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Abstract We present the first and direct comparison between magnetospheric plasma waves and polar
mesosphere winter echoes (PMWE) simultaneously observed by the conjugate observation with Arase
satellite and high‐power atmospheric radars in both hemispheres, namely, the Program of the
Antarctic Syowa Mesosphere, Stratosphere, and Troposphere/Incoherent Scatter Radar at Syowa Station
(SYO; −69.00°S, 39.58°E), Antarctica, and the Middle Atmosphere Alomar Radar System at Andøya
(AND; 69.30°N, 16.04°E), Norway. The PMWE were observed during 03–07 UT on 21 March
2017, just after the arrival of corotating interaction region in front of high‐speed solar wind stream. An
isolated substorm occurred at 04 UT during this interval. Electromagnetic ion cyclotron (EMIC)
waves and whistler mode chorus waves were simultaneously observed near the magnetic equator and
showed similar temporal variations to that of the PMWE. These results indicate that chorus waves
as well as EMIC waves are drivers of precipitation of energetic electrons, including relativistic
electrons, which make PMWE detectable at 55‐ to 80‐km altitude. Cosmic noise absorption measured
with a 38.2‐MHz imaging riometer and low‐altitude echoes at 55–70 km measured with an
medium‐frequency radar at SYO also support the relativistic electron precipitation. We suggest a
possible scenario in which the various phenomena observed in near‐Earth space, such as magnetospheric
plasma waves (EMIC waves and chorus waves), pulsating auroras, cosmic noise absorption, and
PMWE, can be explained by the interaction between the high‐speed solar wind containing corotating
interaction regions and the magnetosphere.

1. Introduction

Energetic electron precipitation during geomagnetic disturbances plays a key role in coupling between near‐
Earth space and the polar atmosphere. The energetic electrons penetrate the upper atmosphere and deposit
energy through ionization, dissociation, and excitation of atmospheric constituents. They cause auroral
optical emissions in the ionospheric E region at an altitude of 90–150 km (corresponding to precipitation
of electrons with energy E of several to several tens of kiloelectron volts), absorption of cosmic radio noise
in the ionospheric D region at 60–90 km (E of several tens to several hundreds of kiloelectron volts), and
backscatter radar echoes from the mesosphere at 50–80 = km (E of several tens of kiloelectron volts to
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• The temporal variation of the chorus
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both hemispheres
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several megaelectron volts; cf., Figure 4a in this paper; S. Kasahara, Miyoshi, et al., 2018; Miyoshi et al., 2010;
Miyoshi, Saito, et al., 2015; Nishimura et al., 2010; Nishiyama et al., 2018; Tanaka et al., 2005). In particular,
special attention has been paid to the precipitation of relativistic electrons with E greater than 500 keV
because they reach an altitude lower than 70 km. There they increase concentrations of nitric oxides
(NOx) and hydrogen oxides (HOx), which deplete the ozone layer in the stratosphere through catalytic cycles
directly or indirectly after downward transport during the polar winter (Kirkwood, Osepian, Belova, Urban,
et al., 2015; Shinnhuber et al., 2012; Thorne, 1977; Turunen et al., 2016).

Themajor candidatemechanism for relativistic electron precipitation (REP) is pitch angle scattering of trapped
energetic electrons due to interaction with plasma waves in the magnetosphere. Such waves include electro-
magnetic ion cyclotron (EMIC)waves in a frequency range from 0.1 to 5Hz and very low frequency (VLF) band
waves with a frequency between several hundreds of hertz and 10 kHz, such as whistler mode chorus waves.
EMICwaves have been identified as a potential driver of the precipitation of not only energetic ionswith energy
of tens of kiloelectron volts (e.g., Lyons & Thorne, 1972; Ozaki et al., 2016) but also relativistic electrons with
energy of sub–megaelectron volts or greater than 1 MeV (Miyoshi et al., 2008; Ozaki, Shiokawa, Miyoshi,
Kataoka, et al., 2018; Thorne &Kennel, 1971). EMICwaves excited in the equatorial magnetosphere propagate
along the field line to the ionosphere and are observed as Pc 1 geomagnetic pulsations on the ground (Saito,
1969). Simultaneous observations of REPwith EMICwaves and/or Pc 1 pulsations have been reported by some
case studies (e.g., Miyoshi et al., 2008) and statistical studies (e.g., Hendry et al., 2017).

On the other hand, debate continues on whether chorus waves are responsible for REP because of a lack of
observational evidence. It has been revealed that chorus waves can precipitate electrons with energy of sev-
eral tens of kiloelectron volts that cause pulsating aurora as well as to a few hundreds of kiloelectron volts
(S. Kasahara, Miyoshi, et al., 2018; Miyoshi et al., 2010, Miyoshi, Saito, et al., 2015; Nishimura et al., 2010;
Ozaki, Shiokawa, Miyoshi, Hosokawa, et al., 2018). Miyoshi, Oyama, et al. (2015) demonstrated by observa-
tion with European Incoherent Scatter Tromsø very high frequency (VHF) radar that electron density
increased at altitude as low as 68 km in association with pulsating aurora, and such a low‐altitude ionization
can be explained by the precipitation of energetic electrons with E up to at least 200 keV, which were preci-
pitated by the interaction with lower band chorus (LBC) waves. Since chorus waves occur commonly in the
magnetosphere over a wide range of longitudes from midnight to noon during substorms, the impact of
chorus wave‐driven REP on the deep atmosphere is significant (Turunen et al., 2016).

