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Abstract

Transient mesospheric echo in the VHF range was detected at an altitude of 65-70 km during the auroral breakup
that occurred from 2220 to 2226 UT on June 30, 2017. During this event, the footprint of the Arase satellite was
located within the field of view of the all-sky imagers at Syowa Station in the Antarctic. Auroral observations at Syowa
Station revealed the dominant precipitation of relatively soft electrons during the auroral breakup. A correspond-

ing spike in cosmic noise absorption was also observed at Syowa Station, while the Arase satellite observed a flux
enhancement of > 100 keV electrons and a broadband noise without detecting chorus waves or electromagnetic

ion cyclotron waves. A general-purpose Monte Carlo particle transport simulation code was used to quantitatively
evaluate the ionization in the middle atmosphere. Results of this study indicate that the precipitation of energetic
electrons of > 100 keV, rather than X-rays from the auroral electrons, played a dominant role in the transient and deep
(65-70 km) mesospheric ionization during the observed auroral breakup.
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Introduction

Significant ionization of the mesosphere has long been
documented during substorms. One of the most promi-
nent phenomena is found near the onset and is referred
to as “absorption spikes,” which are observed by ground-
based riometers (Parthasarathy and Berkey 1965; Nielsen
and Axford 1977). The absorption spike events are found
in a vast majority of substorms (Hargreaves et al. 1997;
Aminaei et al. 2006; Spanswick et al. 2006) and are often
associated with energetic electron bursts in the inner
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and indicate if changes were made.

magnetosphere (Baker et al. 1981; Kremser et al. 1982;
1988). In pulsating auroras, the mesospheric ionization
is due to the precipitation of energetic electrons of a
few hundred keV (Brown et al. 1976; Sandahl et al. 1980;
Miyoshi et al. 2015; Oyama et al. 2017). Atmospheric ion-
ization that results from this energetic particle precipita-
tion in the mesosphere and lower thermosphere plays an
essential role in linking the space and terrestrial environ-
ments via the generation of odd nitrogen and odd hydro-
gen (Codrescu et al. 1997; Daae et al. 2012; Isono et al.
2014; Seppala et al. 2015; Tomikawa 2017), and, thus, it is
important to quantitatively evaluate the fundamental fac-
tors that lead to such deep ionization scenarios to under-
stand its mechanisms and characteristics better.
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In 2017, the Arase satellite began full in situ observa-
tion of energetic particles and electromagnetic waves
in the inner magnetosphere in an effort to understand
the dynamics of radiation belts and the inner magneto-
sphere better (Miyoshi et al. 2018). The energetic parti-
cles precipitating from the inner magnetosphere deposit
their energy in the atmosphere, and this is improving our
understanding of the associated atmospheric response,
which has also been an important objective of the Arase
satellite project.

The Program of the Antarctic Syowa Mesosphere Strat-
osphere Troposphere Incoherent Scatter Radar (PANSY)
at Syowa Station, in the Antarctic (—69.00°S, 39.58°E;
—70.46° magnetic latitude) has been in operation con-
tinuously since September 2015 at an observation fre-
quency of 47 MHz (Sato et al. 2014). It is accompanied by
a suite of important ground-based instruments, includ-
ing a high-speed auroral imager, a meridian scanning
photometer, and imaging riometer. The PANSY radar
system detects polar mesosphere winter echoes, which
are caused by neutral turbulence in the weakly ionized
atmosphere at an altitude of 55-85 km (Czechowsky
et al. 1989; Brattli et al. 2006; Liibken et al. 2007). Recent
observations revealed that the sudden intensification of
mesospheric echoes around 65 km was caused by elec-
tron density enhancements in the D region during a solar
proton event (Nishiyama et al. 2018), implying that inten-
sified mesospheric echoes may serve as a proxy of elec-
tron density variations at mesospheric altitudes.

There have been several occasions when the iono-
spheric footprint of the Arase satellite has passed through
the field of view of the all-sky auroral imagers in opera-
tion at Syowa Station. As expected, the Arase satellite,
PANSY radar, and other ground-based conjugate instru-
ments simultaneously observed an isolated substorm at
Syowa Station on June 30, 2017. The purpose of this study
is to report on a rare comprehensive data set from these
cutting-edge conjugate observation instruments and
discuss the transient mesospheric ionization associated
with auroral breakup, combined with a general-purpose
Monte Carlo particle transport simulation code particle
and heavy ion transport code system (PHITS). In this
study, the EGS5 mode (Hirayama et al. 2005) in PHITS
version 3.02 (Sato et al. 2018) was employed.

