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Abstract: Energetic electron precipitation (EEP) is associated with solar activity and space weather
and plays an important role in the Earth’s polar atmosphere. Energetic electrons from the radiation
belt precipitate into the atmosphere during geomagnetic disturbances and cause additional ionization
rates in the polar middle atmosphere. These induced atmospheric ionization rates lead to the forma-
tion of radicals in ion-molecular reactions at the heights of the mesosphere and upper stratosphere
with the formation of reactive compounds of odd nitrogen NOy and odd hydrogen HOx groups.
These compounds are involved in catalytic reactions that destroy the ozone. In this paper, we present
the calculation of atmospheric ionization rates during geomagnetic disturbances using reconstructed
spectra of electron precipitation from balloon observations; estimation of ozone destruction during
precipitation events using one-dimensional photochemical radiation-convective models, taking into
account both parameterization and ion chemistry; as well as provide an estimation of electron density
during these periods.

Keywords: energetic electron precipitation; atmospheric ionization; atmospheric chemistry modeling

1. Introduction

The state of the ozone layer has recently attracted the attention of society in connec-
tion with the noted trends in the decrease in its global content since the end of the 20th
century [1,2] and the understanding of its role not only as a protector of life on Earth from
the harmful effects of the hard part of the ultraviolet radiation of the Sun, but also as a
factor influencing climate and the biosphere as a whole [3]. The ozone measurement shows
that, despite the measures taken to limit the anthropogenic impact on the ozone content, its
recovery is slower than expected, and its significant reduction continues in some regions [4].
Of particular concern is the emergence of a vast ozone hole over the Arctic in 2020 [5], mini-
ozone holes [6,7]. These facts make a detailed study of the dependence of the state of the
ozone layer on natural factors, such as solar and geomagnetic activity, timely and relevant.
Processes in the upper layers of the atmosphere, in particular, can significantly affect the
variability of stratospheric ozone in the polar mesosphere and lower thermosphere. The
results of recent studies have shown [1,8] that energetic electrons of magnetospheric origin
have a significant impact on the behavior of the ozone layer and climate.

Energetic electron precipitation (EEP) from the outer radiation belt is associated with
solar activity and space weather and plays an important role in the Earth’s polar atmosphere
and can be observed by satellites and balloon measurements. The precipitating electrons are
absorbed in the upper atmosphere, but they generate the X-ray bremsstrahlung that can be
detected by balloons down to the height of 20 km and even lower. Although information on
precipitation is currently obtained from measurements on satellites, the results of balloon
observations have not lost their significance, since electrons from the radiation belt can
escape both into the atmosphere, and into interplanetary medium [9,10]. Balloons detect
radiation in the atmosphere in situ. This is important not only for studying the response
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of the atmosphere to electron precipitation, but also for assessing the radiation hazard on
aircraft routes [11,12]. Nowadays, the balloon measurements of X-rays from precipitating
electrons are carried out in conjunction with measurements on satellites [13,14].

Information about electron density usually considers from the F2 layer (about 400 km)
up to the D layer (about 60 km) of the ionosphere and is measured, for instance, by radars
and VLF transmitters [15,16]. The X-ray bremsstrahlung from EEP observed by balloons
gives the possibility to estimate the variability of the electron concentration at altitudes
below 60 km.

Energetic electrons from the radiation belt precipitate into the atmosphere during
geomagnetic disturbances and cause additional ionization rates in the polar middle atmo-
sphere [1,2,17-22]. These induced atmospheric ionization rates lead to the formation of
radicals in ion-molecular reactions at the heights of the mesosphere and upper stratosphere
with the formation of reactive compounds of nitrogen NOy (N, NO, HNO3, HNO, CINO3,
N305, NO;, NO3) and hydrogen HOx (H, OH, HO;). These compounds are involved in
catalytic reactions that destroy the ozone [1,2,23]. In the polar atmosphere, ozone losses
can reach about 30% in the upper stratosphere and up to 80% in the mesosphere during
periods of strong geomagnetic storms [1,2,23].

The power of geomagnetic disturbances or storms is often determined using different
geomagnetic indices, such as AE, Kp, and Dst, which are measured at different latitudes.
For our study, we took into account geomagnetic disturbances according to the Kp index.

