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Study of mid-latitude ionospheric variations during geomagnetic storms using an

ultra-dense GNSS receiver network
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At altitudes of 60-500 km above the Earth’s surface, there exists a region called the ionosphere, where the atmosphere is
ionized by ultraviolet rays from the sun. This region is constantly changing in response to the influx of energy from above and
below. In particular, traveling ionospheric disturbance (TID) is one of the ionospheric disturbance phenomena that causes
errors in satellite positioning. TIDs are classified into several categories based on their time-spacial scale. Medium-scale
TIDs (MSTIDs) have periods of 15 minutes to 1 hour and wavelengths of about 200 km, while large-scale TIDs (LSTIDs)
have periods of 30 minutes to 3 hours and wavelengths of 1,000 km or more. Both are primarily driven by atmospheric gravity
waves (AGWs), which are restoring forces generated by atmospheric buoyancy. However, large-scale AGWs are generally
caused by explosive phenomena on the solar surface, such as solar flares and coronal mass ejections (CMEs), and therefore
solar activity and LSTIDs tend to be discussed together. Large-scale AGWs that drive LSTIDs tend to be generated by high-
energy solar wind. Energy enters from the point where the magnetic field of the solar wind (IMF) and the magnetic field
of the Earth’s cancel each other out, and accumulates in the plasma sheet in the magnetotail. When this energy is released,
particle precipitation into the polar regions and increased Joule heating cause an increase in the polar electric field, generating
AGWs. The propagation direction of TID has been determined through statistical analysis of observation reports, and there
is currently no theory to determine the propagation direction.

On October 10, 2024, during the solar maximum, a large-scale solar flare, the largest in magnitude in X-rays, and an
accompanying geomagnetic storm were observed. On the same day, auroras, which are usually observed at high latitudes,
were observed in mid-latitude Japan (Hokkaido), and the LSTID was observed moving south over Japan. To date, there
have been many observational reports and theoretical studies on LSTIDs, but no observational reports have been made on a
massive LSTID comparable to the event focused on in this study. Therefore, we analyze the propagation characteristics of
LSTIDs at mid-latitudes by visualizing the variations in electron density over Japan using dense GNSS-TEC for the LSTIDs
that occurred from October 10 to October 12, 2024.
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