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Global Fitting Analysis of Forbush decreases
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We present the Global Fitting Analysis (GFA) of Forbush Decreases (FDs). The GFA is capable of deriving the cosmic ray
density (or omnidirectional intensity), anisotropy and the spatial gradient of cosmic ray density, each as a function of time and
rigidity. In this paper, we review these parameters obtained on hourly-basis for 14 FDs including three major events in May and
October 2024 and in June 2025, which were also observed by the Syowa Antarctic cosmic-ray detectors.
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Report on the updated cosmic ray observation at Syowa Station in 2025 and a real-time monitoring
of cosmic ray rigidity spectrum using paired neutron monitor and muon detector

Y. Hayashi!, C. Kato!, R. Kataoka?, M. Kozai®, A. Kadokura®, S. Miyake®*, K. Murase® and K. Munakata'
'Department of Physics, Shinshu University, Matshumoto, Nagano 390-8621, Japan
20kinawa Institute of Science and Technology, Okinawa, Japan
3Polar Environment Data Science Center, Joint Support-Center for Data Science Research, Research Organization
of Information and Systems, Tachikawa, Tokyo 190-8518, Japan
*National Institute of Technology (KOSEN), Gifu College, Motosu-city, 501-0495, Japan
SKitami Institute of Technology, 165 Koen-cho, Kitami-shi, Hokkaido 090-8507, Japan

Syowa Station was started simultaneous cosmic ray observations with neutron monitor and muon detector in 2018.
The detector system was updated by doubling the detection area of muon detector by the 66th Japanese Antarctic
Research Expedition team, and started its operation in February 2025. The observed cosmic ray intensity varies
responding to the space weather variation, such as the arrival of the interplanetary coronal mass ejections (ICMEs)
and the corotating interaction regions (CIRs) at Earth. Forbush decrease, which is a temporal and sudden variation
of cosmic ray flux, is a well-known phenomenon. While the Forbush decreases event, the cosmic ray rigidity
spectrum also dynamically varies. Variations in the rigidity spectrum are important for understanding physical
mechanisms responsible for the Forbush decrease. We demonstrate that the simple fraction of neutron monitor
count rate is a good real-time indicator of the temporal variations of the cosmic ray rigidity spectrum, based on the
analysis of major Forbush decreases occurred recently. In this talk, we also report on current status and possible
future upgrade of the observation.
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Cosmic-ray Muon Observation Plan in Iceland
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The momentum-space distribution function of galactic cosmic-rays (GCRs) is observed as their anisotropy at Earth,
enabling us to probe three-dimensional solar wind structures based on the GCR transport theory. Thanks to the high
penetration power of cosmic-ray muons in the atmosphere, ground-based muon detectors feature an excellent
angular resolution, angular acceptance, and statistics for GCRs, all essential to measure the anisotropy. The Global
Muon Detector Network (GMDN) [1] has been a unique experiment deploying muon detectors worldwide to secure
high sensitivity to the anisotropy. GMDN started with two-hemisphere observations in Nagoya (Japan) and Hobart
(Australia) in the 90s, and the core 4-station network was established in the 2000s by initiating SGo Martinho da
Serra (Brazil) and Kuwait stations. The initial goal of construction was achieved in 2016 by expanding the Kuwait
detector.

The completed GMDN is shedding new light on GCR anisotropy, but there are still limitations in the observation
network. The geomagnetic field deflects GCR trajectories, causing the muon detector’s viewing direction to be
biased eastward and toward the opposite hemisphere in Earth’s magnetosphere. This effect prevents low- and mid-
latitude detectors from observing high-latitude directions, especially for low-rigidity GCRs. Only muon detectors in
the geographic polar region are sensitive to low-rigidity GCRs incoming from high-latitude directions. The figure
shows the viewing directions of each GMDN detector and a virtual detector in Iceland, derived from GCR transport
simulations in the magnetosphere and atmosphere. It is demonstrated that a nearly all-sky field of view is achieved
only by mid-latitude detectors for 100 GV GCRs (left panel), but they are shrunk into low-latitude directions for 30
GV GCRs (right panel). The polar detectors cover these high-latitude and low-rigidity observation gaps well.
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We are planning to install a muon detector in Iceland, and its polar conjugate observation with the Syowa Station
detector, which was started in 2018, will address this insensitive region. In addition, constraints specific to the
Icelandic observation site, unlike those at other GMDN stations, enable us to demonstrate a new design concept,
such as a field-deployable or portable observation unit. We also demonstrated the conversion of muon observation
data into the Common Data Format, and its publication through IUGONET [2] with a data analysis tool [3], aiming
to establish an end-to-end data pipeline. We will report on these activities related to the Iceland observation plan.
References
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CO:-Driven Shifts in Sporadic E Formation from GAIA Simulations
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Using the Ground-to-topside model of Atmosphere and lonosphere for Aeronomy (GAIA), the study assesses how
increasing CO, level alters sporadic E (Es) formation via analysis of vertical ion convergence (VIC). Under a
doubled-CO: experiment, simulations indicate a pronounced enhancement in VIC between 100-120 km. This
suggests the lowering of Es formation altitudes, pointing to a future shift of Es occurrence patterns in a warming
climate. The amplification of VIC is primarily linked to CO.-driven reduction in the ion-neutral collision frequency,
alongside changes in zonal wind shear. Taken together, the results suggest that anthropogenic climate change
enhances ion convergence processes and is likely to raise the frequency of Es events.
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Impact of increasing CO2 on upper atmosphere response to a May 2024 - like Superstorm
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The Community Earth System Model (CESM) Whole Atmosphere Community Climate Model with
thermosphere-ionosphere eXtension (WACCM-X) is used to investigate how the ionosphere-thermosphere
response to a May 2024-like geomagnetic storm changes with increasing greenhouse gases. Coupled
CESM(WACCM-X) simulations are first performed following the Coupled Model Intercomparison Project
Phase 6 Shared Socioeconomic Pathway 5-8.5 from 2000 to 2090. The May 2024 geomagnetic superstorm
is then simulated in 2016, 2040, 2061, and 2084, corresponding to surface CO2 levels of 403, 500, 652, and
918 ppmv, respectively. The CESM(WACCM-X) simulations indicate that increasing levels
of CO2 weakens the absolute neutral density response at 350 km. However, the relative response is
increased with increasing levels of , which is partly due to the decrease in the background neutral density.
Due to a weaker response in thermosphere composition and meridional neutral winds, the ionospheric
response in absolute terms also weakens with increasing levels of CO2.
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Correction of Temperature Data
from Super-pressure Balloon Observations in the Antarctic Region
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Atmospheric gravity waves (GWs) are atmospheric waves driven by buoyancy forces. They transport momentum
and energy over long distances and contribute to driving the global-scale meridional circulation. GWs play a
crucial role in determining wind, temperature, and material distributions, particularly in the middle atmosphere at
altitudes of 10—-100 km. Understanding the spatiotemporal structure of momentum transport by GWs is therefore
essential. However, their spatial scales range from several kilometers to thousands of kilometers, and their
timescales span from minutes to tens of hours. Capturing the complete sequence of GW excitation, propagation,
and dissipation, and quantitatively evaluating their role in driving the meridional circulation, remains challenging
even with the latest observations and models. The Antarctic region is especially active for GWs but also difficult to
observe, representing the location of greatest uncertainty in models.

