
1.  Introduction
Electron precipitation is one of the major energy input mechanisms to the high latitude upper atmosphere. The 
energy is deposited in the auroral ionosphere, where the precipitation causes auroral emissions, ionizes the neutral 
atmosphere, enhances ionospheric conductivity, alters neutral and ion compositions, and heats the ambient elec-
tron gas (Palmroth et al., 2021). Auroral electron precipitation is characterized by the global distribution of the 
auroral power (total energy flux), total number flux and peak energy of the precipitating electrons (Kaeppler 
et al., 2020; Tesfaw et al., 2022; Virtanen et al., 2018).

Several statistical studies have characterized the global distribution of electron precipitation using satellite meas-
urements. Hardy et al. (1985) used the SSJ/3 instruments onboard the DMSP satellites that detect fluxes of 50 
eV–20 keV auroral electrons. The authors studied statistical variations in the average energy, total energy flux and 
total number flux of electron precipitation as function of magnetic local time (MLT), magnetic latitude, and the 
geomagnetic Kp index. Newell et al. (2009, 2010) used the upgraded SSJ/4 instrument onboard the same satellite 
series to study statistical features of discrete and diffuse auroral electron precipitation at 30 eV–30 keV energies. 
The authors investigated MLT, seasonal, and solar activity variations of the energy and number fluxes. Vorobjev 
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energies precipitate more commonly during morning hours than evening hours, and large energy and number 
fluxes occur more frequently in the evening and pre-midnight hours than in post-midnight and morning hours.
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et  al.  (2013) used the same instrument to develop an interactive auroral oval model, which shows MLT and 
magnetic activity variation of the average energy and energy flux of precipitating electrons. Hardy et al. (1991) 
combined measurements from the SSJ/3 and SSJ/4 instruments to characterize global distribution of average 
energy, auroral power, number flux, and the derived ionospheric conductivity. A shortcoming of the DMSP 
measurements is that the highest electron energy covered by the SSJ instruments is 30 keV.

High energy (>30 keV) electrons have been studied using the MEPED instrument (Evans & Greer, 2004) onboard 
the POES satellites (Lam et al., 2010; Wissing et al., 2008; Yakovchuk & Wissing, 2019). Focus of these studies 
was on MLT and magnetic activity variations of electron number fluxes. The MEPED instruments have only 
three wide energy bands (30–100 keV, 100–300 keV and 300–2,500 keV), which makes calculation of peak 
energy and auroral power estimates impractical.

Newell et al. (2001) used the Ultraviolet Imager (UVI) onboard the Polar satellite to study variations of auro-
ral power with substorm phases within different MLT sectors. The same instrument was also used by Liou 
et al. (2001), who studied seasonal variation of auroral power. Also X-ray and UV auroral emissions measured 
by the UVI and PIXIE instruments of the Polar satellite have been used to estimate energy spectra of 1–100 keV 
of precipitating electrons for selected auroral events (e.g., Østgaard et al., 2002). The Global Ultraviolet Imager 
(GUVI) instrument onboard TIMED satellite was used by Zhang and Paxton  (2008) to develop a Kp index 
dependent empirical model that shows global distribution of the average energy and auroral power. The UVI and 
GUVI studies combine the short and long Lyman-Birge-Hopfield (LBHS and LBHL) N2 auroral emissions in the 
FUV spectrum with auroral and airglow models to estimate the average energy and energy flux of the precipitat-
ing electrons.

The satellite studies show that electron precipitation is typically more energetic in the morning side than in the 
evening side of the auroral oval (Hardy et al., 1985, 1991; Lam et al., 2010; Wissing et al., 2008). Larger auro-
ral powers are measured during active geomagnetic conditions than during low geomagnetic activity (Hardy 
et al., 1985, 1991; Vorobjev et al., 2013; Yakovchuk & Wissing, 2019; Zhang & Paxton, 2008), and the MLT 
sector of highest energy flux moves from pre-midnight to post-midnight with increasing geomagnetic activity 
(Hardy et al., 1985). Newell et al. (2009) found that most of the energy carried by discrete and diffuse auroral 
electrons dissipate in the pre-midnight and post-midnight side of the auroral oval, respectively.

Incoherent scatter radar (ISR) measurements of geomagnetic field-aligned electron density profiles can be 
inverted into differential energy fluxes of the precipitating electrons. Several different techniques have been 
developed for the energy spectra inversion (Brekke et al., 1989; Dahlgren et al., 2011; Kaeppler et al., 2015; 
Kirkwood, 1988; Semeter & Kamalabadi, 2005; Simon Wedlund et al., 2013; Virtanen et al., 2018; Vondrak & 
Baron, 1977). In this study, we derive the auroral power, peak energy, and number flux of precipitating electrons 
from the EISCAT Tromsø UHF incoherent scatter radar measurements conducted between 2001 and 2021. We 
use the ELectron SPECtrum (ELSPEC) method (Virtanen et al., 2018) that yields estimates for 1–100 keV auro-
ral electrons. We carry out a statistical study of local electron precipitation characteristics, including 30–100 keV 
electrons that are poorly covered by satellite measurements. In order to put the local measurements into a more 
global context, we use an empirical Kp dependent model of the auroral oval location (Starkov, 1994). To our 
knowledge, this is the  first study that uses ISR measurements for a long-term statistical study of electron precip-
itation characteristics.

The paper is organized as follows. In Section 2 we describe the data selection and data analysis. Statistical results 
of peak energy, auroral power, and total number flux of electron precipitation are shown in Section 3. Discussion 
on effects of the auroral oval motion on our results, seasonal and solar cycle variation of precipitation occurrence 
rate and comparison with earlier results are given in Section 4, and the final conclusions are drawn in Section 5.

2.  Data Analysis
2.1.  Selection of EISCAT Radar Data

Our primary data are altitude profiles of electron density and electron temperature measured with the EISCAT 
Tromsø UHF incoherent scatter radar (69.58°N, 19.23°E geodetic; 66.73°N, 102.18°E corrected geomagnetic) 
obtained from the Madrigal database. The geomagnetic coordinates are calculated for the year 2010. The EISCAT 
radar data in Madrigal are analyzed by EISCAT using the Grand Unified Incoherent Scatter Design and Analysis 
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Package (GUISDAP) (Lehtinen & Huuskonen, 1996). Altogether 10 days of data were re-analyzed, because they 
appeared to be originally analyzed with incorrect electron density calibration in GUISDAP. The data are a collec-
tion of numerous separate radar experiments conducted with different beam scanning patterns, transmission 
modulations and signal processing schemes. Different radar operation modes provide different resolutions, but 
the time resolution is typically close to 1 min, and the altitude resolution is a few kilometers in the E region. The 
radar data spans 21 years of radar observations conducted between January 2001 and April 2021.

