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Abstract: Information about the energetic electron precipitation (EEP) from the radiation belt into the
atmosphere is important for assessing the ozone variability and dynamics of the middle atmosphere
during magnetospheric and geomagnetic disturbances. The accurate values of energetic electron
fluxes depending on their energy range are one of the most important problems for calculating
atmospheric ionization rates, which, in turn, are taken into account for estimating ozone depletion
in chemistry–climate models. Despite the importance of these processes for the high latitudes
of middle atmosphere, precipitation of energetic electrons is still insufficiently studied. In order
to better understand EEP and related processes in the atmosphere, it is important to have many
realistic observations of EEP in order to correctly characterize their spectra. Invading the atmosphere,
precipitating energetic electrons, in the range from tens of keV to relativistic energies of more than
1 MeV, generate bremsstrahlung, which penetrates into the stratosphere and is recorded by detectors
on balloons. However, these observations can be made only when the balloon is at stratospheric
heights. Near-Earth satellites, such as the polar-orbiting operational environmental satellites (POES),
are constantly registering precipitating electrons in the loss cone, but are moving too fast in space.
Based on a comparison of the results of EEP measurements on balloons and onboard POES satellites
in 2003, we propose a criterion that makes it possible to constantly monitor EEP ionization at
stratospheric heights using observations on POES satellites.

Keywords: energetic electron precipitation (EEP); NOAA POES satellite and balloon observations;
EEP spectra; atmospheric response; ionization rates

1. Introduction

The outer radiation belt of the Earth is located at a distance of 3–6 Re and contains
mainly trapped electrons with energies from several keV to several MeV, the fluxes of which
can vary significantly, sometimes for as fast as several hours [1]. One of the important
channels for the loss of electrons from the belt is precipitation into the atmosphere, when
the adiabatic motion is disturbed under the action of perturbations, and the electrons
fall into the loss cone [2,3]. Another loss channel may be the escape of electrons into the
interplanetary medium through magnetopause shadowing [4]. The relative role of these
processes in the dynamics of the radiation belt has not yet been studied enough.

An altitude of about 100 km, the Karman line [5], is traditionally taken to be a boundary
layer of energetic electron precipitation (EEP) losts into the atmosphere. Precipitated
electrons collide with molecules of air and induce increasing atmospheric ionization rates
(formation of ion pairs per second). Ionization rates play a key role in production of
reactive odd nitrogen (NOx) [6] and odd hydrogen (HOx) [7] in the atmosphere. Finally,
EEP via production of ion pairs impacts middle atmosphere chemistry and dynamics and
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leads to ozone depletion [8–13]. To better understand this relationship, it is important to
have realistic observations to properly characterize energetic electron precipitation [14] and
atmospheric ionization rates [15,16], which are incorporated into chemistry–climate models.

One of the EEP observation methods is the measurement on balloons of bremsstrahlung
generated by precipitating electrons in the altitudes of stratosphere [17–19]. In our previous
studies [15,20], we estimated the ion pair production into the atmosphere based on the
results of selected EEP balloon observations in Apatity (N67.55, E33.33, the McIlwain
parameter L = 5.3). The launches are performed three times a week and a balloon can
register EEP only when it is at a height where bremsstrahlung penetrates. In reality, EEP
occurs much more frequently, so many cases of EEP were missed. To assess the impact of
EEP on weather and climate, we should know the additional ionization that is created by
all precipitation events occurring in the polar regions. In this regard, here, we compare
the results of observations on balloons and on satellites of the NOAA POES, for which the
study of EEP is one of the main tasks of the mission. Then, we try to reconstruct more fully
the picture of EEP occurrence in the auroral region for 2003. The task of this study is to
estimate the occurrence of EEP in the northern polar latitudes throughout the day.

2. Balloon and Sattelite EEP Observations

Energetic particles from the radiation belts are lost to the atmosphere through precip-
itation and can be observed by balloons into the atmosphere and by low-Earth orbiting
(LEO), such as NOAA polar orbiting environmental satellites (POES). The combination of
balloon observations with satellite measurements of energetic electron precipitation (EEP)
gives a more complete picture of the precipitation of electrons from the radiation belt into
the atmosphere.