To address this issue, the LODEWAVE project was conceived to conduct GW observations in Antarctica using
super-pressure (SP) balloons [Tomikawa et al., 2023]. SP balloons maintain internal pressure higher than ambient
atmospheric pressure, preventing buoyancy fluctuations between day and night and enabling extended flight
durations (>1 month).

LODEWAVE has conducted two observation campaigns to date. The first campaign took place at Syowa Station,
Antarctica, from January to February 2022. Although it achieved a maximum flight duration of three days, accurate
temperature data could not be obtained. In SP balloon observations, where ventilation during flight is nearly zero,
thermistors tend to be heated by solar radiation, leading to a significant overestimation of atmospheric temperature
[Hertzog et al., 2004]. A similar effect was observed in LODEWAVE. In addition, thermistors received heat flux
from the balloon envelope, introducing short-period fluctuations. To address these issues, improvements were
implemented for the second campaign; however, it was not possible to completely eliminate the effects of solar
radiation and heat flux.

Accurate temperature data are essential for GW analysis and model data assimilation. In this study, we applied
corrections for the effects of solar radiation and heat flux from the housing to improve the accuracy of temperature
data obtained from SP balloon observations. After correction, the observed data showed reduced deviations from
atmospheric reanalysis data, successfully mitigating the influence of heat flux and solar radiation. Furthermore,
high-frequency components not captured in the reanalysis data were detected, suggesting the presence of
atmospheric GW signals.

References
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Comparative Analysis of All-Sky Camera Images and Infrasound Signals
to Identify Aurora-Associated Events
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Observing infrasound generated by natural phenomena in the upper atmosphere is crucial for understanding its
three-dimensional propagation characteristics. The potential association between auroral activity and infrasound
has been suggested since the work of Wilson (1969), who conducted observations using infrasound and magnetic
field measurements, although no conclusive correlation was established. More recently, Ohata (2020) attempted to
identify aurora-related infrasound at Showa Station, Antarctica, by comparing the infrasound dataset (Kanao, 2008)
with All-sky Color Digital Camera images (Miyaoka et al., 2005). However, the study period coincided with a solar
minimum, resulting in limited events and inconclusive findings.

In this study, we applied the comparative analysis framework developed by Ohata (2020) to data collected at
Syowa Station during March—May 2024, a period of high solar activity and frequent auroral occurrences. The
dataset included infrasound observations with Nanobarometer (6000-16B), all-sky camera images (captured at 1-
second intervals), and meteorological wind speed data derived from the database. We computed the degree of
temporal variation in the auroral emission as the number of pixels differing by more than 20% between consecutive
frames, and compared this metric with band-pass filtered (0.01-0.1 Hz) infrasound waveforms. As a result, the
characteristic waveform, considered to be associated with the auroral activities, was observed approximately 3-5
minutes after a change in the degree of temporal variation in six independent events.

Future work will involve FK analysis to determine the arrival directions of the infrasound signals and cross-
correlation analysis to evaluate their quantitative similarity with the degree of temporal variation in the aurora
borealis. These preliminary results provide new observational evidence for aurora-associated infrasound, serving as
a basis for further discussion on the coupling mechanisms between rapidly moving auroral processes and the
atmosphere.
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Poleward Disturbances in Thermospheric Winds during the 3-4 November 2021
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During geomagnetic storms, particle and Joule heating in the auroral zone cause an expansion of the polar
atmosphere which induces strong equatorward thermospheric winds at high and middle latitudes. These winds are
important drivers of the ionospheric disturbance dynamo which greatly influences the response of the low latitude
ionosphere to geomagnetic storms. However, previous studies reported that these equatorward winds are
occasionally interrupted by surges of poleward wind, and it has been suggested that these poleward surges might
affect the evolution of the ionospheric disturbance dynamo. Although poleward surges have been repeatedly
reported, there is controversy about what causes them and even the basic characteristics of poleward surges are still
widely unestablished. Therefore, further research is needed to classify characteristics and generation mechanisms
of poleward surges.

This study focuses on a poleward surge observed at mid-latitudes over North America during the 3-4 November
2021 strong geomagnetic storm (Kp 8-). We comprehensively analyze storm-time ionospheric and thermospheric
disturbances using data from ground-based instruments at Poker Flat (65.12 degrees geographic latitude), Millstone
Hill (42.37 degrees geographic latitude), and Urbana (40.13 degrees geographic latitude), as well as satellite
observations and model data. The poleward surge was observed at Millstone Hill (50 m/s) and Urbana (75 m/s) on
November 4, when both stations were located in the magnetic local time (MLT) post-midnight sector. The
poleward surge at Millstone Hill was preceded by an equatorward surge (-300 m/s). Previous studies suggested
Traveling Atmospheric Disturbances (TADs) as most likely cause for poleward surges but for this event neither
equatorward nor poleward surges concurred with Large-scale Traveling lonospheric Disturbances (LSTIDs), that
would indicate the presence of TADs. Instead, a Subauroral Polarization Stream (SAPS) with ion velocities greater
than -1500 m/s accompanied by a deep ionospheric trough moved to latitudes as low as 40 degrees geographic
latitude and was located close to Millstone Hill and Urbana when the equatorward and poleward surges were
observed. The region around the SAPS is heavily influenced by ion drag of the SAPS and pressure gradients due to
collisional heating that accelerate neutral winds in different directions depending on their position relative to the
SAPS. Therefore, we propose that the extreme disturbances in meridional winds were mainly caused by SAPS
forcing, rather than equatorward propagating TADs. The MLT location of Millstone Hill and Urbana indicates that
during the disturbances both stations were located within the eastward backflow sector of the SAPS, which likely
contributed to the complicated ion-neutral dynamics.
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Interhemispheric comparison of long-term variation of geomagnetic activity
at Syowa-Iceland conjugate stations
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Long-term variation of geomagnetic activity at Syowa Station (SYO) (569.00 deg) in Antarctica and Leirvogur
(LRV) (N64.18 deg) in Iceland was investigated. Both SYO and LRV are located at auroral latitudes and in a
unique geomagnetic conjugate relationship with each other. Geomagnetic variation data from 1966 until 2024 at
LRV and SYO, respectively, were used for this analysis. Using those over five solar cycle data, similarity and
dissimilarity in the solar cycle variation, seasonal variation, and diurnal variation of geomagnetic activity at those
conjugate stations were investigated to understand interhemispheric difference in auroral activity responding to the
variation of the solar wind input and solar activity. Following results were obtained so far:

1.