Since electron precipitation occurs along the geomagnetic field lines, we select data from field-aligned meas-
urements. These include the EISCAT CP1 mode with the radar beam fixed along the local geomagnetic field 
line, as well as field-aligned profiles from modes that contain several pointing directions. To exclude daytime 
measurements with photoionization, we exclude measurements during which the solar zenith angle (χ) at 100 km 
altitude was less than 90°.

Yearly, monthly and magnetic local time (MLT) distributions of the selected data are shown as yellow histograms 
in panels (a–c) of Figure 1. Panel (a) shows that number of data points per year varies approximately between 
12,000 and 34,000. The number of measurements per year is not constant because the radar does not operate 
continuously and the observation modes vary. Exclusion of daylight measurements results in absence of data in 
the summer months of June, July and August (not shown here), and large reduction of data points between 10 and 
14 MLT. Panel (b) shows that the data covers equinox and winter months from September to April, with a few 
additional measurements from May. MLT distribution in panel (c) shows that the number of data points peaks at 
MLT midnight and majority (more than 80%) of the data are from the 18–06 MLT sector.

2.2.  The ELSPEC Method

ELSPEC (Virtanen et  al.,  2018) takes the field-aligned electron density and temperature profiles from 80 to 
150 km altitudes as inputs, and calculates the differential number flux of 1–100 keV electron precipitation at 
selected energy bins. In this work, ELSPEC is set to solve the steady state electron continuity equation that 
involves the ion production and loss rates. The steady state assumption is justified by the long radar integration 
time (close to 1 min) which is longer than typical electron recombination time scales in the E region (Semeter & 
Kamalabadi, 2005). The ion production rates of mono-energetic electrons in the selected energy grid are calcu-
lated using the model of Fang et al. (2010). The model needs a neutral atmosphere, which is taken from the Mass 
Spectrometer Incoherent Scatter radar (NRLMSISE-00) model (Picone et al., 2002). The ion loss rate is a product 
of an effective recombination coefficient and square of electron density. Recombination coefficients of NO + and 

𝐴𝐴 O
+

2
 ions are calculated using the results of Sheehan and St-Maurice (2004). The effective recombination coeffi-

cient depends also on electron temperature and ion composition, which are taken from the radar measurements 
and the International Reference Ionosphere (IRI) model (Bilitza et al., 2017), respectively.

We run the ELSPEC analysis after obtaining the electron density and temperature data from Madrigal database. 
ELSPEC iteratively minimizes the difference between the modeled and the measured electron density profiles 
to find a differential number flux that leads to best match with the measurements. The iteration is repeated 
with several different parametric spectrum models for each electron density profile, and the optimal model is 
selected using the Akaike information criterion (Burnham & Anderson, 2002, for example). The models can 
produce a variety of commonly observed electron energy spectra, for example, Maxwellians, κ-distributions, 
and mono-energetic spectra, as well as more exotic spectrum shapes (Virtanen et al., 2018). Differential energy 
flux is calculated as product of the differential number flux and the corresponding electron energy in a given 
energy grid. Auroral power (total energy flux) and total number flux are integrated from the differential energy 
and number fluxes, correspondingly. Peak energy is the energy at which the differential energy flux reaches its 
maximum value.

As GUISDAP fits sometimes fail at individual altitudes, there are data points missing from the electron density 
and temperature profiles. The data gaps are filled by means of linear interpolation in middle of the profiles, or 
with IRI model data if data points are missing from either end of the profile. The selected values do not affect the 
ELSPEC fit results, because very large standard deviations (10 12 m −3) are given for the filled electron densities. 
An exception is the lowest measured altitude, where a small (10 9 m −3) standard deviation of the electron density 
is used to suppress unrealistic oscillations from the ELSPEC fits. This selection does not significantly affect the 
inverted spectra, because the IRI values used to fill missing data in the D region are small, and the GUISDAP fits 
tend to fail only when the true electron density is also small.
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ELSPEC is nominally using electron densities from 80 to 150 km altitudes, which correspond to peak ionization 
altitudes by 100 and 1 keV electrons, respectively. This altitude range is selected because below 80 km altitude 
the ion chemistry is complex and above 150 km plasma convection and amount of long-lived O + ions are signifi-
cant. The energy grid used in the ELSPEC fit contains also energies below 1 keV to improve the fitting procedure 
and spectra produced, but when analyzing peak energies, auroral powers and number fluxes, energies smaller 
than 1 keV are rejected.

In our data, majority (about 80%) of the electron density altitude profiles reach down close to 80 km and the 
remaining 20% reach down close to 90 km. This indicates that the whole 1–100 keV energy range is covered by 
most of the radar data. Lack of measurements from the lowest altitudes allows the solver to produce almost any 
value for the flux at the highest energies. To remove those parts of the spectra that are not based on measurements, 
we use the lowest measured altitude hmin to select a maximum energy Emax for each measurement. Only energies 
between 1  keV and Emax are used from each fitted energy spectrum when calculating peak energies, auroral 

Figure 1.  Yearly, monthly and MLT distribution of selected radar measurements. Top panels: all field-aligned measurements with solar zenith angle greater than 90° 
(yellow histograms), and data points with auroral power (AP) greater than 2 mWm −2 (blue histograms). Bottom panels: fraction of data points with auroral power larger 
than 2 mWm −2. The sunspot number is shown by the red line in panel (d) and its maximum value is 180.
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powers, and total number fluxes. Emax is selected so that ion production by mono-energetic electrons with energy 
Emax peaks at hmin. For example, Emax ≈ 100 keV for hmin = 80 km, and Emax ≈ 45 keV for hmin = 90 km. The Emax 
values are calculated using the Fang et al. (2010) ionization model with the neutral atmospheric particle densities 
taken from the NRLMSISE-00 empirical model (Picone et al., 2002).

The ELSPEC fit results were manually inspected for electron density altitude profiles that show obvious sign of 
technical issues in the radar or in the data analysis. Based on this search, 20 out of 2,000 separate Madrigal data 
files were rejected. Duration of Madrigal data file varies from a few hours to 24 hr. In addition, individual fits 
with normalized sum of squared residuals (chi-square) larger than 3 were rejected to remove outliers caused for 
example, by space debris echoes.

2.3.  Yearly, Monthly and MLT Distributions of Electron Precipitation

As described above, we use all field-aligned EISCAT Tromsø UHF radar data with solar zenith angle larger than 
90° available in the Madrigal data base from 2001 to 2021. The data are analyzed with ELSPEC into peak ener-
gies, auroral powers, and total number fluxe estimates. After the ELSPEC analysis, we divide the data into two 
groups according to the auroral power. Only data with auroral power larger than 2 mWm −2 are used for studies of 
peak energy, auroral power, and total number flux. The criterion selects the data points that show clear signs of 
electron precipitation and are accurate enough for reliable peak energy estimation. As the electron precipitation is 
the only source of ionization in the night-time E region, the ISR data are noisy when the auroral power is small.