Results

Figure 1 shows the data from the meridian scanning pho-
tometer at Syowa Station for the 2-h time interval from
2200 to 2400 UT on June 30, 2017. Soft electrons of a few
keV dominantly precipitated during the auroral breakup
from 2220 to 2226 UT, which was identified from the
relatively high auroral intensity of 845 nm compared to
670 nm (Ono 1993; Ono and Morishima 1994). After
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2230 UT, the overall auroras became diffuse and began
pulsating, and the characteristic energy of the electrons
increased, which was also identified from the 845/670
ratio. High-speed auroral imagers clearly captured the
rapid complex motion of the bright discrete auroras with
a tall curtain-like shape at the auroral breakup until 2226
UT, and faint pulsating auroras were observed thereafter
(Additional file 1: Movie Al).

Figure 2 shows the backscattered echo power over
time and height sections for the 2-h time interval from
2200 to 2400 UT on June 30, 2017, based on the PANSY
radar observations. Atmospheric ionization can be sen-
sitively detected based on the relative intensification of
echo power, although a quantitative estimation of the
ionization rate or electron density from the echo power
itself is rather difficult. As expected, a layer at an altitude
of ~80 km was ionized during the post-breakup pulsat-
ing aurora activity from 2230 to 2330 UT. The ionization
source can be attributed to the precipitating electrons of
>10 keV (see Miyoshi et al. 2015), which is also supported
by the relatively low 845/670 ratio depicted in Fig. 1. The
echo altitude gradually descended, which was likely due
to the downward propagation of the neutral turbulence
at that time. It is also important to note that intermittent
and transient echoes above 80 km during the 2-h inter-
val, which did not coincide in five beam directions, were
largely caused by meteors (Nishiyama et al. 2015).

Interestingly, the echo was also enhanced at an altitude
of 65-70 km as the auroral breakup began from 2220 to
2226 UT, regardless of the dominant presence of low-
energy auroral electrons. It is not possible to rule out the
possible role of the direct injection of > 100 keV energetic
electrons, even if the auroral electrons were predomi-
nantly soft, because the flux of such energetic electrons
would be significantly lower than the auroral electrons,
and their impact on the auroral emission is negligible.

More specifically, the echo enhancements at altitudes
<70 km were confirmed at only two successive time inter-
vals, specifically 22:21:26-22:22:47 UT and 22:24:44—
22:26:05 UT. In the next time frame of 22:28:02-22:29:23
UT, the echo enhancement disappeared at altitudes
<70 km. The signals were clearer at the zenith, and in
south/east beams (i.e., poleward beams) compared with
those associated with the north/west beams, where auro-
ral emission is also intensified, which was observed in
all-sky images (Additional file 1: Movie A1). The altitude
range of the transient echo enhancement was found to be
broader than the narrow echo band noted during the pul-
sating auroras.

The imaging riometer at Syowa Station observed cos-
mic noise absorption during the auroral breakup, thus
providing additional evidence to support the PANSY
radar observations associated with the mesospheric
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Fig. 1 North—south intensity profiles of the hard-electron aurora at 670 nm and the soft-electron aurora at 845 nm as observed by the meridian
scanning photometer at Syowa Station (top two panels). A single north (0°) to south (180°, poleward) scan takes 10 s. The middle panel shows the
ratio between the intensities of 670 nm and 845 nm. The bottom two panels show the estimated characteristic energy and total energy flux of