In order to investigate the drivers of REP, we compare magnetospheric plasma waves with polar mesosphere
winter echoes (PMWE). PMWE are observed in the polar mesosphere between 50 and 80 km with VHF
(30–300MHz) radars duringwinter periods (from September toMarch in theNorthernHemisphere and from
March to September in the Southern Hemisphere; Kirkwood, 2007; Latteck & Strelnikova, 2015; Nishiyama
et al., 2015). They are often observed when electron density in the mesosphere is highly enhanced by ener-
getic proton precipitation during solar proton events or energetic electron precipitation during substorms
(Kirkwood et al., 2002; Nishiyama et al., 2018). PMWE are mainly detected in daytime and not in nighttime
because of the reduction in electron density due to the recombination and the increase in electron diffusivity,
which is caused by the attachment of electrons to formnegative ions, in nighttime. Polarmesosphere summer
echoes (PMSE), which are very strong radar backscatters from the polarmesosphere at 80–90 kmduring sum-
mer, have been studied by a large number of observational and theoretical studies since 1980s, and it is widely
accepted that PMSE are caused by a combination of neutral turbulence and charged ice particles (see Rapp &
Lübken, 2004). On the other hand, PMWE have been less noticed and still poorly understood because they
are much weaker and therefore less frequently observed than PMSE.

PMWE are coherent Bragg scattering from the mesosphere. The Bragg condition requires fluctuations in
refractive index, which is mainly given by the electron number density in themesosphere, on the scale of half
the radarwavelength (~3m for VHF radars used in this study). The plausiblemechanism creating such small‐
scale structures of electron density is neutral atmospheric turbulence, which is induced by wind shear or
associated with breaking of atmospheric gravity waves (Balsley et al., 1983; Belova et al., 2005;
Czechowsky et al., 1989; Lübken et al., 2006). Combined observation with in situ rocket and VHF radar
demonstrated that some of PMWE events could be attributed to strong neutral turbulence and high electron
density (Lübken et al., 2006). However, some radar observations showed that PMWE could not be reasonably
explained by the turbulence only. Kirkwood et al. (2006) suggested that such PMWE are caused by scatter
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from evanescent ion acoustic waves associated with reflection of infrasonic waves at wind shears or tempera-
ture inversions. Furthermore, due to analogy with PMSE, it has been discussed whether charged dust parti-
cles exist in the PMWE layers, although the temperature in the winter mesosphere is too high to form ice
particles. Some artificial heating experiments clarified the overshoot effect on PMWE after heater turnoff,
which indicates the presence of charged dust particles (Belova et al., 2008; La Hoz & Havnes, 2008).

We conducted simultaneous observations with the Arase satellite, which was launched in December 2016
(Miyoshi et al., 2018) and well‐coordinated ground‐based instruments in the Northern and Southern
Hemispheres. The main period of interest is 02:00–07:00 UT on 21 March 2017, just after the arrival of cor-
otating interaction region (CIR), during which Arase was in the equatorial magnetosphere on the morning
side (cf., Figure 4b). If REP is due to plasma waves near the equatorial magnetosphere, it should affect both
hemispheres. An advantage of this study is mesospheric observations with two high power VHF radars,
namely, the Program of the Antarctic Syowa Mesosphere, Stratosphere, and Troposphere/Incoherent
Scatter Radar (PANSY; Sato et al., 2014) in the Southern Hemisphere and the Middle Atmosphere Alomar
Radar System (MAARSY; Latteck et al., 2012) in the northern hemisphere.

The PANSY radar is a mesosphere‐stratosphere‐troposphere radar installed at Syowa Station (SYO;
−69.00°S, 39.58°E), Antarctica, with an operating frequency of 47 MHz and a large peak power (~520
kW). It consists of an active phased array of 1,045 Yagi antennas, which forms a large antenna aperture
(about 180,000 m2). As of August 2019, the radar had been in full and continuous operation since late
September 2015, using five beams, that is, local zenith, geographic north, east, south, and west with a zenith
angle of 10°. The range resolution is 600 m, and the temporal resolution is about 4 min, including the obser-
vations in both the mesospheric and tropospheric‐stratospheric modes. The MAARSY is also a mesosphere‐
stratosphere‐troposphere radar at Andøya (AND; 69.30°N, 16.04°E), Norway. The system is composed of an
active phased antenna consisting of 433 array elements and an identical number of transceiver modules. The
operational radar frequency is 53.5 MHz, and the maximum peak power is approximately 800 kW. The 433
antennas arranged in an equilateral triangle grid structure form a nearly circular antenna array with an
aperture of ~6,300 m2 and a symmetric beam of 3.6° (full width at half power). During winter 2016/2017
MAARSY was operated in a combined tropospheric/mesospheric mode with a range resolution of 300 m
and a temporal resolution of about 2.5 min for the experimental sequence.