Yearly, monthly and MLT distributions of the final ELSPEC fit results with auroral power larger than 2 mWm −2 
and solar zenith angle larger than 90°are shown as blue histograms in panels a, b, and c of Figure 1. Rejecting 
data points with auroral power less than 2 mWm −2 reduces the number of data points per year by 65%–95%, per 
month by 75%–95%, and per MLT bin by 70%–100%. The large differences are related to variations in precipita-
tion occurrence rates in Tromsø and are discussed in more detail in Sections 3.1, 4.1 and 4.2.

2.4.  Location of the Radar Relative to the Auroral Oval

Our data are measured at a fixed point on Earth that rotates under the auroral oval. The shape and size of the 
oval depend on geomagnetic activity. As a result, the location of the radar beam with respect to the auroral oval 
varies, and the radar sometimes observes regions outside of the oval. Interpretation of our results thus requires 
taking into account the position of the radar beam with respect to the auroral oval for each data point. We deter-
mine the location of the auroral oval by using the Feldstein-Starkov auroral oval model (Sigernes et al., 2011; 
Starkov, 1994). The model gives the poleward and equatorward boundaries of the main and diffuse auroral ovals 
as a function of Kp index and MLT. The Feldstein-Starkov oval model was selected because, unlike for example, 
the model of Zhang and Paxton (2008), it has well-defined boundaries for the main and diffuse auroral ovals. As 
input to the model, we use the Hpo index (Yamazaki et al., 2022) which has better temporal resolution than the 
traditional 3-hr Kp index. The Hpo index has two versions with 30 and 60 min temporal resolutions, and for this 
study we use the 60 min version.

Figure 2 shows the main (green) and diffuse (yellow) auroral ovals as function of magnetic latitude and magnetic 
local time for Hpo = 0–8. The radar beam position is shown as a dashed circular line. The figure shows that the 
main oval is wider in the night side than in the day side. The diffuse oval is wider than the main oval for low Hpo 
values. Size of the oval and the day-night asymmetry increase with increasing Hpo index. When Hpo is higher 
than 6, the main and diffuse ovals extend to magnetic latitudes as low as 60° and 55°, respectively.

The MLT intervals during which the radar is within the main and diffuse ovals at different Hpo levels are shown 
in the last two columns of Table 1. Both the oval plots and the table indicate that the radar beam enters the oval 
earlier in the evening and leaves it later in the morning when the oval grows larger with increasing Hpo. There is 
however an exception for this; the radar enters the oval earlier in time when Hpo is 0 than when Hpo is 0+. More 
specifically, the radar enters the oval at 23:00 when Hpo is 0, and at 23:06 when Hpo is 0+. This might be because 
of a problem in the auroral oval model at extremely low Hpo values. When Hpo is below 2, the radar beam is 
always outside of the main oval, but reaches the diffuse oval during night and early morning hours. When Hpo is 
larger than 4, the radar beam is always poleward of the equatorward boundary of the diffuse oval, as marked by 
“all” in the table. In addition, when Hpo is larger than 4, the radar is inside the main oval from evening until late 
morning hours. The dayside main oval never reaches Tromsø latitude, and the radar is equatorward from the main 
oval from 9 to 18 MLT in all Hpo levels.
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3.  Statistical Analysis Results
3.1.  Solar Cycle, Seasonal and MLT Variations in Precipitation Occurrence Rate

As mentioned in Section 2.3, for a majority of the time the radar does not observe significant electron precipitation. 
Fraction of data points with auroral power larger than 2 mWm −2 for each year, month and MLT bin are shown in 
panels (d–f) of Figure 1. The radar data spans more than one and half solar cycles, from the peak of solar cycle 23 
(January 2001) until the beginning of solar cycle 25 (April 2021), as shown in the sunspot number graph (red line) 
of panel (d). The histogram in panel (d) shows a clear solar cycle dependence in electron precipitation occurrence 
rate over Tromsø. The occurrence rate of auroral electron precipitation peaks at declining phases of the solar cycles.

Figure 2.  The main (green) and diffuse (yellow) Feldstein-Starkov auroral ovals as function of magnetic latitude and magnetic local time for different Hpo levels. The 
dotted line is location of the EISCAT Tromsø UHF incoherent scatter radar.

 21699402, 2023, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

031382 by U
niversity O

f O
ulu, W

iley O
nline L

ibrary on [31/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

TESFAW ET AL.

10.1029/2023JA031382

7 of 22

Panel (e) of Figure 1 shows that electron precipitation is observed more frequently during autumn and spring than 
at mid-winter. The precipitation occurrence rate peaks at equinoxes in September and March. Both the solar cycle 
and seasonal dependence of the auroral occurrence rate will be discussed in detail in Section 4.1.

Panel (f) of Figure 1 shows auroral electron precipitation occurrence rate as function of MLT. The occurrence rate 
increases monotonically from post-noon to morning hours. A similar MLT trend in the occurrence rate of optical 
aurora was reported by Nanjo et al. (2022) who found that occurrence rate of the diffuse aurora increases mono-
tonically from 18 MLT until 04 MLT, and decreases afterward. An explanation for the observed MLT dependence 
of auroral electron precipitation occurrence rate will be given in Section 4.2.

3.2.  MLT Dependence of Peak Energy, Auroral Power and Number Flux

To study the MLT dependence of peak energy, auroral power and number flux, we use the ELSPEC results with 
auroral power larger than 2 mWm −2 and zenith angle larger than 90°, and bin the data into 1-hr MLT intervals 
from 18 to 09 MLT.

Figure 3 shows distribution of the peak energy in units of counts per keV. The normalization allows us to use vari-
able energy bin widths. The average peak energy for each MLT bin is also shown in each panel as E0av. The figure 
shows that 1–5 keV electrons dominate from the evening to the morning hours (18–06 MLT), while the 5–10 keV 
electrons dominate in the late morning hours (06–09 MLT). The average peak energy shown in the  panels also 
increase almost monotonically with MLT, reaching above 10 keV after 06 MLT. The peak energy distributions 
become wider and extend to higher energies as one moves from the evening to the morning side of the auroral 
oval. For example, fraction of the 10–20 keV electrons out of all detected precipitation increases from about 8% in 
the evening and pre-midnight hours (18–00 MLT) to about 15% in the post-midnight and morning hours (00–09 
MLT). The 30–100 keV peak energy bin also shows a significant increment, from below 0.5% to above 1%. While 
the largest observed energies in the evening hours (18–20 MLT) are below 30 keV, the continuous distribution 
reaches 60 keV by 03 MLT and 80 keV by 09 MLT. In addition, the most energetic 90–100 keV electrons are 
clearly more common in the late morning MLT sectors (06–09 MLT).

