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Space weather exerts significant influence on Earth's environment and
human activities through electromagnetic radiation and charged particles. It
is now established that energetic particles precipitating into Earth's
atmosphere 1impact atmospheric composition, including ozone depletion,
thereby affecting the Earth's climate and weather. A comprehensive
understanding of their global atmospheric impact requires whole pictures of
spatiotemporal distributions of ionization caused by various particle sources.

This study aims to enhance understandings of atmospheric ionizations
resulting from electrons, protons, and photons (X-rays), which are major
sources of energetic particles. Specifically, the study addresses two key
subjects: (1) Summarizing atmospheric ionizations caused by solar X-rays,
solar protons, and radiation belt electrons during the September 2017 space
weather event, and (2) Assessing the relative impact of energetic electron
precipitation (EEP) events during different phases of the substorm on
mesospheric ionization, with a particular focus on the growth phase EEP due
to magnetic field line curvature (FLC). The results for each subject are
summarized as follows.

(1) We first attempt to assess and summarize altitude profiles of ionization
during the September 2017 space weather event using state-of-the-art space-
borne and ground-based observations of various particle inputs. In early
September 2017, heightened solar activity, marked by X-class flares and solar
proton events, was observed. Throughout this period, ground-based radar
observations confirmed atmospheric ionization events caused by energetic
particle precipitations, namely solar flare X-rays, solar protons, and radiation
belt electrons—primary sources of ionization in the Earth's atmosphere.
Altitude profiles of the ionization rate are estimated utilizing the Particle and
Heavy Ion Transport code System (PHITS), with input particle fluxes acquired
from satellites. These estimates are subsequently compared with
measurements of ionization altitude, intensity, and electron density from polar
region radars, such as the PANSY radar at Syowa Station and the EISCAT in
Tromse, Norway. Our conclusion is that the PHITS simulation results

reasonably replicate (within a factor of two error) ionizations measured by



ground-based instruments, incorporating observed ionization sources from
satellites.

(2) Numerous studies have delved into the impact of energetic charged
particles on the atmosphere during geomagnetically active periods, while the
effects during quiet times remain inadequately understood. Identifying two
energetic electron precipitation (EEP) events during the growth phase of
moderate substorms, we estimated the mesospheric ionization rate for an EEP
event with the most extensive dataset from ground-based and space-borne
instruments. The mesospheric ionization signature extended below 70 km
altitude and persisted for approximately 15 minutes until the substorm onset,
as observed by the PANSY radar. Utilizing energetic electron flux data from
the Arase and POES 15 satellites as input for the air-shower simulation code
PHITS, we quantitatively estimated the mesospheric i1onization rate. The
calculated ionization level from precipitating electrons aligned with the
observed value of cosmic noise absorption (CNA). The potential spatial extent
of EEP is estimated to be around ~8 hours MLT in longitude and ~1.5° in
latitude based on a global magnetohydrodynamic simulation (REPPU) and
precipitating electron observations by the POES satellite, respectively. The
substantial duration and spatial extent of EEP events suggest a non-negligible
contribution of growth phase EEP to mesospheric ionization. Combining
cutting-edge observations and simulations, we illuminate the space weather
impact of EEP events during geomagnetically quiet times, providing valuable
insights into the potential link between the space environment and climate.

We also conducted a statistical investigation of mesospheric ionization during
substorms, with a specific focus on the growth phase. Utilizing data on mesospheric
echo power from the PANSY radar and cosmic noise absorption (CNA) from the imaging
riometer, we performed superposed epoch analyses for five austral winter seasons from
2016. These analyses were based on the timing of substorm onset and the end of the
expansion phase as the zero-epoch time. The findings reveal that the event-averaged
echo power increases by approximately ~1 at and the occurrence rate of the echo by
around 10% at an altitude of 75-80 km 10-25 minutes before the onset. This outcome
substantiates the non-negligible contribution of growth phase EEP, emphasizing that

mesospheric ionization events are not uncommon during the growth phase.
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