2. Results

Magnetospheric plasma waves and PMWE were observed under the following ideal conditions. First, the
Arase footprints were close to SYO, Antarctica, and Husafell (HUS; 65.67°N, −21.03°E), Iceland, which
are a rare pair of geomagnetic conjugate stations. Figure 1 shows the Arase footprints at 100‐km altitude
in the Northern and Southern Hemispheres during the period 03:00 to 07:00 UT on 21 March, which
were calculated with the Tsyganenko and Sitnov TS04 model (Tsyganenko & Sitnov, 2005). Second, var-
ious phenomena were sufficiently quiet before the arrival of the CIR to make the relationship between
them clear. Figure 2 exhibits the relationship between solar wind speed, geomagnetic variation, and
PMWE observed at SYO during the period from 17 to 31 March. The geomagnetic activity and PMWE
power at 55–80 km were weak before the arrival of the high‐speed solar streams (HSS) and increased
after 21 March. Third, since it was the equinox, the PMWE observed only during winter were detected
in both hemispheres.

Figure 3 shows solar wind and geomagnetic conditions during the period from 20 UT on 20 March to 16 UT
on 21 March. During this period, the solar wind speed increased from 300 to 600 km/s (Figure 3a) and the
CIR at the leading edges of HSS arrived. Typical CIR characteristics were observed, such as enhanced solar
wind dynamic pressure (Figure 3d) and a highly fluctuating north‐south component of the interplanetary
magnetic field (Figure 3c) (Crooker & Cliver, 1994; Kataoka & Miyoshi, 2006; Richardson et al., 2006;
Tsurutani et al., 1995). These solar wind disturbances gave rise to magnetospheric compression and an
isolated substorm, which was identified by the enhancement in AE index (Figure 3e).

Figures 4c–4i show the relation between magnetospheric plasma waves and ionospheric and mesospheric
phenomena in both hemispheres. An isolated substorm started at 04:00 UT, as indicated by the negative
bay‐shaped variation in the northward component of the magnetic field at SYO and Pi 2 pulsations in the
band‐pass filtered (40–150 s) magnetic field (Figure 4i). The negative bay magnetic variation was due to
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the westward auroral electrojet current in the ionosphere. Two types of plasma waves were detected in the
magnetosphere: upper band chorus and LBC waves in the frequency range of 0.3–4.0 kHz during
04:45–07:00 UT (Figure 4e), corresponding to the recovery phase of the substorm, and intermittent EMIC
waves at 0.2–0.5 Hz during 02:30–04:45 UT, including the interval before the substorm onset (Figure 4f).
These waves were detected with the Onboard Frequency Analyzer of the Plasma Wave Experiment
(Y. Kasahara, Kasaba, et al., 2018, Matsuda et al., 2018; Ozaki, Yagitani, Kasahara, Kojima, et al., 2018)
and the Magnetic Field Experiment onboard Arase (Matsuoka et al., 2018), respectively. The local
cyclotron frequency was derived from the Magnetic Field Experiment data. The rising tone elements of
the chorus and EMIC waves were not observed during the period from 02:00 to 07:00 UT. As shown at
the top of the figure, we define interval (A) as the time before substorm onset (02:00–04:00 UT), interval
(B) as the time during which the enhancement of plasma waves was observed in the broad frequency
range of ULF, ELF, and VLF just after the onset (04:00–04:45 UT), and interval (C) as the time during
which chorus waves were observed (04:45–07:00 UT).

Figure 1. Arase footprints at 100 km over HUS, Iceland, and SYO, Antarctica, during the period from 03:00 to 07:00 UT on
21 March 2017, which were calculated using the Tsyganenko and Sitnov TS04 model. (a) The blue circle shows the field
of view of the all‐sky imager at HUS, calculated assuming a 70° zenith angle and 105‐km altitude. (b) The small red
circles around the center indicate the locations of the five Program of the Antarctic Syowa Mesosphere, Stratosphere,
and Troposphere/Incoherent Scatter Radar beams at 70 km (local zenith, geographic north, east, south, and west with a
zenith angle of 10°), and the blue crosses show the positions of the 8 × 8 beams of the 38.2‐MHz imaging riometer at 90 km
over SYO.
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Figure 2. Relationship between solar wind speed, geomagnetic variation, and PMWE observed at SYO from 17 to 31
March. (a) Solar wind speed. (b) Northward component of the magnetic field at SYO. (c) Mesospheric echo power for
the zenith beam of the Program of the Antarctic Syowa Mesosphere, Stratosphere, and Troposphere/Incoherent Scatter
Radar. The red vertical dashed line indicates the beginning of an isolated substorm (at 04:00 UT on 21 March).
PMWE = polar mesosphere winter echoes.