Distributions of the auroral power and number flux are shown in Figures 4 and 5. The average auroral power APav and 
number flux NFav are also shown in each panel for each MLT bin. The distributions are dominated by small auroral 
powers (2–10 mWm −2) and number fluxes (≤10 13 m −2 s −1) at all MLTs. Contrary to the peak energy, the  auroral power 
and number flux distributions are wider and extend to higher values in the pre-midnight hours than in post-midnight 
hours. For instance, the auroral power is larger than 30 mWm −2 in more than 2% of all detected precipitation before 
MLT midnight, but in only about 0.5% of the data after midnight. The largest auroral power obtained in this study, 
360 mWm −2, was also observed before midnight. The largest auroral powers detected in each MLT bin are at least 
100 mWm −2 until 02 MLT, but the maximum power decreases to 60 mWm −2 by 06 MLT and below 30 mWm −2 by 

Hpo N E0 ≥ 30 (%) AP ≥ 30 (%) NF ≥ 4·10 13 (%) Main oval MLT Main + diffuse ovals MLT

0 74,729 0 0.003 0.005 – 23:00–05:00

1 112,610 0.004 0.007 0.01 – 21:42–06:48

2 79,614 0.03 0.07 0.06 21:36–04:18 20:00–10:18

3 57,911 0.5 0.3 0.2 20:30–05:18 18:00–11:48

4 30,046 1.2 0.7 0.3 19:18–07:30 16:12–13:00

5 11,742 1.4 1.2 0.8 19:00–08:00 all

6 3,965 — — — 18:42–08:12 all

7 1,907 — — — 18:36–08:18 all

8 2,134 — — — 18:30–08:18 all

≥6 8,006 0.5 2.1 1.0 — —

Note. From left to right, the first five columns are: Hpo value, total number of measurements, and occurrence rates of high 
peak energies, large auroral powers, and large number fluxes. The last two columns contain MLT intervals during which the 
radar is inside of the main oval, and inside the main or the diffuse ovals.

Table 1 
Hpo Distribution of High Peak Energies (E0 ≥ 30 keV), Large Auroral Powers (AP ≥ 30 mWm −2), and Large Number 
Fluxes (NF ≥ 4 · 10 13 m −2s −1)

 21699402, 2023, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

031382 by U
niversity O

f O
ulu, W

iley O
nline L

ibrary on [31/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

TESFAW ET AL.

10.1029/2023JA031382

8 of 22

09 MLT. In addition, the average auroral powers are all 6 mWm −2 and above in the pre-midnight hours, and below 
6 mWm −2 in the post-midnight hours. Similarly, number fluxes larger than 10 14 m −2 s −1 are measured during all 
pre-midnight hours except 22–23 MLT, but not at all after midnight, and the fraction of data points with total number 
flux larger than 4 · 10 13 m −2 s −1 decreases from more than 1% in the pre-midnight hours to 0.2% in the post-midnight 
hours. The average number flux decreases systematically from above 10 13 m −2 s −1 at 18–19 MLT to about 3 · 10 12 m −2 
s −1 in the late morning hours (7–9 MLT). One should note that our analysis results cover only energies above 1 keV, 
which may affect the average number fluxes, because the number flux may be significant below 1 keV.

3.3.  Geomagnetic Activity and MLT Dependence of High Peak Energies, Large Auroral Powers, Large 
Number Fluxes, and the Auroral Oval Location

Locations of the largest peak energies, auroral powers, and number fluxes in the auroral oval are shown in 
Figures 6–8. The data are binned in nine groups according to the Hpo index. The lowest bin (“Hpo = 0” in the 

Figure 3.  Distribution of peak energies in 1 hr MLT bins. The average peak energy and total number of data points for each MLT bin are shown as E0av and N, 
respectively. The estimates are retrieved from the EISCAT Tromsø UHF radar data measured when the solar zenith angle at 100 km is larger than 90°.
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figures) corresponds to Hpo ≤0+, the second bin (“Hpo = 1”) corresponds to 1− ≤ Hpo ≤ 1+, etc. The highest 
bin (“Hpo = 8”) contains all data with Hpo ≥8−. Each plot shows the main (dark gray) and diffuse (light gray) 
auroral ovals calculated with the Feldstein-Starkov model. Individual data points are plotted at geomagnetic lati-
tude of Tromsø and at the MLT of the measurement. The points are further divided into high (blue) and very high 
(red) values. The red dots are shifted slightly south from Tromsø for better visibility.

Locations of high peak energies are shown in Figure 6. The blue and red dots are high (30–50 keV) and very high 
(50–100 keV) peak energies, correspondingly. The figure indicates that vast majority of the high peak energy 
precipitation occurs after MLT midnight. With increasing geomagnetic activity level, more high-peak energy 
precipitation events are observed in the pre-midnight hours. Furthermore, very high (>50 keV) peak energies 
occur pre-dominantly during active geomagnetic conditions (Hpo ≥ 3). With increasing MLT the radar moves 
from the main oval to the diffuse oval, and the high peak energies are observed in the main oval before 06 MLT 
and in the diffuse oval after 06 MLT.

Figure 4.  Distribution of auroral power in 1 hr MLT bins. The average auroral power and total number of data points for each MLT bin are shown as APav and N, 
respectively. The estimates are retrieved from the EISCAT Tromsø UHF radar data measured when the solar zenith angle at 100 km is larger than 90°.
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Locations of large auroral powers and number fluxes are shown in Figures 7 and 8, respectively. The blue dots 
correspond to large (30–80 mWm −2) auroral powers in Figure 7, and to large (4–8 · 10 13 m −2 s −1) number fluxes 
in Figure 8. The red dots indicate very large auroral powers (≥80 mWm −2) and very large number fluxes (≥8 
· 10 13 m −2 s −1), correspondingly. The oval plots indicate that majority of the large auroral powers and number 
fluxes are observed in the main auroral oval. The large values are observed from 18 MLT all the way until 06 
MLT, with higher occurrence frequencies in the pre-midnight side of the main auroral oval. A few large values 
are measured also in the post-noon and early evening sides of the diffuse auroral oval. Auroral powers larger than 
80 mWm −2 and number fluxes larger than 8 · 10 13m −2 s −1 are measured predominantly in the pre-midnight sector 
of the oval, and almost entirely during active geomagnetic conditions (Hpo ≥ 3).