Activity at LRV gradually decreased, relatively to one at SYO. Before and after around 1984-1989, magnitude
at LRV was larger and smaller than SYO, respectively, which could be due to the long-term variation of the
geomagnetic latitude at LRV toward the lower latitudes.

. A significant difference between SYO and LRV was observed in 1980 and 1982, when the activity was much

more quiet at SYO than LRV.
Activity peak around equinox period can be seen more clearly in the nightside hours, while winter-summer
difference is more clear in the dayside.

. Maximum activity in the nightside during equinox period can be seen in spring, during 21-24 UT in March and

00-03 UT in April, which could be related with the lowest ionospheric conductivity in both hemispheres.

. Peak of the summer-winter difference in the dayside shifts post-noon hours due to the difference in local times

at both stations.

In the nightside, a reversed sense winter-summer variation can be seen in the activity difference between LRV
and SYO, which could be related with the conductivity difference between winter hemisphere and summer
hemisphere, i.e., geomagnetic activity in the nightside is more active in winter hemisphere than in summer
hemisphere.
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South-North Conjugate Observations of Pulsating Auroras with Arase Satellite
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Tjornes in Iceland and Syowa station in Antarctica are the few north-south conjugate points connected by
the same magnetic field lines. We conduct all-sky images, VLF, ULF, and riometer observations in Tjornes and all-
sky images, VLF, ULF, riometer, millimeter-wave, and PANSY observations at Syowa station, which mean
comprehensive ground-based observational capabilities. Previous studies have leveraged the advantage to
investigate the north-south conjugacy of auroras, as well as pulsating auroras (PsA). Among auroras, south-north
asymmetric traveling surges and conjugacy/non-conjugacy of PsAs have been reported [Uchida et al., 2020; Sato et
al., 1998; Fujii et al., 1987]. In our previous study, we have observationally proposed a physical process in which
wave propagation latitudes, the energy of scattered electrons, and patchy structure of PsA are controlled by
“density ducts”. We consider density ducts to exist in the magnetosphere as tube-flux connecting the southern and
northern hemispheres. Thus, we can speculate south-north conjugacy of PsA patches caused by magnetospheric
density ducts. However, there has been no previous study of south-north conjugate observations focusing on the
relationship between PsA conjugacy and density ducts.

A south-north conjugate event on September 22, 2018, from 22:30 to 23:10 UT is valuable because similar
PsAs were simultaneously observed in both hemisphere sides, with magnetospheric observations conducted by the
Arase satellite at high latitude region of -23°. During PsAs, Arase observed chorus wave propagating towards
higher latitudes and ~90 keV electrons precipitating into the ionosphere of both hemispheres. The observations
have provided the first direct evidence of chorus waves originating near the magnetic equator that propagate and
scatter electrons in both hemispheres while simultaneously occurring PsAs in both southern and northern
hemispheres. In this presentation, we report the preliminary results of this event with data of images, waves, and
particles, and discuss the relationship between PsAs and density ducts.
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Estimation of the Precipitating Electron Energy Spectrum from Three-Dimensional Electron
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The CARD method, which estimates the energy spectrum of precipitating electron flux from the E-region electron
density altitude distribution observed by the European Incoherent Scatter (EISCAT) radar, has been developed and
widely applied (Brekke et al., 1989; Fujii et al., 1995). However, the current EISCAT system employs a large-
aperture antenna and effectively performs single-direction observations, restricting spectral estimation to a single
magnetic-zenith point. In contrast, the forthcoming EISCAT 3D radar will utilize a phased-array antenna to enable
simultaneous three-dimensional observations of the ionosphere. This study therefore aims to develop a method for
estimating the two-dimensional horizontal distribution of the precipitating electron-flux energy spectrum from the
three-dimensional electron-density data provided by EISCAT 3D.

We assumed a discrete auroral arc as the true-value model and constructed an energy distribution by adding one-
sided power-law components to the low- and high-energy sides of a Gaussian characteristic-energy profile. The
spatial distribution of total energy flux was represented by a Gaussian function in the north—south direction with a
uniform offset. In the east—-west direction, the center of this north—south Gaussian was allowed to meander
sinusoidally. This energy spectrum was placed both at the magnetic zenith of the transmitter station and 50 km to its
low-latitude side, with characteristic energies set to 3 keV on the high-latitude side and 5 keV on the low-latitude
side. The energy range was defined as 1-50 keV. From this prescribed true-value spectrum, a three-dimensional
electron density distribution was generated by solving the electron-density continuity equation under steady-state
conditions, incorporating models for the ionization rate, neutral atmosphere, and effective recombination coefficient.
We then sampled the resulting electron density using the 27-beam configuration planned for the EISCAT 3D
Common Programme, added observational noise, and produced simulated observational data. Because estimation of
the precipitating electron spectrum requires the electron-density altitude profile along magnetic field lines, we
employed the coordinate system (X, y, z) = (east, north, magnetic zenith) and performed two-dimensional
interpolation of the electron-density data at the 27 beam points for each altitude plane.

