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Lower Thermospheric Response to the Severe Geomagnetic Storm during Octo-
ber 2024 Revealed by X-ray Observations
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The recent surge in the number of artificial satellites in low Earth orbit has heightened the importance of precise space
weather characterization for ensuring safe satellite launch and operation. Among space weather phenomena, extreme
geomagnetic storms can induce significant thermospheric density perturbations, leading to substantial orbital deviations.
Accurate quantification of atmospheric density variations during such events is therefore critical for reliable orbit prediction
and satellite safety. However, due to the rarity of intense geomagnetic storms, observational data capturing atmospheric
responses remain limited. We have recently pioneered a novel observational technique utilizing X-ray astronomy satellites
to probe the upper atmosphere. Since cosmic X-rays are predominantly absorbed in the lower thermosphere (100 - 200 km
altitude), this method offers a unique opportunity to investigate this otherwise elusive region.

The geomagnetic storm that occurred between October 10 and 13, 2024 (minimum Dst index: — 335 nT), ranked as
the second most intense event of Solar Cycle 25, provided a rare opportunity to examine the thermospheric response to
a large-scale storm. During this period, the X-ray astronomy satellite XRISM conducted calibration observations of the
Cygnus Loop (October 10) and E0102 (October 10 — 12). By analyzing atmospheric occultation data obtained immediately
after these sources rose from the Earth’s nightside, and X-ray emissions from the sunlit Earth limb just prior to setting, we
successfully derived vertical profiles of atmospheric density and the O/N composition ratio. The occultation data yielded
density profiles from 120 to 250 km in 20 km intervals, while the limb observations provided composition profiles from 100
to 300 km in 10 km intervals.

Our analysis revealed that total atmospheric density remained nominal prior to the storm, increased by approximately a
factor of two during the main phase, and decreased by several tens of percent during the early recovery phase. Furthermore,
the ratio of fluorescent O-K to N-K emission line intensities (O/N) decreased by 50 — 60% during the three-hour peak of
storm activity. Considering the occultation-derived total densities of oxygen and nitrogen, and the associated changes in
photoelectric absorption, the observed O/N reduction is consistent with nitrogen and oxygen densities increasing to 2.2 and
1.5 times their quiet-time values, respectively, during the storm’s main phase.

Based on these findings, we infer the following sequence of thermospheric response: The geomagnetic storm, triggered
by a coronal mass ejection arriving between 16:00 and 23:00 UT on October 10, induced strong Joule heating in the
polar regions during the main and early recovery phases. This heating caused polar atmospheric expansion and uplift of
nitrogen-rich neutral air from the lower thermosphere to higher altitudes, followed by equatorward transport. Consequently,
by early October 11 (around 03:30 local time, 01:00 UT), the equatorial thermosphere exhibited expansion and a marked
decrease in the O/N ratio.

Simulations using the GAIA model, incorporating geomagnetic storm effects, successfully reproduced the observed
density enhancement during the main phase. However, the model failed to replicate the pronounced decrease in the O/N
composition ratio, indicating the need for further refinement of atmospheric models to fully capture the complex dynamics
of storm-time thermospheric responses.
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