Occurrence rates of high peak energies, large auroral powers, and large number fluxes, integrated over all MLTs, 
are shown in table. For Hpo ≤5, the occurrence rates are calculated separately for each Hpo bin. For Hpo ≥6, 

Figure 5.  Distribution of number flux in 1 hr MLT bins. The average number flux and total number of data points for each MLT bin are shown as NFav and N, 
respectively. NFav is given in units 10 13 m −2 s −1. The estimates are retrieved from the EISCAT Tromsø UHF radar data measured when the solar zenith angle at 100 km 
is larger than 90°.
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the number of observed events in each Hpo bin is too small for accurate calculation of the occurrence rate. As 
a result, a single average occurrence rate is calculated for each quantity when Hpo is 6 and above, and shown in 
the last row of the table. MLT intervals during which the radar is inside of the main and diffuse ovals is shown in 
the last two columns. At Hpo values 0 and 1, Tromsø is always outside the main auroral oval and the occurrence 
rates are extremely small (≤0.01%).

Occurrence rate of high peak energies (E0 ≥ 30 keV) increases monotonically from 0 at Hpo = 0 to 1.4% at 
Hpo = 5, but decreases to 0.5% when Hpo ≥6. As the total number of measurements for Hpo >5 is small, the high 
Hpo bins may be affected by insufficient statistics. The radar data are also affected by expansion of the auroral 
oval with increasing Hpo. However, Hardy et al. (1985) reported that the average energy increases at Kp = 0–3 
and remains constant at higher values of Kp, which has some similarity with our results.

Figure 6.  Magnetic local time distribution of high peak energies (E0) in the auroral oval for different geomagnetic activity levels. Data points with peak energies 
30–50 keV (50–100 keV) are shown as blue (red) dots in each oval plot. Number of data points for each category are given in the upper right corner of each panel. The 
main and diffuse ovals are shown as shades of dark and light gray. The red dots are shifted slightly south from Tromsø for better visibility.
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Occurrence rates of large auroral powers (≥30 mWm −2) and number fluxes (≥4 · 10 13 m −2 s −1) in Table 1 increase 
monotonically from zero at Hpo = 0 to 2.1% and 1.0% when Hpo ≥6, correspondingly. As large auroral powers 
and number fluxes are clearly concentrated in the pre-midnight side of the main oval of Figures 7 and 8, these 
trends may be connected to expansion of the main oval. This is discussed in more detail in Section 4.2.

3.4.  Hpo Dependence of Peak Energy, Auroral Power, and Number Flux

Because the radar beam is very narrow and auroras do not fill the whole auroral oval, the radar observes precip-
itation only for a fraction of time even in active conditions. To study the Hpo dependence of precipitation 
characteristics, we search for electron precipitation yielding the maximum auroral power during a 1-hr time 
window, matching the time resolution of the Hpo index. For each 1-hr window, we then take the peak energy, 
auroral power, and number flux from the data point with the maximum auroral power.

Values of peak energy, auroral power, and number flux obtained as explained above versus the Hpo index in 3-hr 
MLT intervals are shown in Figure 9. The blue and red dots are measurements from the main and diffuse ovals, 

Figure 7.  Magnetic local time distribution of large auroral powers (AP) in the auroral oval for different geomagnetic activity levels. Data points with auroral powers 
30–80 mWm −2 (≥80 mWm −2) are shown as in blue (red) dots in each oval plot. The red dots are shifted slightly south from Tromsø for better visibility.
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correspondingly. The plots contain regression lines obtained from linear least squares fits to data points measured 
when Hpo ≤5. The slope (a) and intercept (b) of each regression line, together with their standard errors, are 
shown in the panels. The fits are not performed for data points measured when the Hpo index is above 5, because 
the small number of data points may not represent typical precipitation characteristics in these conditions.

The distributions of the blue (main oval) and the red (diffuse oval) data points clearly show how the radar moves 
with respect to the oval. In the 18–21 MLT bin the measurements are mostly from the diffuse oval, but also the 
main oval is observed when Hpo >2. Vast majority of the data are from the main oval from 21 to 03 MLT, with 
the diffuse oval observed only when Hpo <3. In the morning side the radar again moves from the main oval to the 
diffuse oval, and majority of the data points are from the diffuse oval in the 06–12 MLT bin.

The peak energy fits in the left column of panels in Figure 9 show small positive slopes in all MLT sectors from 
18 to 12. This is in line with the behavior of the high peak energies in Table 1. The panels indicate that very high 
peak energies (E0 ≥ 50) are not detected at the highest Hpo values but they are common at Hpo values 3–6. The 
highest slope in the linear fit is observed in the late morning and pre-noon hours. The positive intercepts in the 
linear fits indicate that the peak energy does not drop to zero even in quiet conditions.

Figure 8.  Magnetic local time distribution of large number fluxes (NF) in the auroral oval for different geomagnetic activity levels. Data points with number fluxes 4–8 
· 10 13 m −2s −1 (≥8 · 10 13 m −2s −1) are shown as in blue (red) dots in each oval plot. The red dots are shifted slightly south from Tromsø for better visibility.
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The auroral powers in the middle panels show stronger Hpo dependence than the peak energies. The steepest 
slopes are found from the pre-midnight and evening hours where discrete aurora dominates. Also these fits are in 
line with the Hpo dependence of the largest auroral powers in Table 1. Similar behavior is seen also in the number 
fluxes on the right, but the slopes are clearly smaller than for the auroral power. Finding the strongest correlations 
with Hpo in the auroral power is in line with the results of Hardy et al. (1985), who reported an increase in auroral 
power but constant E0 with increasing values of Hpo.

As can be easily seen from Figure 9, the data points are highly scattered although positive correlations were 
found. This is confirmed also by correlation coefficients, which are below 0.5 for all quantities in all MLT 

Figure 9.  Peak energy (first column), auroral power (second column) and number flux (third column) versus the Hpo index. MLT intervals for each panel are marked 
on the upper left corner of each panel. The blue and red dots are measurements from the main and diffuse auroral oval, correspondingly. The lines are linear fits to data 
points measured when Hpo ≤ 5. The slope (a) and intercept (b) with their standard errors are given on the upper right corner of each panel. The data are maximum 
values in auroral power from 1-hr MLT bins, as explained in the text.
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bins. The small correlations may be expected, as Hpo is a global index, while the radar makes extremely local-
ized measurements. On global scale, previous satellite-based studies have shown increase of auroral power and 
number flux with increasing geomagnetic activity (Hardy et al., 1985, 1991; Newell & Gjerloev, 2011; Vorobjev 
et al., 2013; Yakovchuk & Wissing, 2019; Zhang & Paxton, 2008).

4.  Discussion
4.1.  Solar Cycle and Seasonal Variations in Precipitation Occurrence Rate

The histogram in Figure 10, also shown in panel (d) of Figure 1, shows solar cycle variations of the auroral occur-
rence rate. The red line shows the sunspot number and one can see that the electron precipitation occurrence rate 
peaks in the declining phases of solar cycles 23 and 24. In addition, the fraction of data points for which the Hpo 
index is larger than 2 is shown by a blue line in the figure. The peaks of yearly precipitation occurrence rates in 
2002–2004 and 2015–2017 match with the peaks in the Hpo >2 curve. Previous studies have also reported maxi-
mum Kp index values in the declining phases of solar cycles (e.g., Matzka et al., 2021).