Figure 3. Solar wind parameters during the period from 20:00 UT on 20 March to 16:00 UT on 21 March 2017. The
horizontal arrow at the top shows the period that is the focus of this study. (a) Solar wind speed. (b) Proton density.
(c) Magnitude (Bt) and northward component (Bz) of the interplanetary magnetic field in the geocentric solar
magnetospheric coordinate system. (d) Dynamic pressure. (e) AE index, which is an indicator of the auroral activity
produced using geomagnetic field data from auroral latitudes. The solar wind data have been shifted in time to the bow
shock nose.
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In the Southern Hemisphere, an enhancement of cosmic noise absorption (CNA) in the ionosphere was
observed with the imaging riometer at SYO just after the onset (Figure 4g), which indicates precipitation
of electrons with E of several tens to several hundreds of kiloelectron volts (e.g., Tanaka et al., 2005 and their
references). The imaging riometer at SYO measures two‐dimensional distribution of CNA at a frequency of
38.2 MHz (Figure 1b). In Figure 4g, the CNA data from seven beams along the magnetic meridian, shown by
thick crosses in Figure 1b, were plotted. The data from the southernmost beams were not analyzed in this
study because the receiver for the beams was out of order. PMWE enhancement was simultaneously

Figure 4. Coordinated observation in multiple regions during 02:00–07:00 UT on 21March 2017. (a) Schematic of various phenomena observed in multiple regions
during 02:00–07:00 UT on 21 March. Plasma waves (electromagnetic ion cyclotron [EMIC] waves and chorus waves) in the magnetosphere were observed by
the Arase satellite. Pulsating auroras (PsA) in the ionospheric E region, cosmic noise absorption (CNA) in the ionospheric D region, and polar mesosphere
winter echoes (PMWE) in the mesosphere were observed from the ground in both hemispheres. (b) Summary of phenomena observed in the solar wind and the
magnetosphere. (c) Mesospheric echo power measured with the MAARSY radar at AND, Norway. (d) Auroral luminosity along the north‐south magnetic
meridian obtained with the all‐sky imager (ASI) at HUS, Iceland. (e) Dynamic spectrum of the magnetic field observed with the Onboard Frequency Analyzer
(OFA) of the Plasma Wave Experiment (PWE) onboard Arase. The location of Arase is shown under panel (i), where MLAT, MLT, and L mean magnetic latitude,
magnetic local time, and L value, respectively. The white lines in panel (e) show 0.1fce, 0.5fce, and 0.8fce from the bottom, where fce is the electron cyclotron
frequency. The magnitude of local magnetic field observed by Arase was used for the calculation. (f) Dynamic spectrum of the Z component of the magnetic
field in the Despun Sun sector Inertia coordinate obtained by the Magnetic Field Experiment (MGF) onboard Arase. This component travels along the satellite
spin axis and generally toward the Sun with a deviation of 1±5°. The white lines show the oxygen, helium, and proton cyclotron frequencies from the bottom.
(g) Cosmic noise absorption (CNA) observed with the imaging riometer (IRIO) at SYO, Antarctica. (h) Mesospheric echo power measured with the PANSY
radar at SYO. The result shown is the average of five beams. (i) Northward component of the magnetic field (black curve) at SYO and its data filtered in the
time range of 40–150 s (blue curve). MAARSY = Middle Atmosphere Alomar Radar System; PANSY = Program of the Antarctic Syowa Mesosphere,
Stratosphere, and Troposphere/Incoherent Scatter Radar.
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detected at 63‐ to 82‐km altitude with the PANSY radar at SYO and continued until 07:00 UT with temporal
variations (Figure 4h). The energy of incident electrons that caused the echoes observed at 63 km was
estimated to be ~500 keV by the calculation of the energy deposition rate using the MSIS‐E‐90
atmosphere model (Hedin, 1991; Jackman et al., 1980). Weak PMWE were also observed around 70 km at
03:00–04:00 UT during interval (A).

Correspondingmesospheric echoes were also detected with themedium‐frequency (MF) radar with an oper-
ating frequency of 2.4 MHz at SYO. Figure 5 shows some supplementary data sets obtained by the Arase
satellite and ground‐based observation at SYO during 02:00–07:00 UT on 21 March. The echo power
enhancement was observed with the MF radar at 55–70 km during 02:30–07:00 UT (Figure 5d), which are
normally not observed during quiet conditions. Figure 5e shows the eastward neutral wind velocity observed
by the MF radar at SYO. The black diamonds in this panel show the locations of PMWE, which were plotted
when the echo power of the PANSY radar was greater than −10 dB at altitudes lower than 82 km. Large ver-
tical shears in the horizontal wind velocity can be found at about 70 and 80 km, which substantially agree
with the layered PMWE structure observed with the PANSY radar.