EEP in the energy range from tens of keV to more than 1 MeV, generate bremsstrahlung,
which penetrates into the stratosphere and can be recorded by detectors on balloons. These
electrons are absorbed at altitudes above than 50 km, but generated bremsstrahlung X-rays
penetrate into the atmosphere down to altitudes of about 20 km and can be detected by
a balloon Geiger counter. Balloon measurements of ionizing radiation in the atmosphere,
which have been performed by the Lebedev Physical Institute (LPI) in the Murmansk
region for more than 60 years [21], allow us to observe the energetic electron precipitation
from the outer radiation belt of the Earth.

The equipment detects secondary cosmic rays, as well as solar energetic particles
and bremsstrahlung from precipitating magnetospheric electrons in case they enter the
atmosphere. The technique makes it possible to separate these three types of radiation [17].
In the case of electron precipitation, we subtract from the instrument readings the back-
ground caused by secondary cosmic rays and obtain bremsstrahlung fluxes at different
altitudes in the atmosphere. In 99% of cases, precipitation is observed at an altitude above
20 km [22]. In the absence of strong fluctuations, the dependence of bremsstrahlung fluxes
on the residual atmospheric pressure (the so-called absorption curve) can be approximated
by an exponential law and allows one to pass to the energy spectrum of precipitating
electrons at the atmospheric boundary (Karman line [5]).

Taking into account the accuracy of determining the height of the balloon and the
statistical errors in measuring the counting rate of the device, we estimate the total reliability
of the estimate of bremsstrahlung fluxes as 50%. As already mentioned, the balloon
launches are performed three times a week and we can register EEP only when it is
at a height where bremsstrahlung penetrates. We register EEP at a given location at
a given moment and we do not know the time of the beginning and end of the event.
We determine the energy spectrum of the precipitating electrons from the absorption of
bremsstrahlung in air during the ascent of the balloon. A correct estimate of the spectrum
can only be obtained under the condition that the flux of precipitating electrons remained
constant during the measurement time, which corresponds to a smooth increase in the
counting rate of the device with increasing altitude. This condition is met in ∼30–50%
of reported EEP cases, since in reality, variability in the precipitating electron flux values
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on a time scale from seconds to several hours with a typical characteristic time being on
the order of minutes is their intrinsic feature [19,20,23]. However, even in those cases
when the spectrum according to balloon measurements is not determined correctly, we
can confidently state that EEP has taken place. The LPI catalog of precipitating electrons
(http://sites.lebedev.ru/en/DNS_FIAN/479.html (last accessed on 18 June 2023)) contains
all recorded events.

The NOAA POES satellites have proven valuable in understanding EEP [24,25]. POES
measures electrons in several energy channels at an altitude of about 820 km. The medium
energy proton and electron detectors (MEPED) instrument on board the POES spacecraft
has two identical electron telescopes with solid-state detectors. At high latitudes, the 0◦

telescope measures precipitating electrons, while the 90◦ telescopes track particles trapped
in the Van Allan radiation belts [24]. Thus, data from the 0◦ electron telescope are used to es-
timate electron precipitation in high-latitude regions, where the fluxes increase significantly
during the period of geomagnetic disturbances. The EEP data were taken from the MEPED
vertical telescope, which detects precipitating electrons at polar latitudes [24] in three
energy channels, i.e., E1, E2, and E3, with electron energies >30, >100, and >300 keV, respec-
tively. In addition, we took advantage of the fact that the P6 proton channel (>6900 keV) is
contaminated with electrons with energies above ∼800 keV, while the P5 proton channel
(2500–6900 keV) is free of electrons. This means that in the absence of a signal in the P5
channel, the P6 channel registers pure electrons with energies above ∼800 keV [25].

3. Method of Energetic Electron Precipitation Selection Based on Satellite and
Balloon Observations

The comparison of balloon observations with satellite measurements was made for
2003, when there were three satellites (NOAA POES 15, 16, and 17) in orbit in near-Earth
space, separated by ∼100 degree in longitude. The sun-synchronous orbit inclination angle
was 98.7, altitude 822 km, and orbital period 101.5 min (mean values).

