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Abstract

Many studies have been conducted about the impact of energetic charged particles on the atmosphere during geomagnetically active times, while quiet time effects are poorly understood. We identified two energetic electron precipitation (EEP) events during the growth phase of moderate substorms and estimated the mesospheric ionization rate for an EEP event for which the most comprehensive dataset from ground-based and space-born instruments was available. The mesospheric ionization signature reached below 70 km altitude and continued for ~15 min until the substorm onset, as observed by the PANSY radar and imaging riometer at Syowa Station in the Antarctic region. We also used energetic electron flux observed by the Arase and POES 15 satellites as the input for the air-shower simulation code PHITS to quantitatively estimate the mesospheric ionization rate. The calculated ionization level due to the precipitating electrons is consistent with the observed value of cosmic noise absorption. The possible spatial extent of EEP is estimated to be ~8 h MLT in longitude and ~1.5° in latitude from a global magnetohydrodynamic simulation REPPU and the precipitating electron observations by the POES satellite, respectively. Such a significant duration and spatial extent of EEP events suggest a non-negligible contribution of the growth phase EEP to the mesospheric ionization. Combining the cutting-edge observations and simulations, we shed new light on the space weather impact of the EEP events during geomagnetically quiet times, which is important to understand the possible link between the space environment and climate.
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1 Introduction
A possible link between the space environment and climate exists when mesospheric ionization occurs due to sub-MeV/MeV electron precipitation, causing ozone depletion in the mesosphere (Miyoshi et al., 2021). These events are known as energetic electron precipitation (EEP) events (Clilverd et al., 2008; Cresswell-Moorcock et al., 2013; Seppälä et al., 2015; Miyoshi et al., 2015; Sivadas et al., 2017; Oyama et al., 2017; Tanaka et al., 2019). The approximate energies for electrons stopping at 65 km and 70 km of the mesospheric altitude are 300 keV and 200 keV, respectively. This study focuses on such low-altitude mesospheric ionization signatures during EEP events.
Substorm plays a major role in energizing electrons in the magnetosphere and precipitating the energetic electrons into the polar atmosphere (e.g., Jelly & Brice, 1967; Bailey, 1968; Pytte et al., 1976; Miyoshi et al., 2013; Jaynes et al., 2015; Ebihara & Tanaka, 2013). The characteristics and causes of EEP events vary depending on the substorm phase (Kirkwood & Eliasson, 1990; Ranta & Ranta, 1981). For example, during the recovery phase, whistler-mode chorus waves cause EEP events and the dominant ionization at D-region altitude reaching below 70 km altitude (Miyoshi et al., 2015a; Oyama et al., 2017) and resultant ozone depletion at the mesosphere (Miyoshi et al., 2021). Kataoka et al. (2019) reported that the mesosphere at ~65 km was transiently ionized during the expansion onset, although the associated magnetospheric plasma waves were not identified. Sivadas et al. (2019) reported a diffuse auroral arc and mesospheric ionization at an altitude of ~70 km during the substorm growth phase. They interpreted the deep ionization based on the pitch-angle scattering of energetic electrons by the field-line curvature (FLC) in the magnetotail because their observations showed the energy dispersion of the precipitating electrons, as expected from the proposed FLC scattering mechanism (Kirkwood & Eliasson, 1990; Imhof, 1988).
The impacts of EEP events on the atmosphere have been studied during geomagnetically disturbed periods, including the expansion and the recovery phase of the substorm (Goldberg et al., 1984; Baker et al., 1987; Pesnell et al., 1992; Tesema et al., 2020; Bland et al. 2021; Miyoshi et al., 2021). The atmospheric ionization during the growth-phase EEP events has also been reported (Rossberg, 1976; Ranta & Ranta, 1981; Jussila et al., 2004; McKay et al., 2018; Sivadas et al., 2019), whereas the magnitude of the impact of the growth-phase EEP events relative to those in the other phases of the substorm is still an open question.
The present study aims to evaluate the atmospheric impact of sub-MeV electrons during the substorm growth phase by taking a rare opportunity of a conjugate observation campaign between the Arase satellite and the PANSY radar at Syowa Station. Section 2 describes these instrumentations. In Section 3, simulation settings are briefly explained. We show the observation data and quantitative examination via the air-shower simulation in Section 4. The discussions follow in Section 5. Concluding remarks are summarized in Section 6.
2 Observations
2.1 Ground-based observations at Syowa Station
The PANSY radar, the Program of the Antarctic Syowa Mesosphere–Stratosphere–Troposphere/Incoherent Scatter radar, is located at Syowa Station in the Antarctic region (69.0°S, 39.6°E; CGMLAT = −66.5°). The radar has been in full and continuous operation since October 2015. The observation frequency is 47 MHz with five beams in the directions of the local zenith, geographic north, east, south, and west, with the zenith angles of 10°. We mainly examined mesospheric echoes in the winter season (so-called polar mesosphere winter echoes) from March through October. The range resolution in the mesospheric observation is 600 m in winter, and these data are obtained every ~4 min (Sato et al., 2014). We used the altitude-resolved mesospheric echo power as a proxy for the increase in the electron density due to EEP (Nishiyama et al., 2015; Kataoka et al., 2019; Tanaka et al., 2019).