In the Northern Hemisphere, the quiet auroral arc was still stable on the high‐latitude side of HUS, Iceland,
just after the substorm onset (Figure 4d). The quiet arc was gradually replaced by an eastward propagating
diffuse aurora that was elongated in the east‐west direction, and the diffuse aurora expanded both equator-
ward and poleward after 04:30 UT (Movie S1 in the supporting information). Pulsating auroras appeared

Figure 5. Supplementary data sets obtained by the Arase satellite and ground‐based observations during 02:00–07:00 UT
on 21 March. (a) Dynamic spectrum of the electric field obtained with the High Frequency Analyzer (HFA) of the Plasma
Wave Experiment onboard Arase. (b) Electron density at the Arase location derived from the upper‐hybrid resonance
frequency, which was obtained from the HFA spectrum data. (c) Dynamic spectrum of the north‐south component of
the induction magnetometer data at SYO, Antarctica. (d) Echo power detected by the medium‐frequency (MF) radar at
SYO with an operating frequency of 2.4 MHz. (e) Eastward neutral wind velocity observed by the MF radar at SYO.
Positive and negative values indicate eastward and westward, respectively. Black diamonds show the locations of polar
mesosphere winter echoes, which were plotted when the echo power of the Program of the Antarctic Syowa Mesosphere,
Stratosphere, and Troposphere/Incoherent Scatter Radar was greater than −10 dB at altitudes lower than 82 km.
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from 04:45 UT until the end of the optical observation, corresponding to interval (C). Previous studies have
found that pulsating auroras are caused by electrons with E of several tens of kiloelectron volts that are
precipitated by interaction with LBC waves (S. Kasahara, Miyoshi, et al., 2018; Nishimura et al., 2010).
After the auroral expansion, PMWE were observed at 57–75 km with the MAARSY radar at AND,
Norway (Figure 4c). We believe that this is the first time PMWE have been observed in both hemispheres
at exactly the same time. The PMWE observed at 57 km correspond to precipitation of relativistic electrons
with E ≈ 1 MeV.

We compare plasma wave and PMWE powers in Figure 6. All data plotted in this figure were averaged over 4
min to correspond to the sampling interval of the PANSY radar. The power of the UCB (red), LBC (black),
and EMIC (blue) waves was averaged over corresponding frequencies, that is, 0.5fce–0.8fce for upper band
chorus, 0.1fce–0.5fce for LBC, and 0.2–0.5 Hz for EMIC waves, where fce is the electron cyclotron frequency
(fce = eB/(2πm)). The magnitude of local magnetic field observed by Arase was used for this calculation.
The PMWE powers observed with the PANSY radar (black) and MAARSY radar (red) were averaged over
60–78 km for PANSY and 55–75 km for MAARSY. During interval (C), the PMWE powers in both hemi-
spheres show trends quite similar to that of the chorus wave power. To illustrate this, matching maximum
and minimum peaks are marked with green and purple arrows, respectively, in Figure 6. In addition, the
PMWE observed at SYO during interval (A) appear to be related to the EMIC waves. During this interval,
Pc 1 pulsations were also observed with the induction magnetometer at both SYO and HUS at frequencies
of 0.2–0.5 Hz (see Figure 2 in Shiokawa et al., 2018, and Figure 5c), which is consistent with the dominant
frequency of the EMIC waves observed by Arase.

3. Discussion

Our observational results are summarized as follows:

1. We observed the PMWE by the PANSY and MAARSY radars in the both hemispheres and EMIC waves
and whistler mode chorus waves by Arase near the magnetic equator of the morningside magnetosphere
at 03–07 UT on 21 March 2017, during the passage of the CIR.

Figure 6. Comparison between magnetospheric plasma wave and PMWE powers. All data were averaged over 4 minutes
to correspond to the sampling interval of the PANSY radar. (a) Power of the UCB (red), LBC (black), and EMIC (blue)
waves averaged over corresponding frequencies (0.5fce–0.8fce for UBC, 0.1fce–0.5fce for LBC, and 0.2–0.5 Hz for EMIC
waves). The units of the averaged wave power are nT2/Hz for the EMIC waves and pT2/Hz for chorus waves, respectively.
(b) PMWE powers observed with the PANSY radar (black) and MAARSY radar (red) averaged over mesospheric
altitudes (60–78 km for PANSY and 55–75 km for MAARSY). PMWE = polar mesosphere winter echoes; EMIC = elec-
tromagnetic ion cyclotron; LBC = lower band chorus; UBC = upper band chorus; PANSY = Program of the Antarctic
Syowa Mesosphere, Stratosphere, and Troposphere/Incoherent Scatter Radar; MAASRY = Middle Atmosphere Alomar
Radar System.
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2. During the expansion phase of the isolated substorm (interval [B]), during which Arase's footprints were
located near SYO and HUS, the enhancement of PMWEwas observed with the PANSY radar at SYO. The
broadband plasma waves were simultaneously detected in the equatorial magnetosphere. CNA was also
observed with the imaging riometer at SYO, which indicates the precipitation of energetic electrons with
energies of several tens to several hundreds of kiloelectron volts.

3. During the recovery phase of the substorm (interval [C]), PMWE were observed with the PANSY and
MAARSY radars in the both hemispheres and whistler mode chorus waves were detected in the magne-
tosphere. The temporal variations in the PMWE were similar to that of the chorus waves. Pulsating aur-
oras appeared at HUS simultaneously with the chorus waves.

4. During the interval (A) before the substorm onset, PMWE and EMIC waves were simultaneously
observed at SYO and Arase, respectively.

