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Estimation of the horizontal distribution of the precipitating electron energy spec-
trum using EISCAT 3D radar
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The CARD method estimates the energy spectrum of precipitating electron flux from the E-region electron density height
distribution obtained by the European Incoherent Scatter (EISCAT) radar. This method was developed in 1989 and has been
widely used. However, the conventional EISCAT radar is practically a unidirectional instrument using a large aperture an-
tenna. It can only estimate the spectrum at a single point along the magnetic zenith. In contrast, the EISCAT_3D radar will
be able to observe the ionosphere in three dimensions using a phased-array antenna. The aim of this study is to develop a
method to estimate the horizontal two-dimensional distribution of the precipitating electron energy spectrum from the three-
dimensional electron density distribution obtained by the EISCAT _3D radar.

First, we prepared a typical electron energy spectrum, which is often observed in a discrete aurora, as the true model. The
energy distribution was defined as a combination of a Gaussian distribution with a characteristic energy of 5 keV and a one-
sided power-law component. The power-law slopes were 1 on the low-energy side and 3 on the high-energy side. The spatial
distribution of the total energy flux was assumed to follow a Gaussian distribution. It had a peak of 40 mW/m?, a uniform
offset of 10 mW/m?2, and a full width at half maximum of 47 km in the north — south direction. In the east — west direction,
the center of this north — south Gaussian was set to meander with a sinusoidal amplitude of 20 km and a wavelength of 200
km. From this true-value spectrum, a three-dimensional (3D) electron density distribution was created. This was done by
solving the electron density continuity equation under the steady-state assumption. Models for the ionization rate, neutral
atmosphere, and effective recombination coefficient were adopted from previous studies.

For estimating the precipitating electron spectrum, the electron density height profile along the magnetic field lines was
required. Therefore, we used the coordinate system (X, y, z) = (East, North, Magnetic Zenith). The prepared 3D data were
then sampled according to the 27-beam configuration planned for the EISCAT_3D Common Programme. Finally, observation
noise was added to generate synthetic data. The electron density values at 27 beam points in each altitude plane were spatially
interpolated. This interpolation was used to construct the electron density height profile along the magnetic field line at each
grid point.

When the least-squares estimation, as in the conventional CARD method, was applied to the 3D observation data, the total
energy flux was reproduced with an accuracy better than 5 mW/m?2, and the average energy with an accuracy better than 2
keV. This result held within a region of & 25 km east - west and £ 50 km north — south around the magnetic zenith. How-
ever, some oscillations remained in the estimated energy distribution. To address this, reconstruction was performed using
maximum a posteriori estimation. In this approach, two smoothness priors were imposed: (i) the second-order derivative in
the energy direction and (ii) the spatial second-order derivative between adjacent grids. As a result, the oscillations were sup-
pressed, and the 5 keV peak was more clearly resolved compared with the least-squares method. Nevertheless, oscillations at
high energies were not fully eliminated, and further improvements to the design of the prior distribution are planned in future
works.
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