Syowa Station is a manned comprehensive geophysical observatory where several different observations are conducted for geophysical studies. The most relevant to this study is the imaging riometer. The imaging riometer measures cosmic noise absorption sensitive to the precipitation of electrons of several tens to several hundreds of keV. The imaging array consists of 8 × 8 beams, covering an area of 180 km × 180 km at 80 km altitude. The observation frequency of the imaging riometer is 38.2 MHz, with an angular resolution of ~10° near the zenith. The data sampling interval is 1 s.
All-sky auroral image data from an Electron-Multiplying Charge Coupled Device camera are also available at Syowa Station (Uchida et al., 2020). The data with the original sampling rate of 100 frames per second were integrated for each second. The resultant 1 s images were used in this study to reduce the random noise and to detect faint emissions associated with EEP. We also consult the fluxgate magnetometer data at Syowa Station to identify the substorm phase. In this study, the growth phase was determined to be a period during which a quiet arc existed without a strong H-component decrease before the expansion onset. The onset was defined by a rapid change of auroras in all-sky images.
Here we explain the event selection of EEP events. First, from a visual inspection of the quick-look plots for the altitude-resolved echo powers observed by the PANSY radar (http://polaris.nipr.ac.jp/~reppu/nighttime_20-28UT/) for two consecutive winter periods since March 2017, we found 25 events of the nighttime mesospheric ionization below the altitude of 70 km (see Appendix A), which indicated precipitation of electrons of more than 200 keV. The sunlit time was excluded to eliminate ionization events due to sunlight. Out of the 25 events, two had comprehensive datasets from the ground-based observations at Syowa Station during the substorm growth phases.
2.2 Satellite observations
The Arase satellite has conducted in-situ observations of energetic particles and plasma waves in the inner magnetosphere since March 2017 (Miyoshi et al., 2018a). The pitch-angle-resolved energetic electron measurements cover the energy ranges of 7–87 keV with the medium-energy particle experiments–electron analyzer (MEP-e) (Kasahara et al., 2018a, 2018c) and ~70–2000 keV with the high-energy electron experiments (HEP) (Mitani et al., 2018a, 2018b). Plasma waves in the ELF/VLF (0.1–100 kHz) and ULF (0.001–1 Hz) ranges are also simultaneously measured by the onboard frequency analyzer (OFA) of the plasma-wave experiment (PWE) (Kasahara et al., 2018b, 2018d; Matsuda et al., 2018) and magnetic field experiment (MGF) (Matsuoka et al., 2018a, 2018b), respectively.
The Polar Operational Environmental Satellites (POES) 15 is a polar-orbiting satellite at an altitude of approximately 800–900 km. The Medium Energy Proton and Electron Detector (MEPED) onboard POES satellites (Evans & Greer, 2004) measures both horizontal and vertically-downward electron fluxes in three integrated energy ranges of >30 keV, >100 keV, and >300 keV. The flux data are provided with a cadence of 2 sec.
3 Evaluation of the atmospheric ionization
We calculate the atmospheric ionization rate using the particle and heavy ion transport code system (PHITS) (Sato et al., 2018). The Electron-Gamma Shower (EGS5) mode is adopted in the present study (Hirayama et al., 2005). In this study, we use the data of precipitating particle fluxes measured by the Arase and the POES satellite as the inputs for PHITS simulation. We set a simple column-shaped atmosphere. The altitude profile of the atmospheric density and composition at Syowa Station at 0000 UT on July 25, 2018, are provided by the NRLMSISE-00 model (Picone et al., 2002). The altitude resolution is set to 1 km. The incident electrons are assumed to be isotropic at the top of the atmosphere at an altitude of 200 km. The conversion of the observed differential flux into the input flux at the top of the atmosphere is explained in Appendix B.
Global magnetohydrodynamics (MHD) simulation, called a REProduce Plasma Universe (REPPU) code (Tanaka, 2015), was also conducted to estimate the possible spatial extent of EEP events, assuming the pitch angle scattering by FLC. In this study, we derive the equatorial map of the K parameter, the ratio between the curvature radius of magnetic field lines, and the particle gyro radius of given energy (Sergeev et al., 1983). To reproduce the observed moderate substorm of EEP event #1, as shown in Section 4.1, we set the solar wind density at 3.0 cm−3, the speed at 566 km s−1, and the X-component of the interplanetary magnetic field (IMF) at 0.0 nT. The IMF By and Bz are switched to follow the OMNI data, as shown in Figure 1.
	[image: thumbnail]	Figure 1 Solar wind parameters during the substorm associated with Event # 1 on July 24–25, 2018. (a) Solar wind velocity, (b) Y-, (c) Z-components of IMF in GSM coordinate, and (d) density are shown. Red and Black lines represent input parameters to the REPPU simulation, and 1-min OMNI data obtained from https://spdf.gsfc.nasa.gov/pub/data/, respectively.