While the conventional CARD method employs a least-squares approach, our technique reconstructs the spectrum
using maximum a posteriori (MAP) estimation. A smoothness constraint is applied by minimizing the second
derivative of the electron flux with respect to energy. The results confirmed that the energy spectrum of precipitating
electrons was accurately estimated within the error bars for the arc located at magnetic zenith (A and B in Fig. 1).
However, the low-energy side of the spectrum was underestimated for the low-latitude arc (C in Fig. 1). For the two-
dimensional distributions of total energy flux and mean energy, the high-latitude arc was retrieved with relatively
high accuracy. Conversely, the low-latitude arc exhibited an underestimation of total energy flux by up to about 8
mW m~2 and an overestimation of mean energy by as much as 4 keV (left panels of Fig. 1). This discrepancy is likely
attributable to the smaller beam-clevation angle at low latitudes relative to the magnetic zenith and to the increased
observational noise at higher altitudes.
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Figure 1. Estimation results of the total energy flux, mean energy, and electron flux.
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Stormtime electric fields at middle and low latitudes as observed by HF Doppler sounders and
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The Mother’s day storm on May 10-11, 2024 provided us with opportunities to confirm previously established
characteristics of geomagnetic storms and to find new properties of ionospheric electric field and currents from mid-latitudes
to the equator. Mid-latitude geomagnetic sudden commencement (SC) (SCx,y in X or Y component) is bipolar as SC (PI,
MI), where Pl and Ml refer to as the preliminary impulse and main impulse, respectively. Magnetometer networks at middle
latitudes observed that SCx(+ - ) and SCy(- +) in the morning, and SCx(- +) and SCy(+ -) in the afternoon. The equatorial SC
was SCx(- +) on the day and SCx(+ -) in the night. The local time and latitude dependence of SC is consistent with that
shown by Kikuchi et al. (2022a). Storm main phase magnetic field disturbances (MPx,y) at mid-latitudes are MPx(- ) and
MPy(+) in the morning and MPx(+) and MPy(-) in the afternoon, and MPx(+) at the equator during the day and MP(-) in the
night, in the same way as the Ml of SC. The local time and latitude dependence of the storm main phase magnetic
disturbances is consistent with that of DP2 magnetic fluctuations (Kikuchi et al., 2022b). The Pl and MI/MP are due to DP2
currents driven by the dusk-to-dawn PI and dawn-to-dusk MI/MP electric fields, respectively. DP2 currents are composed of
two-cell Hall current vortices at high-middle latitudes surrounding the foot of field-aligned currents and of Pedersen-Cowling
currents between the foot of field-aligned currents and equatorial ionosphere. HF Doppler sounders in Japan observed
eastward Pl and westward MI/MP electric fields during the night, consistent with storm main phase electric field observed by
the HF Doppler sounders in Japan and Czechia (Hashimoto et al., 2020). A few hours later in the storm main phase, the
electric field and currents reversed their directions, because of the overshielding due to convection reduction (Kikuchi et al.,
2000). It was found that the overshielding electric field was so strong that the nighttime ionospheric F-layer over Japan rose
to an altitude of 800 km. During the recovery phase of the storm on May 11 2024, several substorm positive bays occurred at
mid-latitudes in the night, which are found to be associated with DP2 currents on the dayside, same as the MI/MP currents.
The HF Doppler sounders detected the dawn-to-dusk convection electric fields during the stormtime substorms, in contrast to
the dusk-to-dawn overshielding electric fields having often been observed during isolated substorms (Hashimoto et al., 2017).
The stormtime-substorm electric field and currents remain an issue to be solved.
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Progress report on the imaging receiver system at the SuperDARN Hokkaido East radar (2025)
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Our group has been working on the implementation of imaging capability to the SuperDARN Hokkaido East radar, operated
by Nagoya University.

A typical SuperDARN operating mode is the normal scan program, which scans the entire radar field of view every 1 to 2
minutes. Conventional SuperDARN radars typically have a single receive channel (scanning one beam direction at one time).
Therefore, the typical Nyquist frequency for conventional normal scan SuperDARN radar data is 4 to 8 mHz. This time
resolution is not suitable for dealing with short term variations such as Pi2 / Pc3 pulsations or space ionospheric disturbances.

Recently, some of the SuperDARN radars have been introducing the imaging receiver systems, which record multiple beam
directions simultaneously (e.g., Bristow et al., 2019; McWilliams et al., 2023). Our group at ISEE, Nagoya University, is also
preparing this new capability to be implemented at the SuperDARN Hokkaido East radar and is planning to conduct an initial
experiment by the end of this year.

The new image receiver system is expected to be able to acquire data with temporal and spatial resolutions several times higher
than those of the existing systems. With the new system, we expect to deal with the following topics: (a) Study of a variety of
scientific phenomena, such as ULF waves (e.g., Pi2 / Pc3) with periods shorter than 1 minute. (b) Transients excited by
external (IMF / solar wind) and internal (e.g., onset of substorm expansion) environmental changes in the ionosphere and
magnetosphere. (c) lonospheric disturbances caused by sudden changes in the earth's surface, such as earthquakes and volcanic
eruptions.

In this presentation, we show the latest progress report on this system. This system utilizes the USRP-N210 SDR unit used in
the remote receiver for the SuperDARN Hokkaido East radar signal in Nagoya (Nishitani et al., 2021). We have developed a
20-channel, full-specification system, which is currently being tested at the ISEE laboratory and will be sent to the radar site
once the system is complete. We are conducting the final calibration of the receiver hardware and are almost ready for the
shipping of the whole system to the radar site for initial testing.
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AuroraX project: Current status of 2025
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We report the current status and some highlighted resuts of so-called AuroraX project. We succeeded to finalize the
muon detector observation of Syowa Station in JARE66. Also, we successfully started all-sky camera observations
at Casey, Davis, DDU, and Concordia Stations with the help of AAD and IPEV researcher conterparts. During the
current solar maximum, we fortunately succeeded to observe several large Forbush events and magnetic storm
events. Further, in JARE67, we will start a new Leader-Fraction observation of neutron at Syowa Station to
measure the spectral index of galactic cosmic rays. The cutting-edge data assimilation studies utilizing
SuperDARN observation are also ongoing in parallel to the new observations. We will discuss what we focus on
the last two years of the AuroraX project, combining all of the hard/soft development helitages.
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The auroral current system is a key component of magnetosphere—ionosphere coupling and plays a
significant role in thermospheric dynamics through Joule heating, which enhances satellite drag.
Understanding and forecasting this system aids in mitigating space weather impacts on the near-
Earth environment. In this study, we present a novel approach to estimate the auroral electrojet
indices AL and AU by integrating the machine-learning based emulator named SMRAI, Surrogate
Model of REPPU Auroral Ionosphere (Kataoka et al., 2024b, Space Weather) with an advanced data
assimilation (DA) technique that incorporates observations from the SuperDARN (Nakano et al.,
2025, submitted to Space Weather). The performance of the SMRAI-DA system is evaluated using
a set of isolated substorm events, selected based on the criteria defined by Ohtani and Gjerloev
(2020) and constrained by sufficient availability of SuperDARN line-of-sight velocity
measurements. The results indicate that assimilating SuperDARN data improves the estimation of
the AL and AU indices, as the SMRAI2.1-DA can update both the onset of substorm and its
amplitude through the incorporation of SuperDARN data. The current study examines the time
evolution of realistic 2D patterns of electric potential associated with the isolated substorms.
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Formation of the LLBL in M-I convection unde the northward IMF
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Abstract