auroral electrons as estimated from the two wavelengths (Ono 1993; Ono and Morishima 1994)
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Fig. 2 Altitude profiles of the echo power enhancement as
observed by the PANSY radar, Syowa Station. From top to bottom,
the directions of the five beams are the zenith, north, east, south, and
west, respectively, at a zenith angle of 10°. The beam width is ~1°.
The altitude range resolution is 0.6 km, and the temporal resolution
is ~4 min
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ionization (Fig. 3). Relatively weak ionizations were also
detected during the 1.5-h time period of pulsating auro-
ras. The bottom two panels of Fig. 3 show the in situ
observation of energetic particles made by the high-
energy electron experiments (HEP) (Mitani et al. 2018)
and extremely high-energy electron experiment (XEP)
(Higashio et al. 2018) onboard the Arase satellite. There
is a clear signature of rapid flux enhancement of several
hundred keV electrons observed by the HEP and XEP
instruments that match the timing of the spike identified
in the riometer data. Therefore, the flux enhancement of
energetic electrons is likely to be one of major causes of
the transient mesospheric ionization if these electrons
precipitate into the atmosphere. The possibility of the
flux enhancement of energetic electrons is quantitatively
discussed later in this paper.

Figure 4 presents the in situ observations of the plasma
waves detected by the high-frequency analyzer (HFA) and
onboard frequency analyzer (OFA) of the plasma wave
experiment (PWE) onboard the Arase satellite (Kasaba
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et al. 2017; Kasahara et al. 2018; Kumamoto et al. 2018;
Matsuda et al. 2018; Ozaki et al. 2018) for the same 2-h
time interval from 2200 to 2400 UT on June 30, 2017. The
yellow and magenta lines represent the electron-gyro fre-
quency and half-gyro frequency, respectively. For the 2-h
period, the footprint of the Arase satellite passed through
the eastern side of the field of view of the all-sky cameras
from low latitude to high latitude. It is important to note
that possible errors associated with the footprint map-
ping by the IGRF model can be as much as a few degrees,
as evaluated from the T96 (Tsyganenko 1996) and TO04s
(Tsyganenko and Sitnov 2005) models during this event
(Additional file 2: Figure A1).

Broadband noise was observed during the auroral
breakup from ~2220 to 2230 UT, while continuum emis-
sions from the plasmapause were observed during the pul-
sating auroras from ~ 2230 to 2400 UT. Note that the Arase
satellite traversed across the plasmapause at L=6.6 at
~2150 UT, which was also detected by HFA (not shown),
implying that this event was observed just outside the plas-
mapause. The Arase satellite did not observe electromag-
netic ion cyclotron waves nor chorus waves during the 2-h
event.

Discussions

The mesospheric ionization is quantitatively evaluated
using PHITS (Sato et al. 2018). The following hypothesis
is proposed as an explanation for the transient ionization
of the mesosphere. Note that X-rays are emitted from the
soft auroral electrons of <10 keV by bremsstrahlung emis-
sion at an altitude of ~100 km, and these X-rays can pen-
etrate deep into the mesosphere and deposit their energy.
Altitude profiles of the local auroral energy deposition due
to electrons and X-rays can be calculated by well-estab-
lished methods (Rees 1964; Berger and Seltzer 1972; Luh-
mann 1977). In this paper, we use PHITS (Sato et al. 2018)
to simulate three ionization models, including the auroral
breakup model A (soft electrons and high flux), the pulsat-
ing aurora model B (hard electrons and low flux), and the
energetic electron model C. In this study, the MSISE-90
model (Hedin 1991) was employed for simulating the neu-
tral atmosphere over Syowa Station at 2200 UT on June 30,
2017.

The ratio of 845/670, apparent tall curtain shape, rapid
motion, and timing near the substorm onset led to the
assumption of relatively broadband electron spectra, which
is represented by the wave aurora (Mende et al. 2003) or
broadband electrons often associated with broadband
noise (Newell et al. 2009). Therefore, for model A, we
assumed a Gaussian energy spectrum with characteristic
energy E_ of 2.5 keV (Strickland et al. 1993) and a relatively
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Fig. 3 Cosmic noise absorption event at 2225 UT on June 30, 2017, as observed by the imaging riometer at Syowa Station. The observation
frequency was 38.2 MHz. The beam direction is toward the zenith and the beam width is approximately 10°. The data are running averaged by an
8-s window to reduce random noise. The bottom panels show the omnidirectional flux of 82.5-109.5 keV and 0.5-0.6 MeV electrons, as observed by

wide Gaussian width W of 0.75 E_. The pitch-angle distri-
bution was assumed to be a beam with a 30° width from
the center, where the differential flux can be expressed by

Eq. (1).

E—E\?
Jdiscrete (E) = JTB%‘VEC exp <_< e > >1 (1)

where Q denotes the total energy flux.