5. TheMF radar at SYO detected the low‐altitude echoes at 55–70 km intermittently during 02:30–07:00 UT,
which are not usually observed during quiet condition and may be associated with the enhancement in
the PMWE at SYO. The MF radar also detected large vertical shears in the horizontal wind velocity at
about 70 and 80 km, which substantially agreed with the layered PMWE structure observed with the
PANSY radar.

Item 1 indicates that the PMWE may be associated with the energetic electron precipitation during the pas-
sage of CIRs andHSS. It has been well known that the enhancement of radiation belt electrons occurs during
CIRs and HSS (Baker & Li, 2003; Miyoshi et al., 2013; Miyoshi & Kataoka, 2005, 2008). Meredith et al. (2011)
showed that the flux of both trapped and precipitating energetic electrons increases during HSS‐driven geo-
magnetic storms, in particular, the precipitating E > 30‐keV electron flux peaks in 2100–1200 MLT at 4 < L
< 7 and in the prenoon sector at 7 < L < 9. Kirkwood, Osepian, Belova, and Lee (2015) have reported that
PMWE are closely related to the arrival of HSS, with PMWE appearing at heights as low as 56 km and per-
sisting for up to 15 days after the HSS arrival. Similar PMWE enhancement after the arrival of CIRs and HSS
was observed for the event analyzed in this study (Figure 2). This case study clarified that the process of
plasma wave‐particle interaction interposes between the arrival of CIRs and PMWE.

Regarding Item 5, the rough coincidence of the large wind shears with the PMWE layers implies that the
PMWEwere caused by the neutral turbulence due to the neutral wind shears. Since we do not have the mea-
sured values of neutral parameters and electron density needed to estimate the radar reflectivity, which are
responsible for the temporal variation of the PMWE, we discuss the generation mechanism of the PMWE
qualitatively only. The enhancement of the PMWE were probably triggered primarily by the energetic elec-
tron precipitation from the magnetosphere for the following reasons: (1) The PMWE were accompanied by
CNA that is the indicator of the energetic electron precipitation just after the substorm onset (Item 2). (2)
The PMWE showed the similar temporal variation to the magnetospheric plasma waves (Items 3 and 4).
(3) The enhancement in the PMWE occurred in the both hemispheres (Item 3). It is interpreted that neutral
turbulence layers had existed in the mesosphere due to the wind shears before the energetic electron preci-
pitation; however, the echo power was not large enough to be detected because of low electron density.
Then, the energetic electron precipitation caused the electron density enhancement in the mesosphere
and finally the PMWE became detectable at the turbulence layers.

As for Item 2, our results are similar to those from recent PANSY radar observations. Nishiyama et al. (2018)
have shown some good examples of PMWE and CNA simultaneously observed in the daytime during
substorms. Kataoka et al. (2019) reported that the mesosphere echoes were observed at 65–70 km during
the premidnight auroral breakup in association with CNA in the ionosphere and broadband noise in the
magnetosphere. In this study, it was deduced from the PMWE observed at 63–8 km that the energetic
electrons with E up to 500 keV were precipitated during the substorm expansion phase. Furthermore, the
low‐altitude echoes detected with the MF radar indicate the precipitation of more energetic electrons with
E up to about 1 MeV (Item 5).

During the interval (B), a clear two‐step geomagnetic variation was observed in the northward component at
SYO and also at HUS and AND (not shown here). The first gradual negative variation that started around
04:00 UT is associated with the expansion phase onset of the substorm. The second rapid negative variation
started around 04:23 UT at SYO and 04:26 UT both at HUS and AND and reached minimum around 04:43
UT at SYO, 04:46 UT at HUS, and 04:45 UT at AND (Figure 4i). Quiet auroral arc at HUSwas located around
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northern horizon during the first step, and the eastward and equatorward expansion of the diffuse aurora
was observed during the second step. The rapid negative bay variation during the second step, corresponding
to the intensification of the westward ionospheric current, can be explained by the enhancement in the iono-
spheric conductivity due to the auroral precipitation and/or the enhancement in the equatorward electric
field. Since the negative bay variation was observed synchronously with the equatorward spread of the
auroral precipitation region, the contribution of the conductivity enhancement should be significant. In
addition, the observed eastward drift of the diffuse aurora is also consistent with the equatorward electric
field. The eastward and equatorward expansion of the diffuse aurora suggests the development of magneto-
spheric convection. It is inferred that the development of the magnetospheric convection caused a shrinkage
of the plasmasphere, which resulted in the exit of Arase from the plasmasphere around 04:45 UT. The simi-
lar magnetic variation between SYO, HUS, and AND during the second step implies that such an eastward
and equatorward expansion of aurora region observed at HUS occurred almost simultaneously both at SYO
and AND. On the other hand, PMWE during the interval (B) were enhanced only at SYO. This suggests that
the energetic electrons were precipitated only in the Southern Hemisphere during the interval (B), and the
precipitating electrons were originated from the inner magnetosphere well earthward from the inner edge of
the plasma sheet (source region of the auroral particles), possibly, from the radiation belt. Such a north‐
south asymmetry of the energetic electron precipitation may be caused by the difference of the geomagnetic
field intensity between SYO and AND (Torr et al., 1975). The magnitude of the magnetic field at 100‐km alti-
tude over SYO and AND calculated by the IGRF model is about 41,300 and 51,000 nT, respectively.