As discussed in Section 2.4, the auroral oval expands to Tromsø latitude only when Hpo is above 2, and as will 
be discussed in Section 4.2, precipitation rarely occurs outside the Feldstein-Starkov oval. The solar cycle (sc) 
variation in our data is thus most likely due to the solar cycle variation in magnetic activity, which controls the 
auroral oval location, width and occurrence rates of precipitation. It implies that the auroral precipitation occur-
rence rate peaks at Tromsø in the declining phases of the solar cycle because the oval is more often above Tromsø 
at these times. The highest auroral occurrence frequency obtained in our study is about 32% in year 2002, which 
is in the declining phase of solar cycle 23. Both the sunspot number and geomagnetic activity (in terms of Hpo 
index) were greater during sc 23 than sc 24, and we see the same effect in the occurrence rate of auroral electron 
precipitation in Tromsø.

Similar solar cycle dependence in the auroral occurrence rate has been reported in optical aurora at the same 
location by Nanjo et al. (2022), who used 10 years of all sky camera data from 2011 until 2021. In their study, the 
optical aurora occurrence rate at Tromsø shows maxima at the declining phase of sc 24 with maximum of 70% 
in year 2015. The authors calculated the 2015 occurrence frequency by including months January-March from 
year 2016, which accounts more than 50% of the data in their calculation. In our study, we obtained maximum 
occurrence frequency of about 21% in year 2016 in sc 24. Since the 2015 result of Nanjo et al. (2022) contain data 
from year 2016, it seems that the year of maximum occurrence rate in our study match with the optical aurora 
occurrence rate.

The lower occurrence frequency obtained in our study is obviously due to the very narrow field–of–view (FoV) of 
the radar beam as compared to that of the all sky camera. The all sky camera FoV covers an area about 750 km in 

Figure 10.  Solar cycle and geomagnetic activity variation of auroral electron precipitation occurrence rate in Tromsø. The 
red and blue lines show the sunspot number and the percentage of data points with Hpo > 2, correspondingly.
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diameter, and the radar covers only an area about 1 km in diameter, both at 100 km altitude. Due to its large FoV, 
the all-sky camera has a higher probability of capturing auroral structures that occur in different geomagnetic 
activity conditions.

Regarding global occurrence rate of aurora, using intense (>5 mWm −2) electron precipitation measurements of 
DMSP satellite, Newell et al. (1998) found that the total number of intense aurorae is uncorrelated with solar 
activity in darkness, but is negatively correlated with solar activity in sunlit conditions. Using data from the 
FAST satellite, Cattell et al. (2013) found minima in the auroral occurrence rate at solar maxima both in sunlit 
and darkness conditions.

In Section 3.1, we briefly described monthly variation of the auroral occurrence rate shown in panel (e) of Figure 1. 
As shown in the figure, the auroral occurrence frequency has maxima during equinoctial months, in September 
and March, and a minimum in December to January. Nanjo et al. (2022) found maximum optical auroral occur-
rence frequency in October and February, and minimum in December. The semi-annual variation in geomagnetic 
activity has long been recognized (Chapman & Bartels, 1940; Cortie, 1912; Russell & McPherron, 1973) and it 
gives peaks in geomagnetic activity at times close to equinoxes. As Lockwood et al. (2020) show, the semi-annual 
variation is almost entirely due to the Russell–McPherron (R–M) effect. According to the R–M effect (Russell & 
McPherron, 1973), the probability of southward interplanetary magnetic field (IMF) increases during equinoxes, 
because the IMF BY component on the solar equatorial plane in the Geocentric Solar Equatorial (GSEQ) frame 
gives a component to the north–south BZ component in the Geocentric Solar Magnetospheric (GSM) frame. 
Southward IMF in the GSM coordinate system increases the coupling between the IMF and the magnetosphere 
providing energy for geomagnetic storms and substorms (Newell et al., 2007).

4.2.  MLT Variations in Precipitation Occurrence Rate

The motion of the auroral oval boundaries with increasing Hpo index was presented in Section 2.4. Here we 
discuss its implications to the radar measurements and to interpretation of our results. We obtain the electron 
precipitation occurrence rate by calculating the fraction of data points (in percent) with auroral powers larger than 
2 mWm −2. The precipitation occurrence rate as function of MLT, as observed by the radar, is shown in panel (f) 
of Figure 1 and is reproduced for 17–11 MLT in panel (a) of Figure 11. The histogram in Figure 11 of panel (a) 
shows a monotonic increase in precipitation occurrence rate with MLT, from below 5% in 17–18 MLT to about 
30% in 05–06 MLT.

Panel (b) of Figure 11 shows the fraction of measurements that are from the main and diffuse ovals as function of 
MLT. This fraction increases with MLT and reaches almost 100% at 23 MLT. From 23 until 04 MLT, the radar is 
almost always inside the main or diffuse oval, and inside the main oval for more than 50% of the time. After 06 
MLT, the fraction of data points measured in the main oval decreases significantly and drops almost to zero by 08 
MLT. However, the radar is inside the diffuse oval for a significant fraction of time until 11 MLT.

Precipitation occurrence rate calculated from data points measured when the radar is within the auroral oval 
(main or diffuse) is shown in panel (c) of Figure 11. This distribution does not show the monotonic increase with 
MLT, but the occurrence rate is rather stable from 18 to 02 MLT with a small local maximum centered at 19–20 
MLT. A more pronounced maximum between 02 and 07 MLT that peaks at 05–06 MLT is seen in the morning 
side. The monotonic increase in the total precipitation occurrence rate in panel (a) is thus caused by the increasing 
fraction of time the radar spends within the oval. However, the morning side maximum cannot be explained by 
this mechanism, but it must be of magnetospheric origin. The precipitation occurrence rate in the whole (main 
and diffuse) oval is 20%–25% from 18 to 02 MLT, and reaches 35% in the morning side maximum at 05–06 
MLT. The 05–06 MLT maximum auroral precipitation rate is likely associated with wave-particle interactions in 
the morning side of the magnetosphere. Lam et al. (2010) showed that correlation between pitch angle diffusion 
rate of electrons by chorus waves and flux of >30 keV precipitating electrons become maximum between 05 and 
08  MLT.