On the other hand, pulsating auroras typically have a
harder spectrum, which is also supported by the 845/670
ratio (Fig. 2). For model B, an energy spectrum of a kappa
distribution (Frahm et al. 1997) was assumed with a peak
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Fig. 4 Electromagnetic wave activity in the magnetosphere as observed by the Arase satellite for the 2-h time interval from 2200 to 2400 UT on
June 30, 2017, when the footprint passed through the field of view of the all-sky cameras at Syowa Station

energy E, of 1 keV and a kappa parameter x =8, consider- .
ing a high-energy tail in addition to Maxwell distribution Fifiuse (E) = Q El1 E N\
(Strickland et al. 1993). The pitch angle distribution was diffuse’™) = ZnEg

assumed to be isotropic in the downward hemisphere,

and the differential flux can be expressed by Eq. (2).

kEp
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Fig. 5 Incident electron energy spectra (left) and their ion production rate in the atmosphere (right) over Syowa Station obtained from the PHITS
simulation. The red lines represent broadband electrons associated with discrete auroras in model A, the blue lines represent the diffuse pulsating
auroras in model B, and the black lines represent the energetic electrons in model C. Peak HEP and XEP omnidirectional flux values are depicted by
diamonds. The contributions of X-rays are shown by dotted lines

Figure 5 shows the results obtained from PHITS simu-
lation for models A and B. The ionization levels for a typi-
cal total energy flux of 1 mW m~2 are shown for model B,
and those for 10 mW m ™2 are shown for model A. Direct
ionization by electrons with ~ 100 keV energy can be seen
at 80 km altitude for model B. Note that X-ray ionization
of model A is comparable to or even higher than electron
ionization of model B at an altitude of 65-80 km. As a
useful reference, some other simulation results are also
presented in the Additional file 3 (Figure A2) with differ-
ent parameters.

Then, the resultant riometer response was calculated
to quantitatively test the above hypothesis. We calcu-
lated the cosmic noise absorption by the formulation
of 4.6 x107° vo~% ¢*° a7%% dB m™}, where ¢ is the ion
pair production rate. The recombination coefficient a
was obtained from Gledhill (1986), and the collision fre-
quency v was obtained from Aggarwal et al. (1979). The
observation frequency o of the riometer was 38.2 MHz.
The height integrated intensities of cosmic noise absorp-
tion were estimated to be only 0.016 dB and 0.005 dB
for models A and B, respectively, which are an order of
magnitude smaller than the observed values, as shown
in Fig. 3. From the above results, we expect an order of
magnitude larger ionization than those of the soft and

hard auroral electrons to take place in the mesosphere
during the event investigated in this study.

Here we introduce model C to evaluate the possible
role of precipitating energetic electrons. The differential
flux of the power law distribution can be expressed using
Eq. (3),

Q

o v —DETET 3)

fburst(E) =
where Q denotes the approximate downward total energy
flux. For simplicity, we assumed a lower energy cutoff
E, of 100 keV, and set the maximum energy cutoff at
1000 keV. To roughly fit the omnidirectional electron flux
of HEP and XEP, the possible maximum total energy flux
Q of 0.3 mW m~2 was assumed for three different power
law indices y of 3.5, 4.0, and 4.5.

The result of the PHITS simulation for model C is
represented by the black lines in Fig. 5b. Comparing
model C to models A and B, ionization that was 2-3
orders of magnitude larger was obtained at an altitude
of 50-80 km. The integrated cosmic noise absorption
intensity of model C was 0.053 dB, which represents a
more reasonable value to explain the riometer observa-
tions. Additional contributions from the omitted popula-
tions of less energetic electrons <100 keV, which cannot
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reach to a 65 km altitude, can fill the gap of simulated and
observed cosmic noise absorption intensities. Based on
the above PHITS simulations, we concluded that the pre-
cipitation of energetic electrons of >100 keV, rather than
X-rays from the auroral electrons, played a dominant role
in the transient and deep mesospheric ionization during
the auroral breakup.