	[image: thumbnail]	Figure 2 Footprints of (blue) the Arase and (red) the POES-15 satellites during the EEP event #1 on July 24–25, 2018, in the AACGM coordinate. The mapped altitude is 100 km for both satellites. The magnetic local times are calculated at 0000 UT. The footprints of the Arase and the POES satellites were traced using the T96 model. The black circle indicates the all-sky field of view at Syowa Station, assuming a 10° elevation angle and an emission altitude of 110 km. Plus signs show the 8×8 beam directions of the imaging riometer, projected at 90 km altitude.



We tried several different inputs, such as the OMNI data or a synthetic time series of solar wind parameters approximating the OMNI data. Testing various sets of input parameters, we found that the stable preconditioning of a positive Bz component without the By component, as shown in Figure 1, gives the most similar magnitude and the nearest timing of the onset for the observed substorm. We, therefore, selected the synthetic time series as the best example.
4 Results
4.1 EEP Event #1 on July 24–25, 2018
The first EEP event analyzed in this study has the most comprehensive data sets of ground-based and space-born observations. The EEP event #1 occurred on July 24–25, 2018, during a moderate substorm with the peak SME (SuperMAG electrojet, Gjeloev, 2012) index of ~400 nT. The substorm onset took place at ~0005 UT on July 25, 2018, as determined by the decrease in the H-component of the magnetic field at Syowa Station (Fig. 3e) as well as the rapid change of the aurora (see Movie S1) at −67.5° altitude-adjusted corrected geomagnetic (AACGM) latitude (Shepherd, 2014). Throughout this event, the footprint of the Arase satellite, as calculated with the T96 (Tsyganenko, 1996) model (Fig. 2), was located approximately 1 h later in MLT than at Syowa Station. During the late growth phase, the Arase footprint approached closest in latitude to the Syowa Station at ~0000 UT, and the footprint of the POES-15 satellite also passed the same magnetic latitude as Syowa Station at ~2357 UT (Fig. 2). We confirmed that the difference in the mapped positions between the different versions of the Tsyganenko model is negligible for the following discussions, as expected from non-storm time conditions.
	[image: thumbnail]	Figure 3 Ground-based observations at Syowa Station of the EEP event #1 for a 2-hour period from 2330 UT on July 24, 2018. Shown are the (a) time-varying altitude profile of the echo power as observed by PANSY, (b) time variation of the maximum echo power as calculated from panel (a), (c) CNA at the zenith as observed by the imaging riometer, (d) north-south variation of the aurora, and (e) magnetometer data. The white ellipse in (a) marks the echo at <70 km. The white areas in (a) represent the data gaps. The CNA in panel (c) was averaged over the four beams of the imaging riometer around the zenith and then smoothed with a two-minute moving average. The solid vertical line indicates the beginning of the expansion phase of the substorm. The bottom panels show the all-sky maps of (f) CNA and (g) aurora at 0000 UT on July 25, 2018, indicated by the blue dotted line. The white diamonds in the bottom panels represent the beam directions of the PANSY radar. Note that the bright signatures in the lower left and upper right portions are the contamination from moonlight and its reflection.



Figure 3 shows an overview of the ground-based observations at Syowa Station. The PANSY radar detected a transient mesospheric echo extending from ~80 km down to ~68 km during the growth and early expansion phase from 23:57:31 UT to 00:06:10 UT (Fig. 3a). This echo enhancement was associated with the increase in CNA around the zenith at the same time (Figs. 3b and 3c). Note that the maximum echo power is shown here because it is a better parameter than the average power correlated with CNA. The east-west aligned arc of CNA was located slightly poleward of the beam directions of the PANSY radar (Figs. 3f and 3g) and continued to appear in the FOV of the imaging riometer for 15–20 min until the onset of the substorm at ~0005 UT. The maximum CNA value was ~0.5 dB during the growth phase.
Figure 4 shows the dynamic spectra of the magnetic field and energetic electron fluxes as observed by the Arase satellite. The loss-cone flux measured by MEP-e was enhanced at ~0003 UT during the late growth phase (Fig. 4f). The loss-cone flux was almost comparable to the trapped one in the energy range of <20 keV at that time. The Arase satellite detected significant variations in the wave activity after the substorm onset, although there are no wave activities during the growth phase (Figs. 4a–4b).
	[image: thumbnail]	Figure 4 In-situ observation of plasma waves and energetic electrons at the Arase satellite for the same time period as shown in Figure 3. The vertical solid line at 0005 UT indicates the onset of the substorm. The top two panels show frequency-time spectra of the wave magnetic field measured by (a) PWE-OFA and (b) MGF. The solid white curves in (a) represent fce and 0.5 fce, respectively, where fce is the local electron cyclotron frequency. The white curves in (b) represent the O+, He+, and H+ cyclotron frequencies, respectively, as calculated from the local magnetic field measured by MGF. Energy-time spectra of the omnidirectional electron fluxes observed by (c) HEP-L and (d) MEP-e are shown in the middle. The pitch-angle resolved fluxes as measured by (e) HEP-L and (f) MEP-e are also shown. The loss-cone angle was calculated to be 4.9° at the Arase satellite position at 0005 UT. The labels “Req (T96)” and “Foot aacgm lat” represent the geocentric distance of the magnetic equator and AACGM latitude of the footprints in the southern hemisphere, respectively, both traced from the position of the Arase satellite using the T96 model.



At the same timing when the PANSY radar detected the ionization at <70 km (Fig. 3a), the POES-15 satellite has passed through the same magnetic latitude at ~3 MLT away from Syowa Station (Figure 2), moving equatorward at an altitude of 840 km. The latitudinal extent of the electron precipitation was estimated to be ~1.5° (Figs. 5b–5d), which is consistent with the typical characteristics of EEP by FLC scattering during the growth phase (Sivadas et al., 2019; Sergeev et al., 2012; Pytte et al., 1976).
	[image: thumbnail]	Figure 5 POES-15 observational data for 3 min from 2356 UT on July 24, 2018. (a) Magnetic latitude of the footprint. Integrated number fluxes of electrons in the energy range of (b) >30 keV, (c) >100 keV, and (d) >300 keV. Black and red lines represent vertical and horizontal electron fluxes, respectively. Vertical dashed lines mark 2357:07 UT and 2357:37UT.



In order to evaluate the altitude profile of the mesospheric ionization rate, we show the inputs and outputs of the PHITS simulation in Figure 6. Figure 6a shows the differential fluxes of electrons measured by the Arase satellite and POES 15 during the growth phase. The electron fluxes measured by MEP-e (loss-cone flux) and HEP-L (flux at pitch angle >160°) of the Arase satellite were averaged over a 5-min period from 0000 UT on July 25, when MEP-e observed the increase of loss-cone fluxes. Note that the flux for HEP-L gives the upper limit of precipitating fluxes because it is not possible to measure only the flux inside the loss cone with the angular resolution of the HEP-L. The flux outside the loss cone is included, so the flux at pitch angle >160° is expected to be larger than the flux inside the loss cone. Even using the loss-cone flux of MEP-e also gives the upper limit because of the low count rate (low S/N ratio) in which the contribution of background noises cannot be neglected. We also show the flux measured by MEPED of the POES 15 at 2357:30 UT on July 24, when the vertical electron flux peaked. The differential fluxes at 30–100 keV and 100–300 keV were calculated from the difference between the >100 keV flux and the >30 keV flux and the difference between the >300 keV flux and the >100 keV flux, respectively. Using these inputs, the ionization rates associated with these precipitating electrons were calculated from the energy deposition into the atmosphere using the PHITS simulation (Fig. 6b). The statistical error of the estimated ionization rate was <1% above 75 km altitude, while <40% below 60 km altitude.
	[image: thumbnail]	Figure 6 (a) Differential flux of electrons as measured by (blue) MEP-e and (red) HEP-L onboard the Arase satellite, and (orange) MEPED onboard the POES-15 during the growth phase. (b) Altitude profiles of the ionization rate as obtained from the PHITS simulation.