Precipitation occurrence rate for the main oval alone is shown in panel (d) of Figure 11. The occurrence rate 
reaches higher than 50% during evening (19–20 MLT) and morning (04–08 MLT) hours, attaining maximum of 
close to 70% in the 05–06 MLT sector. Close to midnight, 21–02 MLT, the occurrence rate is about 35%. Particu-
larly, the radar observes the main oval in the early evening hours (19 MLT) only when the Hpo index is 5 and 
above, as indicated by Table 1. In addition, it is only when the Hpo index is 4 and above that the morning side of 
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the main oval (the 05–08 MLT sector) expands to the latitude of the radar beam. Hence, the radar observes the 
evening and morning sides of the main oval only during active geomagnetic conditions which might produce the 
evening and morning maxima in panel (d) of Figure 11.

Therefore, we can conclude that the increase of occurrence rate of auroral precipitation with MLT in the evening 
and pre-midnight sectors (Figure 11a) comes from the motion of Tromsø under the auroral oval. When Tromsø 
is located within the main auroral oval, the highest occurrence rates of auroral precipitation are obtained. During 
evening and midnight, the occurrence rates are smaller than for all-sky camera (ASC) observations at the same 
location, but in the morning main oval, typically filled with diffuse precipitation, the values reaching 70% are 
close to values reported by Nanjo et al. (2022) from ASC measurements. As showed by Newell et al. (2009), 

Figure 11.  Panel (a): MLT distribution of electron precipitation occurrence rate in Tromsø. Panel (b): Fraction of data 
points measured in the main (blue), and in the main + diffuse oval (yellow). Panels (c) and (d): MLT distribution of electron 
precipitation occurrence rate in the main + diffuse oval, and in the main oval, respectively. The 17–19 and 07–11 MLTs are 
not shown in panel (d) because we do not have sufficient statistics (N < 500).
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the evening side of the oval is dominated by discrete monoenergetic elec-
tron precipitation, which is harder to capture by a narrow FoV radar than the 
morning side diffuse precipitation.

4.3.  The Peak Energy, Auroral Power, and Number Flux Statistical 
Analysis Results

As shown in Figure  3, the average peak energy grows almost monotoni-
cally with MLT reaching values larger than 10  keV after 6 MLT. This is 
in accordance with earlier studies. For example, Hardy et al.  (1985) found 
that within 50 eV to 20 keV energy range, the average electron energies are 
highest on the morning side of the oval. Cai et al.  (2013) showed that the 
height-integrated Hall-to-Pedersen conductance ratio, which is a proxy for 
the average energy of the precipitation (Robinson et al., 1987), grows with 
MLT, has a maximum within 03–06 MLT for Kp < 3− and shifts to 06–09 
MLT for higher Kp values.

The radar data allow us to study energetic (≥30  keV) electron precipita-
tion with better energy resolution than the previous satellite-based studies. 
Figure 12 shows the fraction of data points with 30–50 keV and 50–100 keV 
peak energies out of all data points with auroral power larger than 2 mWm −2 
and solar zenith angle larger than 90°. The figure clearly shows that occur-
rence frequency of peak energies higher than 30 keV increases monotonically 

with MLT and reaches 35% in the 8–10 MLT bin. The 30–50 keV electrons dominate the energetic electron precip-
itation before 06 MLT, after which the 50–100 keV precipitation becomes dominant. It is well known that the 
30–100 keV electrons are absorbed in the atmosphere typically between 70 and 100 km altitudes and they produce 
cosmic noise absorption (CNA). Measurements of CNA near the magnetic latitude of Tromsø show a distinct diur-
nal variation with a maximum in the pre-noon sector (09–10 MLT) and a deep minimum close to dusk (Grandin 
et al., 2017; Kavanagh et al., 2004). The MLT location of the CNA maximum is in accordance with Figure 12.

Figure 6 shows that the energetic electron precipitation expands to pre-midnight hours during active geomag-
netic conditions (Hpo ≥3). This is in agreement with earlier studies; for example, using NOAA POES data, Lam 
et al. (2010) showed that the number flux of >30 keV electrons significantly increases during active geomagnetic 
conditions and it is maximum in the dawn sector outside of the plasmapause. Furthermore, Grandin et al. (2017) 
found that CNA associated with substorm activity dominates in the 21–06 MLT sector.

Morning sector electron precipitation is known to be associated with diffuse aurora, including pulsating aurora 
(Nanjo et al., 2022; Newell et al., 2009). Medium-energy (1–30 keV) electrons are injected into the inner magne-
tosphere during periods of enhanced convection or substorms. During the eastward drift motion, wave-particle 
interactions scatter the electrons into the loss cone and the most likely mechanism for electrons in the morning 
sector is whistler mode chorus waves (Lam et al., 2010; Thorne et al., 2010, 2021). These chorus waves are also 
capable of scattering trapped high-energy (hundreds of keV) radiation belt electrons into the loss cone.

In the evening and pre–midnight sectors, the distributions of peak energies maximize in the 1–5  keV bin, 
and the average peak energies are about 5 keV. As Newell et al.  (2009) showed, this region is dominated by 
so-called monoenergetic electron fluxes, which are most likely generated in the auroral acceleration region (Aikio 
et al., 2002; Carlson et al., 1998; Paschmann et al., 2003). Examples of these so called inverted-V electron spectra 
are shown in Tesfaw et al. (2022).

The average auroral power shown in Figure 4 is somewhat higher before magnetic midnight (6.0–7.5 mWm −2) 
than after midnight (4.2–5.7 mWm −2), which is in agreement with Newell et al. (2009) who conclude that the 
energy flux is dominated by nightside, particularly pre-midnight. Large auroral powers (≥30 mWm −2) in our 
study are observed predominantly in the pre-midnight sector of the main auroral oval. The power is carried by 
large number fluxes of ≤5 keV electrons. The largest auroral powers (≥80 mWm −2) occur only in the evening to 
midnight sector and are not observed after 02 MLT even during high geomagnetic activity. However, large auroral 
powers between 30 and 80 mWm −2 expand toward morning sector when Hpo ≥ 4 (Figure 7).

Our results of average power being somewhat larger before midnight than after midnight may seem partially 
contradictory to the results by Hardy et al. (1985), who found that the region of maximum energy flux is close 

Figure 12.  Fraction of 30–50 keV and 50–100 keV peak energies for 2-hr 
MLT bins. The fractions are calculated from all data points with auroral power 
larger than 2 mWm −2 and solar zenith angle larger than 90°.
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to magnetic midnight, and moves from pre-midnight to post-midnight with increasing Kp.  However, Hardy 
et al. (1985) studied averaged auroral powers, which include also the regions with no or very little precipitation, 
while we have included only data with auroral power >2 mWm −2 in our study. This effectively increases our 
average powers in the evening side where discrete aurora dominates, while the effect is smaller in the morning 
side diffuse precipitation region. An additional factor may be that the radar observes the evening sector main oval 
only in active conditions, when the auroral powers are typically high, while the midnight and morning sectors of 
the oval are reached already at lower activity levels.