The possible cause of the precipitation of energetic
electrons is discussed as follows. The possible pitch
angle scattering of energetic electrons > 100 keV from
the inner magnetosphere is generally attributed to
either electromagnetic ion cyclotron waves or chorus
waves (e.g., Miyoshi et al. 2008, 2015). However, the
Arase satellite did not observe electromagnetic ion
cyclotron waves or chorus waves. In general, electro-
magnetic ion cyclotron waves should be found in the
equatorial region. By contrast, the resonance energy of
chorus waves depends on the off-equatorial magnetic
latitude in the magnetosphere, and even MeV elec-
trons can precipitate into the atmosphere when the
chorus waves propagate at higher latitudes (Horne and
Thorne 2003; Miyoshi et al. 2015). It is also possible
that during this particular event the Arase satellite was
not in the correct position to observe the chorus wave
activity. Meredith et al. (2012) conducted a statistical
survey of chorus waves using multiple satellites and
found that between magnetic latitudes of 15°~30° on
the nightside, chorus intensities drop off significantly
compared to those in the equatorial region. Chorus
waves that reach higher latitudes were found to be
restricted to dayside. Thus, it is possible that the Arase
satellite was outside of the region where one would
expect to see the chorus waves or electromagnetic ion
cyclotron waves.

Finally, we briefly discuss the transient timescale
of the appearance and disappearance of the echo, as
shown in Fig. 2. Note that both the horizontal and
vertical appearance and disappearance of radar ech-
oes in the wintertime mesosphere have been known
to depend on a complex interplay of both ionizing
sources and possibly turbulence, in addition to non-
ionizing radiation, such as daylight, ion-chemistry and
the charging behavior of dust or smoke layers (Kirk-
wood 2007; Liibken et al. 2006; Kirkwood et al. 2015;
Nishiyama et al. 2018). It is important to note that dur-
ing the present spike event the deep ionization disap-
peared rather quickly. At a nighttime altitude of 65 km,
the recombination rate was 107° m® s~! (Friedrich
et al. 2004), and the electron density from the results
of model C was on the order of 10’ m ™. Therefore, the
timescale is ~ 10% s, which is consistent with the spike
appearance. However, the estimated electron density
at 65 km was not large enough by itself to generate
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detectable mesospheric echoes (Liilbken et al. 2006;
Nishiyama et al. 2018). Therefore, the observed tran-
sient echo seems to have been caused by ionization due
to electron precipitations and strong neutral turbulence
and/or meteor smoke particles. Unfortunately, we have
no mesospheric wind information during this period,
and a vertical wind profile behind the echo layer cannot
be examined. Ion-chemistry, including charging behav-
ior of meteor smoke particles, also plays an important
role in forming mesospheric echo layers in the VHF
range. Electron density variations related to dust and
smoke particles, especially during geomagnetically dis-
turbed periods, should be taken into account in future
research efforts.

Conclusions

The transient mesospheric ionization was identified at an
altitude of around 65-70 km over Syowa Station during
the auroral breakup that occurred from 2220 to 2226 UT
on June 30, 2017, when the footprint of the Arase satellite
was located close to Syowa Station. Instruments onboard
the Arase satellite observed the rapid flux enhancement
of several hundred keV electrons at the same time. Such
energetic electrons, which represent a different popula-
tion from auroral electrons, precipitated to transiently
ionize the deep mesosphere during the auroral breakup.

Additional files

Additional file 1: Movie A1. Panchromatic all-sky images obtained from
the Electron-Multiplying Charge Coupled Device (EMCCD) camera at
Syowa Station. Magnetic north is at the top, and magnetic east is to the
right. The original sampling rate was 100 frames s~', and all the images
were averaged every 0.1 s to reduce the effective time resolution and
random noise. The movie plays at 100 averaged images per second. The
PANSY radar’s beam positions of local zenith, geographic north, east,
south, and west are shown by an asterisk, a triangle, a square, the plus
sign, and the cross sign, respectively.

Additional file 2: Figure A1. Footprints of the Arase satellite over the
all-sky field of view of Syowa station on June 30, 2017. The IGRF model
(black), T96 (magenta), and T04s (blue) models were used for the magnetic
field tracing from the Arase satellite to an altitude of 100 km. The field of
view is shown for the emission height of 100 km, with an elevation angle
of 15°.

Additional file 3: Figure A2. lon production rate in the atmosphere

over Syowa Station as obtained from the PHITS simulation, changing the
electron spectral parameters of Gaussian width W, k, and y for models A, B,
and C, respectively.
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