Item 3 strongly suggests that the chorus waves caused the REP (up to ~1MeV) that leads to the PMWE. There
had hardly been clear observational evidence that the chorus waves cause REP. Recently, Breneman et al.
(2017) reported a case study where relativistic electron microbursts with energies from 220 keV to 1 MeV
were observed simultaneously with whistler mode chorus waves near L = 5.6 and MLT = 10.5 during the
recovery phase of a geomagnetic storm. Our results from simultaneous satellite and ground‐based observa-
tions support that chorus waves can cause REP even for normal substorms that occurred during non–storm
time period. It is remarkable that the PMWE occurred almost simultaneously both at SYO and AND during
the interval (C), and furthermore, the temporal variation of the PMWE observed at ANDwas quite similar to
that of the chorus waves, in spite of the large longitudinal separation from the Arase footprints. It is inter-
preted that chorus waves were generated through cyclotron resonance with anisotropic electrons between
a few and tens of kiloelectron volts, which were injected from the nightside plasma sheet and drifted dawn-
ward during the substorm (e.g., Miyoshi et al., 2013). The nonlinear growth of the chorus waves due to the
energetic electrons was described by the theoretical and simulation study by Omura and Nunn (2011).
Such a high correlation of VLF waves between SYO and AND has been reported by ground‐based observa-
tions (Yamagishi, 1989). Yamagishi (1989) demonstrated by the numerical simulation that the simultaneous
observation of theVLFwave packets between SYOandAND can be explained by the spread of the raypaths of
the VLF waves as they travel from the magnetosphere to the ionosphere.

In order to examine whether the observed chorus waves can resonate with the relativistic electrons, we
estimated the resonance energy (Eres) of electrons interacting with the observed LBC waves, according to
Miyoshi, Oyama, et al. (2015). The relativistic Doppler‐shifted cyclotron resonance condition is given by

ω−k==v== ¼ Ωej j
γ

; (1)

whereω, k//, v//,Ωe, and γ are the wave's angular frequency, parallel wave number, parallel speed of the elec-

tron, electron cyclotron angular frequency, and Lorentz factor (γ ¼ 1− v2== þ v2⊥
� �

=c2
n o−1=2

), respectively

(Omura & Nunn, 2011). Under the cold plasma approximation, the dispersion relation of the whistler mode
waves that propagate along the field line is written by

k== ¼ ω
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ωpe

ω Ωej j−ωð Þ
r

; (2)

where ωpe and c are the electron plasma frequency and the speed of light. By substituting (2) to (1),
we estimated v// and subsequently Eres. Ωe and ωpe include the magnetic field intensity (B) and the
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electron density (Ne), respectively. B was obtained by using the Tsyganenko and Sitnov TS04 model, and
Ne was derived from the upper‐hybrid resonance (UHR) frequency, which was obtained by the High
Frequency Analyzer of the Plasma Wave Experiment onboard Arase (Figures 5a and 5b; Kumamoto et al.,
2018). The typical values of Ne outside the plasmasphere were from a few to 20 cm–3, and Ne was assume
to be constant along the field line (e.g., Miyoshi, Oyama, et al., 2015). Figure 7 shows Eres estimated
assuming that the resonance occurred at the magnetic equator and the angular frequency of the LBC
wave is between 0.1 |Ωe| and 0.5 |Ωe|. The estimated maximum values of Eres (at ω = 0.1|Ωe|) were about
10–100 keV at 04:45–07:00 UT (blue line). This can account for simultaneous detection on the pulsating
auroras and CNA. In fact, it has been reported that CNA absorption is overlapped with the pulsating aurora
(e.g., Grandin et al., 2017). However, Eres was too low to cause the low‐altitude PMWE. If LBC waves
propagate to higher latitudes and resonate with energetic electrons there, Eres increases with increasing
magnetic field intensity (Miyoshi et al., 2010; Miyoshi, Oyama, et al., 2015). We found that Eres became
close to 1 MeV if the resonance occurred at a magnetic latitude of 35° (green line)

As for Item 4, the PMWE observed at SYO during interval (A) can be related to electron precipitation due to
wave‐particle interaction with EMIC waves because there is no other candidate. Before 04:45 UT, Arase was
inside the plasmasphere (the plasmapause position is shown by a vertical thick arrow at the top of Figure 5),
in which the UHR frequency was around 100 kHz and Ne at Arase's location was estimated to be between 50
and 150 cm–3 from the UHR frequency. Our interpretation is that EMIC waves were generated inside the
plasmasphere by ring current ions (E ~ 1–300 keV) with temperature anisotropy. This anisotropy was caused
by magnetospheric compression due to increasing solar wind dynamic pressure during 01:00–06:00 UT
(Figure 3d; Olson & Lee, 1983). Such EMIC waves propagate along the field lines and are often observed
as Pc 1 pulsations on the ground. The EMIC waves and the Pc 1 pulsations shown in this paper have already
been analyzed by Shiokawa et al. (2018). They showed that the Pc 1 pulsations with a similar dominant
frequency were observed at subauroral latitudes over a wide local time range from midnight to afternoon
sectors (cf. Figure 4b). They also analyzed the high‐energy (1.0–1.2 MeV) electron fluxes in the radiation
belts measured by the extremely high energy electron experiments (Higashio et al., 2018) onboard Arase
and found the loss of radiation belt electrons at L > 5.3, which is consistent with the occurrence of
PMWE in this study. Kurita et al. (2018) also focused on the data obtained at 07:00–08:40 UT on the same
day by the Arase, Van Allen Probes, and ground‐based network observations and clearly demonstrated