Adopting REPPU (REProduce Plasma Universe) code level 8, we reproduced the solar wind-magnetosphere-
ionosphere (S-M-I) interaction when the interplanetary magnetic field (IMF) is obliquely northward, and
investigated the relationship between the low-latitude boundary layer (LLBL) and the projection structure of
ionospheric convection cells. When the IMF is obliquely northward, the ionospheric convection cells consist of a
central lobe + round merging cell (which constitutes the exchange cycle), a reciprocal cell on the opposite side in
the morning and evening, a nighttime cell, and two viscous cells at low latitudes. In the magnetosphere, the
medium-speed LLBL is formed between the high-speed solar wind and the low-speed magnetospheric interior.
From the connection of magnetic field lines, the outer half of the LLBL is projected onto the lobe cell, and the
inner half onto the round-merging cell. From the origin of the lobe + round merging cell, it is estimated that both
the open and closed magnetic field lines in the LLBL have been the IMF until recently, and especially the open
magnetic field lines in the outer half have been the solar wind until more recently. It is not surprising that the LLBL
contains particles similar to solar wind particles. Such projection structure is consistent with satellite observations
which show that the outer half of the LLBL only appears when the IMF is northward, and that the nature of the
particles is more similar to magnetosheath particles. These results indicate that the LLBL is a passway for anti-
sunward convection involving an open magnetic field. The LLBL is Kevin-Helmholtz (KH) unstable, and KH
waves propagating along the inner boundary of the LLBL penetrate deep into the magnetosphere. This wave can
drive two viscous cells, one in the morning side and one in the evening side, which consist only of closed magnetic
field.
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I b, v—7 +round merging /DK LHEE T 5 &, LLBL I H 2 FEI# & PR I# . i
BLETIMF THo7bDTHY, FFICHFED ORI XY B L TRGRTH -7 D L HEE &
N3, LLBL KGN IR F 2R T 2 DIESATH 2, T oG, LLBL D457
IMF dt oD ABN, R OWEIZTX YV~ % by —ZRFITIEWE WS FEBHEIE &, consistent TH
%5, TNooRRIZ, LLBL & Jiii#EY %2 & UK & iRor— b Cch s 2 & 2/RLTWwb, LLBL
I¥ Keivin-Helmholtz (KH) RN L ETH Y, LLBL O NHIEEFHICH > Tk 32 KH #i%, fEUENERICER
IRET 2, TNICX->T, FARG DA O 5, Y 2 o0kt v 3 i# X5,
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The global magnetic field topology the magnetosphere is given by the so-called 2-null, 2-separator structure which
is obtained by superposing a dipole field representing the Earth’s intrinsic magnetic field and a uniform field
representing the interplanetary magnetic field (IMF). In global magnetohydrodynamic simulations for northward
IMF, interlinkage of closed and interplanetary magnetic flux is sometimes found in the magnetotail. This indicates
that the basic 2-null, 2-separator structure of the magnetosphere is broken. However, the exact magnetic topology
responsible for such tangling is still unclear, due to the complexity of the three-dimensional structure, together with
the numerical errors in simulation. One key point is the location of the new magnetic nulls that are breaking down
the 2-null, 2-separator structure. Nevertheless, the new nulls have never been identified so far in simulations. We
here propose a theoretical model in which the new nulls appear near the two original nulls that constitute the 2-null,
2-separator structure. That is, the original magnetic null (one in each hemisphere) multiplexes to form a null cluster
(null region), and the magnetic flux interlinkage is formed within the null region. The simplest magnetic topology
of the clustering is a 4-null, 8-separator structure, with two nulls in each hemisphere and eight separators
connecting them. If we trace the reconnection sequence expected in the 4-null, 8-separator structure from the
simulation results, the formation process of the magnetic flux interlinkage is obtained in a natural way. The key
process is IMF-lobe reconnection that occurs simultaneously in both hemispheres (the so-called dual lobe
reconnection, DLR). In the 2-null, 2-separator structure, IMF-lobe reconnection normally occurs independently in
one hemisphere and in the other hemisphere, with the whole space divided by a plane on which the two separators
are contained. Thus, the magnetic flux circulations in the two hemispheres are independent. The DLR, however,
mixes the magnetic flux circulations in the two hemispheres. Therefore, a steady magnetic flux circulation is no
longer maintained. We suggest that this is a trigger of the magnetic null multiplication.



0So18

Relationship between the solar wind-magnetosphere structure and IMF parameters in the
northward IMF conditions

Shigeru Fujita' Takashi Tanaka?, Masakazu Watanabe®?, and Dong Sheng Cai*
! The Institute of Statistical Mathematics, ROIS
? International Research Center for Space and Planetary Environmental Science, Kyushu University
 Department of Earth and Planetary Sciences, Faculty of Science, Kyushu University
* Graduate School of Science and Technology, University of Tsukuba

Fujita et al. [2025] discussed the quasi-steady magnetic field structure of the solar wind-magnetosphere system
under northward IMF conditions. Their discussion was framed from the perspective of the interaction between
magnetic topology and plasma dynamics. In addition, they demonstrated that the vacuum magnetic field, which is
produced by the superposition of the Earth’s dipole field and the IMF, preserves the fundamental topological form
of the solar wind-magnetosphere system. This topology provides the fundamental magnetic field structure
necessary for magnetic reconnection between the IMF and the Earth’s magnetic field. They further pointed out that
the vacuum magnetic field represents the ground state of the system. Based on this finding, they argued that the
quasi-steady magnetic field structure is determined by the balance between two forces: the deformation force
exerted by plasma and the restoring force that tends to return the field to its ground state. Furthermore, the
magnetic reconnection process is inherently built into this magnetic structure. From this viewpoint, the process of
magnetic reconnection is naturally incorporated into the overall description.

Based on the theoretical framework described above, we now examine variations in the solar wind-magnetosphere
system that depend on the IMF parameters under northward IMF conditions. Our discussion focuses on the
following four aspects.

1.  Anincrease in the IMF intensity results in a shorter plasma sheet. At the same time, the convection speed

within the plasma sheet becomes faster.

2. Under intensified IMF conditions, a high-speed plasma flow develops in the magnetosheath.

3. The theta aurora, associated with a reversal of the IMF By component, becomes more distinct when the IMF

intensity is strong.

4.  When the IMF is very weak, magnetic null points can appear outside the bow shock. In this case, the

magnetosphere-ionosphere convection exhibits a two-cell pattern, which is typically seen under southward
IMF conditions.
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Impact of downward propagating planetary waves associated with
sudden stratospheric warming on the extratropical troposphere:
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To elucidate characteristics of significant downward propagation (SDP) of WNI1 planetary waves from the
stratosphere after SSW events and their influence on the extratropical circulation in the troposphere, we conducted a
case study of a distinct SDP event in March 2023 as well as composite analyses for SDP events with and without
SSW over 66 winters, using JRA-3Q reanalysis dataset provided by the Japan Meteorological Agency. The SDP
event was defined as occurring when the vertical component of the 100-hPa WN1 E-P flux averaged north of 60°N
was negative and less than one standard deviation below the climatological mean for at least five consecutive days.
Additionally, SDP events occurring within 20 days after the central date of an SSW event were classified as SDP
events with SSW. The remaining SDP events were classified as SDP events without SSW. A total of 18 SDP events
with SSW and 55 SDP events without SSW were identified.