The number flux (Figure 5) and auroral power distributions are very similar with each other in our study. We 
observe large number fluxes (>4 · 10 14 m −2 s −1) predominantly in the evening and pre-midnight hours, and the 
average total number fluxes decrease from evening to morning MLTs. This agrees qualitatively with the study 
of Newell et al. (2009) who found that large number fluxes and auroral powers occur within the same regions in 
the afternoon to night sector for monoenergetic and broadband aurora, though number fluxes seem to maximize 
at a bit earlier MLT than auroral powers for monoenergetic aurora. Number fluxes of diffuse precipitation in the 
midnight and morning sectors are about as high as number fluxes in the evening and pre-midnight sectors both by 
Hardy et al. (1985) and Newell et al. (2009), and the difference to our observations can be due to the same reasons 
as we discuss above for auroral powers.

4.4.  Limitations of the ELSPEC Analysis

As described in Section 2.2, about 80% of the electron density altitude profiles begin from altitudes close to 
80 km and covers the 1–100 keV electron energy. In the remaining 20% of the data, the electron density profiles 
starts from close to 90 km and covers the 1–45 keV energy range. Hence, the 1–45 keV energy range is coverd 
by the whole radar data. The data shows that the overall occurrence rate of the 45–100 keV energy range is 
below 1%. The occasional lack of measurements from the lowest altitudes may thus lead to underestimation of 
the 45–100 keV precipitation occurrence rate by up to 20%, meaning that the overall occurrence rate is <1.2%.

Temporal resolution of our data is close to 1 min which is not sensitive enough for auroral structures that vary 
in time-scales of a few seconds (Tesfaw et al., 2022) or down to sub-second level (Dahlgren et al., 2011). The 
long integration of the radar data may thus have smoothed out rapid variations and short-lived maxima in peak 
energy, auroral power, and number flux. A general property of the radar observations is also that auroral power 
is underestimated when the radar beam is not uniformly filled by the precipitation (Tesfaw et al., 2022). We thus 
have a reason to believe that our auroral powers and number fluxes may be slightly underestimated, especially in 
active conditions.

We assume the electron density enhancements to be produced solely by electron precipitation. However, ion 
precipitation may produce ionization especially in the dusk-midnight side of the auroral oval (Hardy et al., 1989; 
Newell et al., 2005; Wissing et al., 2008), and its effect might have been interpreted as electron precipitation in 
our analysis. The ion energy flux is largest around 18 MLT close to equatorward boundary of the electron precip-
itation, where the ion energy flux can be equal or slightly exceed the electron energy flux (Hardy et al., 1989), 
while its contribution is much smaller in other latitudes and MLTs. Our results may thus be affected by the ion 
precipitation in the evening MLT sector when Hpo = 2–4, which are the conditions when Tromsø is close to the 
equatorward boundary of the oval close to 18 MLT. In other MLT sectors and Hpo levels the ion energy flux is 
expected to be well below that of the electrons.

5.  Conclusions
We have used 21 years of the EISCAT UHF radar data from years 2001–2021 to study the statistical charac-
teristics of 1–100  keV electron precipitation over Tromsø at 66.7° MLAT. The ELSPEC software (Virtanen 
et  al.,  2018) yields us the peak energies, auroral powers and number fluxes of precipitating electrons from 
field-aligned electron density profiles for solar zenith angles larger than 90°. Our study includes the 30–100 keV 
energetic electrons that have been poorly covered in previous satellite studies. In order to put the local measure-
ments into a more global context, we use the empirical Kp dependent Feldstein-Starkov model of the auroral oval 
location (Starkov, 1994).

In this study, the electron precipitation occurrence rate as observed by the radar is obtained by calculating the 
fraction of data points (in percent) with auroral power larger than 2 mWm −2. We found that occurrence rate of 
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electron precipitation in Tromsø peaks during the declining phases solar cycles, in 2002–2004 for sc 23 and in 
2015–2017 for sc 24. The occurrence rate variations match with those of Hpo >2, indicating that they are caused 
by solar cycle variations in geomagnetic activity. The highest auroral occurrence frequency obtained in our study 
is about 32% in year 2002 of sc 23. Both the sunspot number and geomagnetic activity were greater during sc 
23 than sc 24, and we see the same effect in the occurrence rate of auroral electron precipitation in Tromsø. We 
also found a clear seasonal variation, with the electron precipitation occurrence rate being maximum during 
equinoctial months of March and September and minimum in December and January. This is most likely due to 
the Russel–McPherron effect (Russell & McPherron, 1973).

The electron precipitation occurrence frequency in Tromsø increases continuously from evening to morning 
MLTs, from below 5% in the 17–18 MLT sector to about 30% in 05–06 MLT sector. This is valuable information 
when planning EISCAT and EISCAT_3D radar experiments for auroral studies. The MLT variations are caused 
mainly by the motion of the radar site with respect to the auroral oval as the Earth rotates under the oval. To study 
the true MLT dependence of auroral electron precipitation, we estimated the occurrence frequency of precipita-
tion including only those times when Tromsø was located within the main Feldstein-Starkov oval. The occurrence 
rate reaches higher than 50% during evening (19–20 MLT) and morning (04–08 MLT) hours, attaining a maxi-
mum value 70% at 05–06 MLT.

The auroral power and number flux distributions are very similar with each other. Small auroral powers (2–10 
mWm −2) dominate the auroral power distribution at all MLTs. Large auroral powers (≥30 mWm −2) are measured 
mostly in the evening and pre-midnight MLTs in the main auroral oval and they are carried by large number 
fluxes of ≤5 keV electrons. The largest auroral powers (≥80 mWm −2) occur only in the evening to midnight 
sector and are not observed after 02 MLT even during high geomagnetic activity.

The average peak energy of precipitating electrons increases almost monotonically with MLT from evening (18 
MLT) to morning hours (09 MLT). The radar data allow us to study energetic (≥30 keV) electron precipitation 
with better energy resolution than the previous satellite-based studies. Energetic ≥30 keV electrons precipitate 
most frequently after magnetic midnight but with increasing geomagnetic activity (Hpo ≥3), the precipitation 
expands to pre-midnight hours. The 30–50 keV electrons dominate the energetic electron precipitation before 06 
MLT, after which the 50–100 keV precipitation becomes dominant.

Data Availability Statement
The EISCAT data used in this study are available in the Madrigal database at https://madrigal.eiscat.se/madrigal (I. 
Häggström & EISCAT Scientific Association, 2021), and the Hpo geomagnetic index data can be accessed from 
GFZ Data Services repository at https://doi.org/10.5880/Hpo.0002 (Matzka et al., 2022). The ELSPEC software 
is available in the Zenodo repository at https://doi.org/10.5281/zenodo.6644454 (Virtanen & Gustavsson, 2018).
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