We further evaluate the CNA amplitude from the simulated ionization rate shown in Figure 6b, using the same formulation as that employed by Kataoka et al. (2019), that is, CNA [dB/m] = 4.6 × 10−5 νω−2 q0.5a−0.5, where ν, ω, q, and a represent the collision frequency, the observation frequency, the ionization rate, and the recombination coefficient, respectively. The recombination coefficient was obtained from Gledhill (1986), and the collision frequency was obtained from Aggarwal et al. (1979). The CNA amplitudes are estimated to be 0.34 dB and 0.51 dB by considering the fluxes of MEP-e and HEP-L of the Arase satellite, respectively. There is, therefore, a discrepancy between the estimated CNA and the observed one. We interpret that this dB estimate of CNA for the HEP-L range is far too large, and the actual HEP-L contribution must be an order of magnitude smaller, as expected from the discontinuity in the MEP-e and HEP-L fluxes in Figure 6a. The calculated CNA due to the contribution of the MEP-e loss-cone flux alone is sufficient to explain the observed ~0.4 dB (Fig. 3b). The calculated CNA due to MEPED/POES-15 is 0.39 dB, which is consistent with the observed one, although the satellite was 3 MLT away from Syowa Station.
4.2 EEP Event #2 on May 25–26, 2017
Figure 7 shows an overview of the ground-based observations at Syowa Station on May 25–26, 2017. This event occurred during a moderate substorm in which the peak value of the SME index was ~200 nT. The substorm onset took place at ~2325 UT when the auroral activity appeared in the poleward portion of the all-sky field of view (>|−68°| AACGM latitude) (Fig. 7d and Movie S2) and the Z-component of the local magnetic field increased (Fig. 3e), indicating the increase of the auroral electrojet on the poleward side of Syowa Station.
	[image: thumbnail]	Figure 7 Ground-based observations at Syowa Station of Event #2 for a 2.5-hour period from 2230 UT on May 25, 2017. Top panels (a)–(e) are shown in the same format as Figure 3. The vertical line at 2325 UT indicates the beginning of the expansion phase of the substorm. The bottom panels show the all-sky maps of (f) CNA and (g) aurora from the ground view at 2307 UT, as indicated by the blue dotted line. The white diamonds represent the beam directions of the PANSY radar.



Transient mesospheric echoes below 70 km were detected by the PANSY radar in the growth (at 68.1 km altitude) and expansion phases (at 69.3 km altitude), as shown by white ellipses in Figure 7a. The time range was 23:06:35–23:11:15 UT and 23:29:38–23:34:19 UT. At 2307 UT, during the growth phase, when the first transient echo was detected at <70 km altitude, the CNA arc was located poleward of the beam directions of the PANSY radar (Fig. 7f). The arc persisted for ~15 min from ~23:02 UT. Note that during the growth phase, the footprint of the Arase satellite was located at the same MLT region as and ~5° equatorward in the AACGM latitude from Syowa Station. The Arase satellite did not observe chorus or electro-magnetic ion cyclotron waves, which can cause EEP (see Appendix C). The mesospheric echoes at altitudes above 70 km continued to appear for ~4 h from ~2300 UT, and the maximum echo power (Fig. 7b) exhibited a similar time variation with the CNA of the near-beam directions (Fig. 7c).
5 Discussions
We reported two substorm-related EEP events during the campaign observations between Syowa Station and the Arase satellite, especially when the mesospheric ionization was identified by the PANSY radar at <70 km altitude. It is notable that the substorm intensity is not strong, and the EEP events occurred during the growth phase before the subsequent auroral breakups or substorm onset. This finding indicates that we have to carefully take into account the atmospheric ionization impacts even during the geomagnetically quiet times. The identified mesospheric echo at <70 km was not persistent, probably due to the limited beam directions of the PANSY radar, which have overlapped only for a few minutes with the narrow latitudinal ionization during the growth phase. We also showed that the contribution of <100 keV electron can explain the observed CNA of ~0.4 dB by the ionization at the altitude of >75 km in Event #1.
Note, however, that any transient appearance of the PANSY echoes does not necessarily imply transient ionization. This study relies on the echo power of the PANSY radar to identify an ionization signature in the mesosphere. The time variation of the echo power tends to show a similar variation with CNA, which is consistent with previous studies suggesting that the enhancement of echo power is frequently detected when energetic particles precipitate into the D region during solar proton events (Kirkwood et al., 2002; Nishiyama et al., 2015). Still, the caveat should be reminded that the echo power is also influenced by the existence of neutral atmospheric turbulence (Yamamoto et al., 1987; Lübken et al., 2007; Nishiyama et al., 2018), which can make the appearance and disappearance of echoes, irrespective to the ionization.
We discuss that the observed signatures of growth-phase EEP events at <70 km altitude are consistent with the FLC mechanism, based on the following reasons. First, the Arase satellite did not detect significant activities of plasma waves in the magnetosphere in both events. Second, in both events, the criteria for FLC scattering are satisfied for sub-MeV electrons precipitating within the field-of-view of the Syowa Station by using T96 tracing. The field lines were traced from the Syowa Station to the magnetic equator using the T96 model, and the curvature radius of the field lines at the equator was estimated. The criteria used here is that the K parameter, the ratio between the curvature radius of magnetic field lines and the particle gyro radius of a given energy, is less than 8 (e.g., Sergeev et al., 1983). Third, lower energy particles precipitated at higher latitudes, which was an expected energy dispersion from FLC scattering. The energy dispersion can be seen by comparing the PANSY and the riometer data: When the PANSY radar detected ionization below 70 km due to EEPs at >200 keV, the CNA arcs indicating EEPs at >10 keV were located on the poleward side of the radar beam directions in both events (Figs. 3f and 7f).
To discuss the spatial extent of growth-phase EEP events, we use a global MHD simulation called REPPU code (Tanaka, 2015) and attempt to reproduce the substorm of Event #1. The simulated maximum AE was ~400 nT, which was comparable to the maximum SME index of the event. The timing of the onset occurred ~10 min earlier in the simulation compared to the observed substorm. The spatial extent of EEP can be estimated with the global MHD simulation by constructing an equatorial map of the K parameter. Figure 8 shows a simulated equatorial map of the K parameter for equatorially mirroring electrons with an energy of 100 keV. The bluish regions satisfy the criteria for FLC scattering, i.e., K parameter less than 8. The region of low K values azimuthally extends over ~8 h in MLT. The ionospheric footprints of the eastern edge (10 RE, 4 MLT), midnight (8 RE, 0 MLT) and the western edge (10 RE, 20 MLT) of the region are (69.3°, 4.3 MLT), (67.4°, 0.0 MLT) and (69.2°, 20.0 MLT), respectively. The simulation result is consistent with the simultaneous observations made by the POES satellite at ~21 MLT and at Syowa Station at ~0 MLT which ensured the minimum extent of ~3 h in MLT. As far as we have examined, the longitudinal extent does not significantly depend on input parameters. Note that the longitudinal extent of ~8 h in MLT is not definitive since physical processes determining the longitudinal extent are unknown. Systematic studies must be done in the future to evaluate the actual variance of the azimuthal extent, including the effects of each component of the IMF.
	[image: thumbnail]	Figure 8 An equatorial map of K parameter for 100 keV electron ~2 min before the auroral breakup. Crosses mark the inner boundaries of the regions at the eastern edge, midnight, and the western edge. The settings of the input solar wind parameters are shown in Figure 1. The top panel shows the simulated AE/AL indices. The time stamps here are irrelevant to the actual event. The sun is to the left.