The difficulty of comparing the results of EEP measurements on balloons and on
satellites is due to the rapid movement of satellites in orbit. During the flight, a balloon
may move away from the site of launching as far as 100 km by longitude but not by latitude
because of the wind direction in this region. The balloons register EEP within ∼5–40 min.
POES satellites in the Apatity region pass in 1 min more than 3◦ in latitude and longitude,
i.e., ∼341 and ∼155 km, respectively. Keeping in mind the coordinates of Apatity (N67.55,
E33.33, the McIlwain parameter L = 5.3), we chose for comparison the data of satellites,
the measurement time of which intersected with the measurement time on the balloons,
geographic latitude of foot-of-field-line 66◦–69◦, geographic longitude of foot-of-field-line
10◦–50◦, and McIlwain parameter L = 4–8. Thirteen EEP events out of 25 registered by
balloons in 2003 met these requirements. It turned out that in the case of detection of
precipitation in the stratosphere, the electron fluxes on POES satellites in the P6 channel
always exceeded 100 pfu [26].

Therefore, taking into account only those precipitations where the flux in the P6
channel was above 100 pfu with zero readings in the P5 channel should be considered the
lower threshold at which the precipitation of relativistic electrons would be observed in the
Murmansk region, Apatity if the balloon was constantly at the required height.

For our study, we used 16-s MEPED measurement results that met the following
conditions: measurement time, 24 h a day, geographic latitude of foot-of-field-line, 60◦–70◦,
geographic longitude of foot-of-field-line, 0◦–360◦, McIlwain parameter, L = 4–8, and P6
channel reading more or equal 100 pfu with zero P5 reading. The results of all three POES
satellites that met the specified conditions were averaged over a day.

In fact, such EEPs were observed by satellites every day, but sometimes for a very
short time. Therefore, for further analysis, we took only those days when the precipitation
was observed for at least 320 s. We summarized the time of observation by three satellites
per day and consider it as daily EEP duration at the north polar region.

http://sites.lebedev.ru/en/DNS_FIAN/479.html
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It should be noted that this method does not work during the invasion of solar
energetic particles, because proton channel P5 registers protons at this time. Therefore,
the following days of 2003 were excluded from consideration: 148, 151, 169, 299–302, 306,
308, 324, 325, and 336 (http://www.wdcb.ru/stp/data/SPE/Catalog_SPE_23_cycle_SA.
pdf (last accessed on 18 June 2023)). However, the absence EEP elsewhere—beginning at
the first part of the year or around 200 and 250 days of year—means that there were no
EEP that met the accepted selection criteria. Figure 1 shows the duration of the selected
events according to the POES and the balloon observation. It can be seen that in 2003,
in the northern auroral zone, 10 times more EEP cases could occure than was observed
on balloons. According to this figure, the duration of EEP on balloons is longer than on
satellites, but this is due to the too-fast passage of the satellites through the auroral zone.

Figure 1. EEP duration observed by POES and balloon measurements. Red—balloon EEP duration;
blue—MEPED POES spacecraft EEP duration. Line shows daily fluence of >2 MeV electrons in the
outer radiation belt .

Figure 1 also demonstrates the dynamics of the fluence of relativistic electrons in the
outer radiation belt of the Earth [27], (http://www.ngdc.noaa.gov/stp/solar/sateenvi.html
(last accessed on 18 June 2023)). The reasonable consistency of EEP events distribution with
variations in the electron fluence can be considered as an indication of the effectiveness of
the proposed criterion for EEP selection.

4. Energy Spectra of Precipitating Electrons

To estimate ionization in the atmosphere, it is necessary to know the energy spectra of
precipitating electrons. Various distributions use the fitting energy spectrum of energetic
electron precipitation, such as the Maxwellian type of electron energy spectra distribu-
tion [28,29] or the exponential-law function of energy spectra distribution [3,29,30]. For
describing EEP from outer radiation belt, the most common is the power-law distribu-
tion [29,31].