A case study of the SDP event in March 2023, which was classified as an SDP event with SSW, revealed the
equatorward propagation of enhanced WN1 components in the troposphere from the polar regions after the downward
propagation with an eastward phase tilt up to the mid-stratosphere. It was also found that the WN1 downward
propagation began when the stratospheric zonal winds were easterly in association with the preceding SSW. During
the equatorward propagation period, East Asia, including Japan, was covered by the WN1 ridge with a southwest—
northeast phase tilt, contributing to the unusually high temperature anomalies observed over Japan.

Then, we statistically explored the potential impact of the SSW on SDP events using a bootstrap method. We found
that an SDP event is significantly more likely to occur after an SSW than would be expected by chance. On the other
hand, the SSW does not affect the mean duration of SDP events.

Next, the uniqueness of the SDP event with SSW in March 2023 was examined by comparing it with the composites
for all SDP events with SSW and those without SSW. The composite was constructed based on the onset date (Day
0) of each SDP event, that was defined as the first day on which the vertical component of the 100-hPa E-P flux met
the SDP event criterion. Moreover, before compositing the WN1 component, the associated wave fields were shifted
so that the 500-hPa WN1 ridge at high latitudes on Day 0 was aligned with the prescribed longitude. This procedure
made the composited wave structure clear despite the significant variation in the WN1 phase depending on the SDP
event.

The temporal evolution of the composited WN1 components for SDP events with SSW is summarized as follows.
The downward propagation of stratospheric WN1 components initiates when the stratosphere zonal winds are
easterly associated with the preceding SSW. The WNI1 phase tilts eastward up to upper stratosphere. Then,
tropospheric WN1 components, amplified in the polar region during the onset period of the downward propagation,
propagate equatorward and produce temperature anomalies in the extratropical troposphere depending on the WNI1
phase on Day 0 in high latitudes: When the WNI1 ridge is located around the date line, cold anomalies cover East
Asia, including Japan; As the WN1 ridge shifts away from the date line longitudinally, warm anomalies tend to cover
East Asia. The preference of the WN1 ridge over the North Pacific sector was also seen, which is consistent with the
blocking preference for reflecting SSWs in that sector as revealed by Kodera et al. (2016). The SDP event with SSW
in March 2023 shows similar time evolution to the composite SDP event with SSW. However, among the SDP events
with SSW, the WN1 components in high latitudes exhibit the greatest amplitude and the largest phase shift from the
date line. The extraordinary characteristics of downward propagated WN1 components would contribute to the
extremely warm anomalies over Japan in March 2023.



The SDP events without SSW are highlighted by the prevalence of stratospheric westerly winds during the
downward propagation of the WN1 component. Despite the discrepancy in the basic wind profile, the WN1
components during the SDP events without SSW exhibit similar time evolution to those during the SDP events with
SSW except for the following differences in the WN1 characteristics: much larger amplitude in the upper stratosphere,
vertically restricted eastward phase tilt up to the middle stratosphere, and weaker meridional phase tilt associated
with the equatorward propagation in the troposphere. Consequently, cold anomalies tend to occur in East Asia when
the WNI ridge in polar regions is located at 120°E on Day 0.

The significant difference in the configuration of stratospheric zonal-mean zonal winds between the SDP events
with and without SSW suggests another mechanism besides the wave reflection mechanism proposed by Shaw and
Perlwitz (2013) that explains the occurrence of downward propagation of stratospheric WN1 components. We also
discuss the synoptic conditions of tropospheric circulation during the winter of 2023 in relation to the extraordinary
amplification of WN1 components.
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Sporadic E layers (EsL) occurring in the ionospheric E region at altitudes of 90—150 km are thin layers only a few
kilometers thick. They have very high electron density and also contain abundant metallic ions. EsL cause radio
communication disturbances in the HF/VHF bands. Therefore, elucidation of the mechanisms of EsL formation and
evolution is important. In the mid-latitudes, EsL have been understood to be formed by convergence of metallic
ions in the ionospheric E region driven by the vertical shear of neutral horizontal winds and the geomagnetic field.
Because observation of the spatiotemporal structure of EsL is limited, their morphological variations and lifecycle
are not yet well understood. The primary source of metals in the ionospheric E region is meteors, and there are
layers of metallic atoms and ions such as iron, magnesium, sodium, calcium, and so on. Among these species,
calcium ion (Ca") is the only metallic ion that can be detected from the ground by resonance scattering lidar.

The National Institute of Polar Research (NIPR) developed a frequency-tunable resonance scattering lidar
and carried out Ca* observations at Tachikawa in Japan (2014-2016) and at Syowa Station in the Antarctic (2017—
2018). In this study, we analyzed a sporadic Ca* layer on September 1, 2016 at Tachikawa (35.7°N, 139.4°E),
focusing on a periodic height variation of the Ca* layer identified at altitudes of 99-101 km between 15:55
and 16:20 UT. The Ca* density profiles had height and time resolutions of 165 m (smoothed from 15 m resolution
data) and 5 s, respectively. We derived the centroid altitude of each Ca* density profile and fitted its temporal
variation with a sinusoidal curve. From this fitting, the vertical displacement amplitude and the observed (ground-
based) oscillation period were estimated to be 170 m and 7.5 minutes, respectively. We then applied the dispersion
relation of internal gravity wave together with the relation between observed and intrinsic frequencies to derive
gravity wave parameters, including horizontal wavelength and phase velocity, that are consistent with the observed
oscillation. Vertical wavelength and the background wind speed were assumed, the latter of which was considered
referring to the JAWARA reanalysis data of corresponding time and altitude. Our investigation suggested that the
wave propagation direction was in the same direction as the background wind rather than the opposite direction,
when the observed oscillation is caused by internal gravity waves.
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The middle frequency (MF) radar at Syowa station, Antarctica (69S, 39E), has continuously been observing
horizontal winds in the mesosphere and lower thermosphere since 1999. In addition to the conventional correlation
analysis wind measuring technique [Briggs, 1984], a meteor wind technique has also been adopted for the Syowa
system [Tsutsumi and Aso, 2005]. Because of its low radio frequency (2.4 MHz) the MF meteor winds can be
estimated up to 120 km in contrast to the conventional VHF (~30 MHz) meteor radars, where the upper limit is
around 105 km. In this study we examine the long-term variation of the Antarctic mesosphere and lower
thermosphere winds based on the quarter century of data, with an emphasis on the lower thermosphere, where a
long-term wind trend has rarely been estimated because of the lack of such long period of wind data.
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The sporadic E (Es) layer, a thin ionospheric layer of metallic ions, is a prominent phenomenon in the atmosphere—
ionosphere coupling system, mainly driven by vertical shear of neutral winds at mid-latitudes. In this study, we
statistically investigate for the first time the relationship between Es and the strength of the northern polar vortex
during December-February (represented by the Northern Annular Mode,NAM, index), using 19 years of ionosonde
observations over Japan and Australia. Our analysis reveals a negative dependence of Es intensity on the NAM
index, especially clear in the afternoon sector. In contrast, no clear relationship between NAM and Es intensity is
seen in Australia, implying the impacts of the northern polar vortex is limited to the northern hemisphere. These
findings suggest polar vortex modulation of ionospheric Es irregularities via semidiurnal tides. Thus, the polar
vortex, especially NAM index, may be a useful parameter for forecasting Es variability.
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Figure 1. Local time variation of the average foEs under difference NAM conditions.
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Auroras with unusual stationary patches were first reported at Poker Flat Research Range (PFRR), Alaska, in October
2000 and were named the “Evening Corotating Patch (ECP) aurora” [Kubota et al., 2003]. The ECP aurora appeared
on the equatorward side of the auroral oval (L = 5-8) and was mainly observed at Ol 557.7 nm and N2+ 427.8 nm,
consistent with the precipitation of several to ~10 keV electrons. Subsequently, Toyoshima (2003) identified 44
similar events and named them “Quasi-Corotating (QC) aurora.” Due to geographical restrictions, previous studies
have been scarce, and the statistical characteristics are poorly understood.