Figure 7. Electron resonance energy in the lower band chorus (LBC) waves observed by Arase at 04:45–0:700 UT, which
was calculated with equations (1) and (2). We assumed that the LBCwaves were generated near the equatorial plane of the
magnetosphere, and the LBC wave frequency (ω) was between 0.1 |Ωe| (blue curve) and 0.5 |Ωe| (black curve). The
resonance energy calculated assuming that the LBC waves with f = 0.1|Ωe| propagated to higher latitudes and
resonated with electrons at a magnetic latitude of 35° was added to the figure (green curve).
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that the loss of megaelectron volt electron fluxes were induced by EMIC waves. It should be noted that there
is a possibility that Arase's footprints were far from SYO during the interval (A). Even in such a case, we spec-
ulate that the PMWE may be related to REP caused by the EMIC waves because the Pc 1 pulsations were
observed over a wide range of longitude (Shiokawa et al., 2018).

During interval (A), no PMWE was detected by the MAARSY radar at AND (Figure 4c). There are two pos-
sibilities for the absence of PMWE at AND. One is because the precipitation occurred in the nighttime before
the sunrise at AND. The PMWE are not usually observed in the nighttime because of low electron density in
the mesosphere (Kirkwood, 2007; Nishiyama et al., 2015). The sunrise time at AND is 03:22 UT at 70 km and
03:30 UT at 60 km, whereas the sunrise time at SYO is 01:58 UT at 70 km and 02:05 UT at 60 km. Thus, it is
deduced that the background electron density in the mesosphere at ANDwas not enough to reflect the back-
scatter echoes even when the energetic electrons were precipitated by the EMIC waves at 03:00–04:00 UT.
On the other hand, the background electron density in the sunlit mesosphere at SYO was high enough to
make the PMWE detectable. The other possibility may be the absence of atmospheric turbulence with spatial
scales of the radar half wavelength (~3 m) in the mesosphere at AND, as stated above. Such temporal varia-
tion in the turbulence causes the nonperfect correlation between the PMWE and plasma waves in Figure 6.

Our unique and comprehensive observational data sets are consistent with the following plausible scenario.
First, neutral turbulence layers were formed in the mesosphere by wind shear. The arrival of CIR in front of
HSS caused magnetospheric compression, followed by the generation of EMIC waves in the inner magneto-
sphere (Figure 4b(1)). The EMIC waves resonated with and precipitated energetic electrons and caused the
enhancement of the electron density in the mesosphere, resulting in PMWE at 03:00–04:00 UT. An isolated
substorm occurred at 04:00 UT during CIR passage, and energetic electrons were injected from the nightside
plasma sheet and drifted dawnward to generate the chorus waves (Figure 4b(2)). The chorus waves precipi-
tated energetic electrons including sub–megaelectron volt and megaelectron volt electrons into the polar
atmosphere by cyclotron resonance scattering, with propagation to higher latitudes along and across the
field lines. The energetic electron precipitation caused pulsating auroras in the E region ionosphere, CNA
in the D region ionosphere, and PMWE in the mesosphere.

4. Conclusions

We compared between the plasma waves and PMWE observed simultaneously by Arase and high‐power
atmosphere radars, the PANSY andMAARSY, on the ground in both hemispheres under the ideal condition
during the passage of CIR. The results showed an evidence that the whistler mode chorus waves as well as
the EMIC waves in the magnetosphere can drive the precipitation of energetic electrons, including relativis-
tic electrons, which makes the PMWE detectable at 55–80 km in both Northern and Southern Hemispheres,
even during non–storm time substorm. Since chorus waves occur commonly in the morningside magneto-
sphere during substorms, the impact on the atmosphere is significant. Therefore, it is necessary to investigate
the chorus‐driven REP statistically in future.

We also suggested that various phenomena observed in near‐Earth space, such as magnetospheric plasma
waves (EMIC waves and chorus waves), pulsating auroras, CNA, and PMWE, can be consistently explained
by the interaction between the high‐speed solar wind containing CIRs and the magnetosphere. CIRs are
main sources of geomagnetic disturbances during the declining phase of the solar cycle and solar minimum
(Kataoka & Miyoshi, 2006; Miyoshi & Kataoka, 2005; Richardson et al., 2006; Tsurutani et al., 1995);
therefore, this event is not rare but rather a common atmospheric response caused by interaction between
recurrent large‐scale solar wind structures and near‐Earth space.
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