The Van Allan radiation belts [24]. transition from the bremsstrahlung fluxes recorded
in the atmosphere to the fluxes of precipitating electrons on the Karman line was carried
out on the basis of calculations by the Monte Carlo method [17]. Two forms of the spectrum
of precipitating electrons were used in the calculations—exponential and power law. It
turned out that the exponential spectrum in some cases leads to too-low bremsstrahlung
fluxes in the atmosphere, which were inconsistent with observations. According to direct
measurements of the high-energy electron precipitation [31], the power-law spectrum is
observed most frequently. Therefore, we focused on the power spectrum. We fitted the data
of the four POES channels to a power law. The reliability coefficient of this fitting for EEP
events with P6 channel reading >100 pfu was R2 = 0.87, std = 0.16. Then, we converted an
integral spectrum into a differential one for comparison with the balloon data.

http://www.wdcb.ru/stp/data/SPE/Catalog_SPE_23_cycle_SA.pdf
http://www.wdcb.ru/stp/data/SPE/Catalog_SPE_23_cycle_SA.pdf
http://www.ngdc.noaa.gov/stp/solar/sateenvi.html
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For this investigation, we use the power-law fitting of the energy spectra in the
following form:

F(E) = A · E−k, (1)

where F(E) is the power-law energy spectrum, A is a parameter of the flux of incident
electrons (cm−2 s−1 sr−1 keV−1), and k is the spectral index.

In Figure 2, we give examples of spectra obtained on balloons and on satellites on
the same day, at distances less than 1000 km between them. In the Van Allan radiation
belts [24]. addition, the measurement data on the balloons satisfied the condition of the
absence of significant temporal fluctuations. Note that Figure 2 shows the results of the
calculated spectra in power-law form. Symbols set for the eye guide. Taking into account
the strong variability of electron fluxes and the features of the observations described above,
we can state a fairly good agreement between the fluxes and spectra of electrons shown in
Figure 2. However, in other cases, quite significant discrepancies in the results are found,
as evidenced by the scatter in the parameters of fitting the spectra obtained on the same
day on balloons and satellites.

Figure 2. Examples of selected EEP energy spectra. Red—balloon EEP energy spectra; blue—MEPED
POES spacecraft EEP energy spectra. Symbols set for the eye guide.
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Figure 3 presents the data of all 25 cases of precipitation recorded by balloons in
2003. It can be seen that the scatter of the fitting parameters A and k from Equation (1)
for balloon measurements is greater than for measurements on satellites. This means that
in a number of cases, during measurements, strong temporal variations in electron fluxes
existed. Nevertheless, we can state with certainty that an EEP events took place. The results
of satellites are free from this shortcoming because the observation time is very short and
they were used to estimate the ionization of the atmosphere at polar latitudes in 2003.

Figure 3. Satellite and balloon power law spectra parameters (described by Equation (1)) for all
balloon observations in 2003. Red—balloon spectra parameters A and k; blue—MEPED POES
spacecraft spectra parameters A and k.

5. Ionization Rates in the Atmosphere Based on EEP Observed by MEPED POES
during 2003

In this study, we compute the ionization rates Q(h) (ion pairs g −1 s −1) as follows:

Q(h) =
∫ En

Ex
Y(h, E) · F(E)dE, (2)

where F(E) is a spectral distribution (cm−2 s −1 sr−1 keV−1) of precipitating electrons at
the top of atmosphere and Ex and En are the minimum and maximum energies of electrons
in a flux. The calculation of the yield function Y(h, E) is discussed in the recent paper [29].
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The power-law integral energy spectra F(E) are computed by Equation (1), fitting MEPED
POES satellite EEP flux mesurements.

Figure 4 shows the distribution of ionization rates with height in the atmosphere for
all cases of EEP in 2003 identified using the developed criterion according to the POES data.
Figure 5 shows the distribution of ionization over time. During 2003, a strong variability of
ionization rates by five orders of magnitude was observed in the upper atmosphere due to
the strong variability of the EEP flux in the energy range below 100 keV. A lower variability
(by three orders of magnitude) of the ionization rate is observed in the middle atmosphere
of about 50 km, and the ionization rate changes by two orders of magnitude at a height of
about 25 km. According to these results, EEP created a noticeable increase in atmospheric
ionization at altitudes above 25 km for about 300 days in 2003. In fact, there were more of
these days, since days of solar energetic particle intrusions are not taken into account here.