Here we roughly estimate the total atmospheric impact of the growth-phase EEP events. Assuming that the longitudinal and latitudinal extent of pulsating auroras is 4–5 h in MLT and ~4°, respectively (Bland et al., 2021), the longitudinal extent of growth-phase EEP events (~8 MLT, see Fig. 8) can be ~2 times larger than that of pulsating auroras, while the latitudinal extent (~1.5°, see Fig. 5) is ~2 times smaller than that of pulsating auroras. The duration of the growth-phase EEP events can be estimated to be only ~30 min, which is ~4 times shorter than the typical one of pulsating auroras (Nishimura et al., 2020). In total, the spatial extent multiplied by the duration of growth-phase EEP events can be roughly a quarter of the EEP events associated with pulsating auroras. Assuming that the sub-MeV electron fluxes in the growth phase and the recovery phase are approximately the same, and further considering the relatively high occurrence of moderate substorm events compared to the strong events with strong pulsating auroral activity, the growth-phase EEP events can make a significant contribution to the total mesospheric ionization. This rough estimate, however, should be examined by a careful statistical analysis in the future.
In this study, we partly consult the result of the REPPU simulation about the longitudinal extent of the FLC. However, about the latitudinal width of 100 keV electrons, the mapped footprint area of K<8 is ~0.5° at 21 MLT, narrower than the observed value (~1.5°) by the POES satellite. Further careful study is therefore needed to examine this inconsistency before utilizing the MHD simulation to accurately estimate the FLC-related precipitation.
The number of identified events for each phase (Table A1 in Appendix A) may be biased. From this study, it is clear that the PANSY radar must be situated at the very right place to observe the latitudinally narrow structure of growth-phase EEP events, in contrast to the wide structure of the expansion phase and recovery phase events. The relatively small number of events during the growth phase can be interpreted as a biased selection result, and it does not necessarily mean that growth phase phenomena are less frequent.
The non-negligible contributions of the growth-phase EEP events to the mesospheric ionization are missed in EEP models depending on the geomagnetic activity indices such as the Ap index because the EEP events usually occur before a geomagnetically active period starts. It is also notable that the contributions of growth-phase EEP events are underestimated even in the empirical model using the POES satellites (e.g., van de Kamp et al., 2018) because the ~90 min orbital period is too long to guarantee that the satellite crosses the growth-phase EEP events.
This study focused on relatively low-altitude echoes to understand the possible impact of the most energetic electrons during substorms. Ongoing research must include the less energetic electrons impacting the higher altitude of the mesosphere. For future work, a superposed epoch analysis of the mesospheric echo profiles referring to substorm onset as the zero epoch would be helpful to quantify the higher-altitude ionization by less-energetic electrons during the different phases of a substorm, depending on the amplitude of substorms, seasons, sunlit conditions, etc.
From the perspective of the space weather forecast, there is another interesting point we can learn from the future detailed comparison between MHD simulation results and the growth phase EEP events occurring near the onset. Some of the global MHD simulations, including the present one, indicate that the rapid thinning of the near-tail plasma sheet precedes the onset signatures in the ionosphere by a few minutes (Ebihara & Tanaka, 2013). Hence the detection of EEP possibly allows us to diagnose the pre-onset state of the near-Earth plasma sheet, utilizing sub-MeV precipitating electrons scattered by the FLC. Further, in addition to such near-onset EEP events, the full evolution of growth-phase EEP events may also shed new light on predicting the substorm amplitude in advance.
6 Conclusions
The mesospheric ionization signatures during the growth-phase EEP events reached <70 km altitude, and the ionization events can continue for at least 15 min. Considering the duration and the spatial extent of the growth-phase EEP events, we suggest that its contribution to the total ionization amount can be significant compared to that during the other substorm phases. This paper first provides the quantitative estimate of the relative impact of the growth-phase EEP events to those in different substorm phases. In order to understand the total atmospheric impact of EEP events, it is, therefore, necessary to clarify the global development of growth-phase EEP events in more detail and quantify those variations in a statistical manner.
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Appendix A
Summary of mesospheric ionization events below the altitude of 70 km
Table A1 
List of the mesospheric echoes at <70 km altitude identified by the PANSY radar during substorms. “Arase conjunction” indicates whether the footprints are located at ±5° in magnetic latitude and ±1 MLT from Syowa Station at the timing of the echoes. “Aurora data” represents whether the sky is clear and the data of the all-sky imager is available. “Substorm phase” is determined from the local magnetic field variation and the all-sky images of aurora. “Max SME” shows peaks of SME index (Gjerloev, 2012) of the substorms.