We present a statistical analysis of QC auroras using data from a monochromatic 391.4 nm all-sky camera at Syowa
Station, Antarctica (2023-2024). We identified 23 events that occurred in the evening sector (until 20 MLT) and
retained their shape and position for more than 20 minutes. Their occurrence peaked around 15 MLT, earlier than
previously reported, and most events occurred under quiet conditions (Kp = 1-3), consistent with Toyoshima (2003).
Furthermore, in September 2025, we plan to install an all-sky camera equipped with multi-wavelength band-pass
filters at PFRR, Alaska, to initiate new observations of the QC aurora. In this presentation, we also report the analysis
results from Syowa Station, together with an overview of the auroral observation system to be deployed.
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Reconstruction of the three-dimensional structure of the Westward Traveling Surge
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Auroras occur when charged particles precipitating from the Earth’s magnetosphere collide with the upper
atmosphere, exciting atmospheric constituents and producing light emissions. The aurora follows a characteristic
development process known as an auroral substorm. During a substorm, the aurora expands explosively both
poleward and in the east—west direction. Among these, the expansion particularly toward the west is called the
Westward Traveling Surge (WTS). WTS is the most prominent phenomenon of a substorm, and its development has
been discussed within various models. However, the expansion and propagation speed of WTS is as fast as ~1 km/s,
and no observational studies to date have investigated the spatiotemporal evolution of its three-dimensional structure.
In this study, we aim to quantitatively examine the three-dimensional structure of WTS, as well as the horizontal
distribution of precipitating electron energy, using the generalized aurora tomography method [1]. Aurora
tomography applies the principles of computed tomography to reconstruct the three-dimensional auroral structure
from multiple simultaneous images captured at different observation sites.

Specifically, we determined the differential flux of precipitating electrons by minimizing the residuals between image
data and model calculations, from which the three-dimensional emission intensity distribution was derived. In this
process, hyperparameters such as the relative sensitivity of the image data and the weighting of the regularization
term need to be set in advance, and we determined them using cross-validation. By reconstructing the three-
dimensional structure, it becomes possible to quantitatively discuss physical parameters of WTS, such as the electron
density distribution and conductivity distribution in WTS from an observational perspective. The validity of the
reconstructed electron density distribution can be verified by direct comparison with measurements obtained from
the EISCAT radar. As a future objective, we aim to extend the discussion to include the three-dimensional current
system of WTS and its consistency with theoretical models.

In this presentation, we report the results of tomography analysis applied to auroral image data at 427.8 nm
wavelength obtained from Tromse (69.58°N, 19.23°E), Abisko (68.36°N, 18.82°E), and Kilpisjarvi (69.05°N,
20.36°E) for a WTS event observed around 22:45:34 UT on February 16, 2018. We present the hyper parameter,
energy scale of differential flux and its distribution of precipitating electrons and three-dimensional structure of this
WTS event.
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- toward optimizing their access restrictions at Syowa Station.
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Vehicles such as snowcat, snow groomer and heavy machinery contain a substantial amount of iron, and hence
have an intrinsic magnetic moment. Artificial magnetic fields generated by those vehicles can affect geomagnetic
observations seriously. At Syowa Station, Antarctica, vehicle access is therefore restricted around the Geomagnetic
Observation Hut to avoid the magnetic interference during the weekly “geomagnetic absolute measurement”. The
restriction area has been uniformly defined by empirical rules, without any quantitative assessment of the specific
amount of impact that each vehicle would have on the Geomagnetic Observation Hut. Since the magnetic moments
vary with each individual vehicle, some may be restricted excessively. While the restrictions are necessary for
conducting the observations, they impose limitations on the operation of the expedition.

The goal of this study is to contribute to a smoother operation of the expedition by considering appropriate access
restrictions for each vehicles. To that end, we evaluate the magnetic moments of vehicles at Syowa Station so that
the restriction can be optimized by individually taking into account their impacts on the Geomagnetic Observation
Hut.

In determining the magnetic moment we had to fulfill necessary measurements with a minimum amount of effort
required (e.g., number of measurement points, measurement time, travel distance) because of the multiple
constraints on the station, such as personnel, instruments, time, and climate. Therefore we developed an efficient
method to estimate the magnetic moment of a vehicle from a change of the total magnetic force before and after its
parking. It was found that a magnetic moment with sufficient accuracy for practical use can be obtained even with
the measurements at three points (i.e. the minimum number of data theoretically required for the analysis), unless
two or more measurement points are arranged in a straight line with the vehicle.

During the wintering period of JARE65, we attempted to evaluate the magnetic moment of 17 vehicles, consisting
mainly of large vehicles such as SM100S and PB300S at Syowa Station. The total magnetic force measurements
were carried out using a proton magnetometer at five points in the test field. We will report on the results.
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Where the frequency of waves coming into the magnetosphere matches the eigenfrequency of a geomagnetic field line, which
runs through the ground, the ionosphere, and the magnetosphere, FLR (field-line resonance) can cause the eigen-oscillations of
the field line. By using the frequency of the eigen-oscillation, called the FLR frequency, one can estimate the density along the
magnetic field line, because, in a simplified expression, ‘heavier’ field line oscillates more slowly.

