km (L-value difference of 0.2); thus, these
spatial structures of precipitating electrons indicate the non-uniform wave-particle interactions

inside the PsA patch.
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Table 1. Average energy of PsA on time at each L value

UT L=6.7 L=6.5 L=6.3
02:15:03-08 1.22 keV 1.56 keV 2.68 keV
02:15:08-13 1.04 keV 1.49 keV 3.77 keV
02:15:13-16 1.39 keV 1.58 keV 1.20 keV
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