Appendix B
Conservation of the loss-cone flux per unit solid angle
In this section, we consider the scaling factor for converting particle fluxes in the magnetosphere to that at the top of the atmosphere (TOA). The following assumptions are taken into consideration:

	The pitch-angle distribution is isotropic at the TOA.


	The number of particles in the loss-cone angle that pass through a surface of a given magnetic flux tube per unit time is conserved.



First, the loss-cone flux in the magnetosphere, Fmag, in cm−2s−1 is written as
[image: thumbnail]
where [image: equation], θ, and dΩ are the solid-angle averaged flux per unit solid angle inside the loss cone, pitch angle, and the solid-angle element, respectively. We get
[image: thumbnail](B1)
From the assumption (B1), the loss-cone flux at the TOA, FTOA, in cm−2s−1 is written as
[image: thumbnail](B2)
From the assumption (B2), we obtain
[image: thumbnail]
where S is the area of a given flux tube. From the equations (B1) and (B2), the above equation can be written as
[image: thumbnail]
Considering the conservation of magnetic fluxes (Smag Bmag = STOA BTOA),
[image: thumbnail]
where B represents the magnetic field strength. Applying the conservation of the first adiabatic invariant (BTOA/Bmag = 1/sin2αloss) for the above equation, we reach the simple conclusion,
[image: thumbnail]
that the isotropic flux at TOA is the same as the average loss-cone flux at magnetosphere. We also note that the flux F in cm−2s−1 can be written as F = πf using the flux per unit solid angle, f, as obtained from equation (B2).

Appendix C
Observations by the Arase satellite for Event #2 on May 25–26, 2017
	[image: thumbnail]	Figure C1 Footprints of the Arase satellite during EEP event #2 on May 25–26, 2017, in the AACGM coordinate. The mapped altitude is 100 km. The magnetic local times are calculated at 2307 UT on May 25. The footprints of the Arase satellite were traced using the T96 model. The black circle indicates the all-sky field of view at Syowa Station, assuming a 10° elevation angle and an emission altitude of 110 km.



	[image: thumbnail]	Figure C2 In-situ observation of plasma waves and energetic electrons at the Arase satellite for the same time period as shown in Figure 7.
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Supplementary Material

			
Movie S1: Panchromatic all-sky images of Event #1 on July 24–25, 2018, were obtained from the Electron-Multiplying Charge Coupled Device (EMCCD) camera at Syowa Station. Magnetic south is at the top, and magnetic east is to the right. The original sampling rate was 100 frames per second, and all the images were averaged every 1 s to reduce the effective time resolution and random noise. The movie plays at 60 averaged images per second. The PANSY radar’s beam positions of local zenith, geographic north, east, south, and west are shown by crosses.
		 (Refer to website)

			Movie S2: Panchromatic all-sky images of Event #2 on May 25–26, 2017. Formats are the same as  Movie S1.
		 (Refer to website)
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Table A1 
List of the mesospheric echoes at <70 km altitude identified by the PANSY radar during substorms. “Arase conjunction” indicates whether the footprints are located at ±5° in magnetic latitude and ±1 MLT from Syowa Station at the timing of the echoes. “Aurora data” represents whether the sky is clear and the data of the all-sky imager is available. “Substorm phase” is determined from the local magnetic field variation and the all-sky images of aurora. “Max SME” shows peaks of SME index (Gjerloev, 2012) of the substorms.
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	[image: thumbnail]	Figure 1 Solar wind parameters during the substorm associated with Event # 1 on July 24–25, 2018. (a) Solar wind velocity, (b) Y-, (c) Z-components of IMF in GSM coordinate, and (d) density are shown. Red and Black lines represent input parameters to the REPPU simulation, and 1-min OMNI data obtained from https://spdf.gsfc.nasa.gov/pub/data/, respectively.
In the text



	[image: thumbnail]	Figure 2 Footprints of (blue) the Arase and (red) the POES-15 satellites during the EEP event #1 on July 24–25, 2018, in the AACGM coordinate. The mapped altitude is 100 km for both satellites. The magnetic local times are calculated at 0000 UT. The footprints of the Arase and the POES satellites were traced using the T96 model. The black circle indicates the all-sky field of view at Syowa Station, assuming a 10° elevation angle and an emission altitude of 110 km. Plus signs show the 8×8 beam directions of the imaging riometer, projected at 90 km altitude.
In the text



	[image: thumbnail]	Figure 3 Ground-based observations at Syowa Station of the EEP event #1 for a 2-hour period from 2330 UT on July 24, 2018. Shown are the (a) time-varying altitude profile of the echo power as observed by PANSY, (b) time variation of the maximum echo power as calculated from panel (a), (c) CNA at the zenith as observed by the imaging riometer, (d) north-south variation of the aurora, and (e) magnetometer data. The white ellipse in (a) marks the echo at <70 km. The white areas in (a) represent the data gaps. The CNA in panel (c) was averaged over the four beams of the imaging riometer around the zenith and then smoothed with a two-minute moving average. The solid vertical line indicates the beginning of the expansion phase of the substorm. The bottom panels show the all-sky maps of (f) CNA and (g) aurora at 0000 UT on July 25, 2018, indicated by the blue dotted line. The white diamonds in the bottom panels represent the beam directions of the PANSY radar. Note that the bright signatures in the lower left and upper right portions are the contamination from moonlight and its reflection.
In the text