Since the pulsations oscillate the ionospheric plasma, too, there could exist cases in which SuperDARN radars monitor the two-
dimensional (2D) distribution of the FLR frequency, from which we can estimate 2D plasma-density distribution on the
magnetospheric equatorial plane, including the location of the plasmapause. However, visual identification of the FLR in the
SuperDARN VLOS (Velocity along the Line of Sight) data is time-consuming, and the visual identification could miss small-
amplitude FLR events and “hidden” FLR events which are superposed by non-FLR perturbations. In addition, there are lots of
VLOS data to be analyzed.

Thus, we have been developing a computer code to automatically identify the FLR for any beam of any radars, by using the
amplitude-ratio method and the cross-phase methods; these methods cancel out the superposed non-FLR perturbations by
dividing the data from a Range Gate (RG) by the data from a nearby RG along the same beam, because the FLR frequency tends
to depend on the latitude more strongly than the superposed non-FLR perturbations. Another advantage of applying these
methods to the SuperDARN VLOS data is that we can choose any pair of RGs (along the same beam) with different distances,
and thus can identify what distance is the best to identify the FLR. This distance reflects the resonance width, which is an
important quantity reflecting the diffusion and dissipation of the FLR energy. In the early phase of the code development, we
confirmed that the code identified FLR events which we had visually identified in a few beams of a few radars.

The code needs to automatically distinguish whether the identified FLR was in the ionospheric backscattered signal or in the
ground/sea backscattered signal; for the latter, the code needs to find the ionospheric reflection point, which is the actual location
of the observed FLR. We implemented these features and tested them for a few radars, and found that the ground/sea events
tended to be located at latitudes fairly lower than those of simultaneously-observed ionospheric events. We also calculated, for
each event, the corresponding magnetospheric equatorial density, and found that the ground/sea events tended to show pretty
much lower density than the ionospheric events located at similar latitudes. We thought that these differences could come from
the pretty low frequency resolution of the FFT, thus we increased them by using the Discrete-Time Fourier Transform (DTFT)
method. As a result, these differences did get smaller. We will implement the DTFT method into our code.

From another viewpoint, there exist more recent, more advanced methods to increase the frequency resolution. We intend to test
them and show the results at the presentation.

By using the code we expect to identify much more FLR events than by visual identification; the automatically identified FLR
events would include events simultaneously observed at several locations by several radars, increasing the possibility of
monitoring the 2D distribution of the plasma density on the magnetospheric equator and identifying magnetospheric regions.
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Mercury, like Earth, possesses an intrinsic magnetic field, and its magnetosphere is thought to
exhibit a spatial structure like that of Earth’s magnetosphere. Whistler-mode waves have been
observed within Mercury’s magnetosphere, and wave—particle interactions are expected to
produce electron acceleration and corresponding energy variations, as is known to occur in
Earth’s magnetosphere. On the other hand, since Mercury and Earth differ greatly in planetary
magnetic field strength and solar wind conditions, comparing their magnetospheric scales may
help distinguish Mercury-specific phenomena from universal mechanisms.

In this study, to investigate the universality of electron acceleration caused by wave—particle
interactions with whistler-mode waves in Mercury’s and Earth’s magnetospheres, we first
examined the scaling law of magnetospheric size. Unlike conventional scaling based on the
magnetopause standing distance, our analysis focused on the magnetic field inhomogeneity,
which plays a critical role in the nonlinear growth of whistler waves. As a result, the value of
the magnetospheric scaling factor was found to be approximately 7.6+0.4, suggesting that
Mercury’s magnetosphere corresponds to a region equivalent to that outside Earth’s radiation
belts. Furthermore, we investigated electron acceleration through wave—particle interactions
with whistler-mode waves in both Earth’s and Mercury’s magnetospheres using test particle
simulations. The simulation results revealed that the energy gain in Earth’s magnetosphere is
about 10 to 100 times greater than in Mercury’s, and while energy gain at Earth occurs over a
pitch-angle range of approximately 70°, it is confined to a much narrower range of about 10° at
Mercury.

In this presentation, we will discuss the differences in electron acceleration characteristics
driven by whistler-mode waves between Mercury and Earth. Future work will incorporate solar

wind conditions and comparative analysis using observational data.
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Whistler-mode waves are important natural electromagnetic emissions that cause electron acceleration and loss
through wave-particle interactions in planetary magnetospheres. These waves are thought to play an important role
in the formation and variation of radiation belts, particularly in the Earth's magnetosphere, and their influence is
also attracting attention in small magnetospheres such as Mercury's.

In this study, we performed numerical simulations to analyse the interaction between whistler-mode waves and
electrons in Mercury's magnetosphere, based on both cyclotron and Landau resonance mechanisms. We then
quantitatively evaluated the electron precipitation rate to Mercury’s polar regions.

A comparison between cyclotron and Landau resonance at L=1.2 revealed that cyclotron resonance yields an
electron precipitation rate 6.6% higher than that of Landau resonance (for 30-deg. oblique propagation). It was also
confirmed that in the case of Landau resonance, lower-energy electrons (around 1 keV) contribute more
significantly to precipitation than in cyclotron resonance.

For cyclotron resonance at L=1.2, we investigated the effect of wave propagation angle and found that parallel
propagation tends to produce an electron precipitation rate 0.48% higher than 30-deg. oblique propagation.
Regarding the L-shell dependence of the resonance region, a comparison between L = 1.2 and L = 1.4 showed that
smaller L values result in precipitation rates about 2.0% higher. Furthermore, when varying the magnetic latitude A
from —4° to —20° at L=1.2, higher latitudes (larger |A|) corresponded to higher precipitation rates. These trends are
attributed to the fact that parallel-propagating waves more directly influence electron trajectories, smaller L regions
have stronger magnetic fields that promote more efficient resonance, and stronger magnetic convergence at higher
latitudes facilitates electron precipitation.

Similarly, for Landau resonance from L=1.1 to 1.5, simulations with varying L values showed that the
precipitation rate at L=1.1 produce a 2.4% higher in comparison with that of L=1.5. A comparison of A =—20°, 0°,
and +20° at L=1.2 revealed that the case of A = —20° exhibits a 0.21% lower precipitation rate than the others.
These results suggest that as L decreases, the increased magnetic field strength enhances wave-particle interactions,
while the lower precipitation rate at A = —20° may be due to a change in resonance conditions caused by the local
increase in magnetic field strength, reducing the number of resonant particles.

In this work, the electron precipitation rates for oblique propagation were evaluated by combining the results
from cyclotron and Landau resonance. Future work will include analyses of electron acceleration for both oblique
and parallel propagation, thereby contributing to a quantitative understanding of wave-particle interactions in
Mercury’s magnetosphere.
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