Figure 4. Vertical profile of ionization rates during selected EEP events observed by MEPED POES.

Figure 5. Vertical profile of ionization rates during selected EEP events observed by the MEPED
POES satellite during 2003.

EEP is closely related to geomagnetic disturbances, although this relationship is
complex, because it consists of many processes—energy supply and accumulation into the
magnetosphere from the solar wind, development of various waves. and wave–particle
interactions. As a result, both the acceleration of electrons and their entry into the loss cone
occur. Ionization at the heights of the stratosphere is produced only by sufficiently strong
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EEP. Therefore, it can be expected that there is a correlation of the obtained ionization rates
from EEP on a planetary scale with some planetary geomagnetic indexes.

Figure 6 shows that EEP produces ion pairs depending on geomagnetic disturbances at
the altitude of balloon observations about 25 km. The figure presents the scatter plot for the
obtained ionization rates at a height of 25 km and Kp, Ap indices. The correlation coefficient
is 0.70 ± 0.031 with the Kp index and 0.71 ± 0.030 with the Ap index. We conclude that on
the days we selected according to the developed criterion, rather powerful EEP did occur.
The correlation between geomagnetic disturbances and EEP arises because both phenomena
are a consequence of the response of the magnetosphere to the effects of the dynamic solar
wind. The conditions in the magnetosphere that contribute to the acceleration and loss
of electrons are constantly changing, which leads to variability in the EEP fluxes for the
same values of geomagnetic indices. Figure 6 shows a linear dependence on geomagnetic
disturbances, the higher the level of disturbances, the greater the number of ion pairs in the
atmosphere. The ionization rate of the stratosphere is very small, but still exists.

Figure 6. Ionization rates at a height of 25 km vs. Kp and Ap index. Blue squares and blue triangles—
EEP ionization rates based on MEPED POES data. The square—EEP ionization rates vs. Ap. The
triangle—EEP ionization rates vs. Kp.

6. Summary and Discussion

EEPs are of great practical importance, because the additional ionization caused by
them affects the processes in the Earth’s atmosphere. It remains unknown what fraction
of the electrons of the outer belt drops out to the atmosphere, and what fraction goes into
interplanetary space. Little is known about the spatial dimensions of the EEP. Ideally, there
would be many balloons constantly monitoring the EEA throughout the auroral zone. At
present, we have rather rare results of balloon observations in one geographical location,
which do not allow us to fix the EEP duration and do not always provide reliable informa-
tion about the energy spectrum of electrons. Comparing the results of observations on the
POES satellites and balloons, we proposed a criterion by which it is possible to monitor the
ionization in the atmosphere at altitudes down to 20–25 km using measurements on satel-
lites. Applying this criterion, namely that the >800 keV electron flux should be >100 pfu,
to the data of POES 15, 16, and 17 for 2003, we estimated the number of days when EEP
would be observed in the northern polar zone (geographic latitude 60◦–70◦, longitude
0◦–360◦, McIlwain parameter L = 4–8). There were 279 such days, but EEP duration was
more than 15 min in 145 cases, and more than 30 min only in 33 cases. The distribution of
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the found EEP events over 2003 is consistent with variations in the >2 MeV electron fluence
in the outer radiation belt. A reasonable correlation of the obtained ionization rates in the
atmosphere at a height of 25 km with the geomagnetic index confirms that the proposed
criterion enables finding days when strong EEPs occur. This indicates the plausibility of
the proposed criterion and makes it possible to evaluate the ionization situation in the
stratosphere at auroral latitudes from day to day. Such an estimate is only the first approach
to understanding the role of constantly precipitating electrons from the outer radiation belt
in the ionization of the atmosphere. In the future, we hope to find a better match between
satellite observations and ionization at stratospheric altitudes.
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