	[image: thumbnail]	Figure 4 In-situ observation of plasma waves and energetic electrons at the Arase satellite for the same time period as shown in Figure 3. The vertical solid line at 0005 UT indicates the onset of the substorm. The top two panels show frequency-time spectra of the wave magnetic field measured by (a) PWE-OFA and (b) MGF. The solid white curves in (a) represent fce and 0.5 fce, respectively, where fce is the local electron cyclotron frequency. The white curves in (b) represent the O+, He+, and H+ cyclotron frequencies, respectively, as calculated from the local magnetic field measured by MGF. Energy-time spectra of the omnidirectional electron fluxes observed by (c) HEP-L and (d) MEP-e are shown in the middle. The pitch-angle resolved fluxes as measured by (e) HEP-L and (f) MEP-e are also shown. The loss-cone angle was calculated to be 4.9° at the Arase satellite position at 0005 UT. The labels “Req (T96)” and “Foot aacgm lat” represent the geocentric distance of the magnetic equator and AACGM latitude of the footprints in the southern hemisphere, respectively, both traced from the position of the Arase satellite using the T96 model.
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	[image: thumbnail]	Figure 5 POES-15 observational data for 3 min from 2356 UT on July 24, 2018. (a) Magnetic latitude of the footprint. Integrated number fluxes of electrons in the energy range of (b) >30 keV, (c) >100 keV, and (d) >300 keV. Black and red lines represent vertical and horizontal electron fluxes, respectively. Vertical dashed lines mark 2357:07 UT and 2357:37UT.
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	[image: thumbnail]	Figure 6 (a) Differential flux of electrons as measured by (blue) MEP-e and (red) HEP-L onboard the Arase satellite, and (orange) MEPED onboard the POES-15 during the growth phase. (b) Altitude profiles of the ionization rate as obtained from the PHITS simulation.
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	[image: thumbnail]	Figure 7 Ground-based observations at Syowa Station of Event #2 for a 2.5-hour period from 2230 UT on May 25, 2017. Top panels (a)–(e) are shown in the same format as Figure 3. The vertical line at 2325 UT indicates the beginning of the expansion phase of the substorm. The bottom panels show the all-sky maps of (f) CNA and (g) aurora from the ground view at 2307 UT, as indicated by the blue dotted line. The white diamonds represent the beam directions of the PANSY radar.
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	[image: thumbnail]	Figure 8 An equatorial map of K parameter for 100 keV electron ~2 min before the auroral breakup. Crosses mark the inner boundaries of the regions at the eastern edge, midnight, and the western edge. The settings of the input solar wind parameters are shown in Figure 1. The top panel shows the simulated AE/AL indices. The time stamps here are irrelevant to the actual event. The sun is to the left.
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	[image: thumbnail]	Figure C1 Footprints of the Arase satellite during EEP event #2 on May 25–26, 2017, in the AACGM coordinate. The mapped altitude is 100 km. The magnetic local times are calculated at 2307 UT on May 25. The footprints of the Arase satellite were traced using the T96 model. The black circle indicates the all-sky field of view at Syowa Station, assuming a 10° elevation angle and an emission altitude of 110 km.
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	[image: thumbnail]	Figure C2 In-situ observation of plasma waves and energetic electrons at the Arase satellite for the same time period as shown in Figure 7.
In the text





    
      Figure 1 

      
        [image: thumbnail]
      

      
        Solar wind parameters during the substorm associated with Event # 1 on July 24–25, 2018. (a) Solar wind velocity, (b) Y-, (c) Z-components of IMF in GSM coordinate, and (d) density are shown. Red and Black lines represent input parameters to the REPPU simulation, and 1-min OMNI data obtained from https://spdf.gsfc.nasa.gov/pub/data/, respectively.

      

    

  
    
      Figure 2 
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        Footprints of (blue) the Arase and (red) the POES-15 satellites during the EEP event #1 on July 24–25, 2018, in the AACGM coordinate. The mapped altitude is 100 km for both satellites. The magnetic local times are calculated at 0000 UT. The footprints of the Arase and the POES satellites were traced using the T96 model. The black circle indicates the all-sky field of view at Syowa Station, assuming a 10° elevation angle and an emission altitude of 110 km. Plus signs show the 8×8 beam directions of the imaging riometer, projected at 90 km altitude.

      

    

  
    
      Figure 3 
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        Ground-based observations at Syowa Station of the EEP event #1 for a 2-hour period from 2330 UT on July 24, 2018. Shown are the (a) time-varying altitude profile of the echo power as observed by PANSY, (b) time variation of the maximum echo power as calculated from panel (a), (c) CNA at the zenith as observed by the imaging riometer, (d) north-south variation of the aurora, and (e) magnetometer data. The white ellipse in (a) marks the echo at <70 km. The white areas in (a) represent the data gaps. The CNA in panel (c) was averaged over the four beams of the imaging riometer around the zenith and then smoothed with a two-minute moving average. The solid vertical line indicates the beginning of the expansion phase of the substorm. The bottom panels show the all-sky maps of (f) CNA and (g) aurora at 0000 UT on July 25, 2018, indicated by the blue dotted line. The white diamonds in the bottom panels represent the beam directions of the PANSY radar. Note that the bright signatures in the lower left and upper right portions are the contamination from moonlight and its reflection.

