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Characteristics of high-energy electron precipitation before and after substorm

using riometer
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It is well known that, immediately after substorm onsets, highly energetic electrons precipitate from the magnetosphere
into the ionospheric D region (60 — 90 km altitude), causing low-altitude ionization. Ionization in the D region, which is the
low-altitude part of the ionosphere, is detected as “absorption spikes” in cosmic noise absorption (CNA) using a riometer. In
previous studies, riometer operating at a single frequency was used, which limited the ability to estimate the energy range of
precipitating electrons based on the observed frequency dependence of CNA and conduct comprehensive statistical analyses.
In this study, we examined frequency dependence and statistical properties of CNA variations using a spectral (i.e., multi-
frequency) riometer (20 — 55 MHz) in Kilpisjérvi, Finland (KIL; 69.07N, 20.75E). Using a substorm list by Forsyth et
al. (2015), we identified 4,506 substorms over two years from 2023 to 2024. To investigate the typical pattern of electron
precipitation, Superposed Epoch Analysis (SEA) was applied to characterize variations in CNA around substorm onsets, with
the zero epoch-time is set to the substorm onset.

The SEA results reveal a slight decrease (about 0.03 dB) in CNA approximately 20 min before onset, suggesting a temporal
reduction in electron precipitation before onset. This behavior during the growth phase may be a precursor of substorm
onset (or substorm-related ionization) in the CNA data. Additionally, SEA with MLT sorting showed propagation of CNA
enhancements from midnight to eastward at 30 MHz, indicating eastward drift of high-energy electrons in the magnetosphere.
The estimated zonal propagation speed at ionospheric altitudes was estimated to be approximately 4.65 km/s during the initial
phase. However, all the events we used include cases where other substorms occurred before and after, so we cannot rule out
the possibility that the observations were affected by multiple overlapping events. To investigate this trend in more detail, we
analyzed 1,693 isolated-substorms (no other substorm within == 3 hours) at 30 MHz. In the SEA with the isolated-substorms,
eastward propagation was more clearly identified, with a slower eastward speed of approximately 2.35 km/s, indicating
that isolated substorms produce cleaner CNA features. From the derived propagation speeds, it was found that electrons
precipitating into the D region after substorm onset propagate eastward at speeds of a few kilometers per second, rather than
westward. The propagation eastward is attributed to the grad-B drift in the magnetospheric equatorial plane. It should be
noted that the propagation velocity includes the Earth’s rotational velocity. For a given observation site at latitude 6, the
rotational velocity is expressed as v =(2 7 Re cos 0)/(24 X 3600) where Re is the Earth’s radius. At Kilpisjérvi, this value
is approximately 0.16 km/s. Since the rotational velocity varies with latitude, it depends on the location of observation.

In the presentation, we will discuss how the substorm-related CNA varies based on substorm size, season, event isolation,
and the magnetic latitude of the riometer location.
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