      

    

  
    
      Figure 4 
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        In-situ observation of plasma waves and energetic electrons at the Arase satellite for the same time period as shown in Figure 3. The vertical solid line at 0005 UT indicates the onset of the substorm. The top two panels show frequency-time spectra of the wave magnetic field measured by (a) PWE-OFA and (b) MGF. The solid white curves in (a) represent fce and 0.5 fce, respectively, where fce is the local electron cyclotron frequency. The white curves in (b) represent the O+, He+, and H+ cyclotron frequencies, respectively, as calculated from the local magnetic field measured by MGF. Energy-time spectra of the omnidirectional electron fluxes observed by (c) HEP-L and (d) MEP-e are shown in the middle. The pitch-angle resolved fluxes as measured by (e) HEP-L and (f) MEP-e are also shown. The loss-cone angle was calculated to be 4.9° at the Arase satellite position at 0005 UT. The labels “Req (T96)” and “Foot aacgm lat” represent the geocentric distance of the magnetic equator and AACGM latitude of the footprints in the southern hemisphere, respectively, both traced from the position of the Arase satellite using the T96 model.

      

    

  
    
      Figure 5 
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        POES-15 observational data for 3 min from 2356 UT on July 24, 2018. (a) Magnetic latitude of the footprint. Integrated number fluxes of electrons in the energy range of (b) >30 keV, (c) >100 keV, and (d) >300 keV. Black and red lines represent vertical and horizontal electron fluxes, respectively. Vertical dashed lines mark 2357:07 UT and 2357:37UT.

      

    

  
    
      Figure 6 
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        (a) Differential flux of electrons as measured by (blue) MEP-e and (red) HEP-L onboard the Arase satellite, and (orange) MEPED onboard the POES-15 during the growth phase. (b) Altitude profiles of the ionization rate as obtained from the PHITS simulation.

      

    

  
    
      Figure 7 

      
        [image: thumbnail]
      

      
        Ground-based observations at Syowa Station of Event #2 for a 2.5-hour period from 2230 UT on May 25, 2017. Top panels (a)–(e) are shown in the same format as Figure 3. The vertical line at 2325 UT indicates the beginning of the expansion phase of the substorm. The bottom panels show the all-sky maps of (f) CNA and (g) aurora from the ground view at 2307 UT, as indicated by the blue dotted line. The white diamonds represent the beam directions of the PANSY radar.

      

    

  
    
      Figure 8 
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        An equatorial map of K parameter for 100 keV electron ~2 min before the auroral breakup. Crosses mark the inner boundaries of the regions at the eastern edge, midnight, and the western edge. The settings of the input solar wind parameters are shown in Figure 1. The top panel shows the simulated AE/AL indices. The time stamps here are irrelevant to the actual event. The sun is to the left.

      

    

  
    
      Table A1 

      List of the mesospheric echoes at <70 km altitude identified by the PANSY radar during substorms. “Arase conjunction” indicates whether the footprints are located at ±5° in magnetic latitude and ±1 MLT from Syowa Station at the timing of the echoes. “Aurora data” represents whether the sky is clear and the data of the all-sky imager is available. “Substorm phase” is determined from the local magnetic field variation and the all-sky images of aurora. “Max SME” shows peaks of SME index (Gjerloev, 2012) of the substorms.

      
        























	#
	Date (yyyy-mm-dd)
	Time (UT)
	Arase conjunction
	Aurora data
	Substorm phase
	Max SME [nT]
	comments





	1
	2017-05-25
	23:05

	○
	○
	growth

	211
	Event #2



	23:30
	expansion



	




	2
	2017-06-17
	23:40
	○
	×
	expansion
	673
	 



	




	3
	2017-06-30
	22:20
	○
	○
	expansion
	411
	Reported by Kataoka et al. (2019)



	




	4
	2017-07-11
	23:30
	×
	×
	expansion
	463
	 



	




	5
	2017-07-21
	23:40
	×
	○
	expansion
	641
	 



	




	6
	2017-07-23
	00:20
	×
	○
	recovery
	559
	 



	




	7
	2017-08-06
	00:50
	×
	×
	unclear
	792
	 



	




	8
	2017-09-07
	20:45
	×
	○
	growth
	3510
	During a solar proton event



	




	9
	2017-09-08
	00:20
	×
	○
	unclear
	4455
	 



	




	10
	2017-09-10
	21:50
	×
	○
	unclear
	666
	During a solar proton event



	




	11
	2017-09-11
	22:50
	×
	×
	expansion
	552
	During a solar proton event



	




	12
	2018-03-23
	23:10
	×
	○
	recovery
	865
	 



	




	13
	2018-03-24
	00:30
	×
	○
	recovery
	865
	 



	




	14
	2018-04-11
	01:15

	×
	○
	expansion

	1121
	 




	02:05
	recovery
	 



	




	15
	2018-05-06
	22:05
	×
	○
	expansion
	1121
	 



	




	16
	2018-06-02
	01:40

	×
	×
	unclear
	1332
	 




	02:00
	 



	




	17
	2018-06-07
	21:25
	×
	○
	expansion
	180
	 



	




	18
	2018-06-26
	20:15
	×
	×
	expansion
	597
	 



	




	19
	2018-06-27
	22:20

	×
	×
	expansion

	256

	 




	00:15
	unclear
	261
	 



	




	20
	2018-07-24
	23:55
	○
	○
	growth - expansion
	365
	Event #1



	




	21
	2018-07-25
	21:10
	×
	○
	expansion
	328
	 



	




	22
	2018-08-21
	23:50
	○
	○
	unclear
	363
	 



	




	23
	2018-08-27
	20:15

	×
	×
	growth

	698
	 




	22:00
	recovery
	 



	




	24
	2018-08-29
	00:10
	×
	×
	expansion
	329
	 



	




	25
	2018-08-30
	20:05
	×
	×
	unclear
	401
	 





      

    

  
    
      Figure C2 

      
        [image: thumbnail]
      

      
        In-situ observation of plasma waves and energetic electrons at the Arase satellite for the same time period as shown in Figure 7.
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