The information about the precipitation of energetic electrons (energy spectra and par-
ticle fluxes) makes it possible to calculate atmospheric ionization rates. EEP from the outer
radiation belt in the subauroral region causes an increase in the ionization rate in the atmo-
sphere from the upper boundary to a height of about 20 km via the EEP bremsstrahlung [24].
Using the atmospheric ionization rates during geomagnetic disturbances with the help of
radiation-convective-photochemical models, it is possible to estimate the destruction of the
ozone and electron concentration in the field atmosphere associated with EEP.

The role of energetic electrons precipitating from the radiation belts in ozone variations
and climate changes is still not clear due to the fact that the real ionization rates of the
upper and middle (below about 120 km) high-latitude atmosphere under the influence of
these particles are not known in detail [25]. One of the controversial issues raised is also
related to the range of electron energies that may be most or least important for variations
in atmospheric chemical changes, which in turn lead to local climate changes [8]. This
necessitates studying the precipitation of energetic electrons (from 30 keV to several MeV)
during geomagnetic disturbances.

The aim of this study is to explore the ozone layer, considering the influence of natural
factors, such as precipitation of energetic particles from near-Earth space, taking into
account the calculation of atmospheric ionization rates during precipitation of energetic
electrons using reconstructed spectra from balloon observations. Estimation of ozone
destruction and electron concentration during EEP uses one-dimensional photochemical
radiation-convection models with ion parametrization and ion chemistry.

2. Materials and Methods

Since 1957 at the Lebedev Physical Institute (LPI), balloon measurements of ionizing
radiation in the atmosphere have been regularly carried out [26-28]. Balloon facilities
measure the fluxes of secondaries from galactic cosmic rays, solar protons entering the
atmosphere during events of energetic solar particles, as well as bremsstrahlung of electrons
when they drop from the outer radiation belt to the polar atmosphere of the Earth.

About 600 cases of electron precipitation were detected during the 1963—2020-observation
period. The main regularities of the observed precipitations are described in [26-28]. It was
shown that EEP mainly occurs on the descending branch of the 11-year solar cycle, against
the background of high-speed solar wind streams from coronal holes, during moderate
geomagnetic storms. There is a seasonal wave in the rate of EEP cases with peaks during
the winter and summer equinoxes. In addition, a long-term trend in the rate of EEP was
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found, and it was suggested that this trend is associated with a constant increase in the
number of active low-frequency radio transmitters [29]. To estimate the ionization rate in
the atmosphere, it is necessary to have information about the magnitude of the flux and
the energy spectrum of precipitating electrons. Balloon measurements provide information
on the fluxes of X-ray bremsstrahlung at different layers of the atmosphere generated by
precipitating electrons at higher layers. The transition from the measured X-ray fluxes to the
energy spectrum of precipitating electrons at the boundary of the atmosphere is based on the
simulation of the passage of primary and secondary electrons, as well as X-rays through the
atmosphere by the Monte Carlo method [26]. The reconstructed spectra are in reasonable
agreement with the spectra derived from the POES satellites measurements [30].

For this work, typical cases of precipitations of medium power were selected. The
only selection criterion was the absence of fluctuations in the count rates of the detector.
Strong temporal variations, including those on a minute basis, are inherent in precipitating
electron flows [23]. However, fluctuations make it impossible to correctly find the spectrum
of precipitating electrons from the LPI measurement, because the spectrum is determined
from the absorption of the bremsstrahlung flux in the atmosphere under the assumption
that the electron flux remains unchanged during the measurement time. Therefore, cases
were chosen when a monotonic dependence of the X-ray flux on altitude was observed
in the balloon flight. In the selected cases, the reliable observations of EEP were taken for
at least 30 min. It should be noted the fact of EEP being recorded while the balloon is in
this place, but there is no information about the actual beginning and end of the process,
neither on the real space area covered by EEP.

Table 1 shows 4 cases of EEP events surrounded by geomagnetic disturbances with
Kp =4 according to balloon observations over Apatity (67.57 N, 33.56 E, Mcllwain parameter
L =5.3). In Table 1, the time of balloon observation is indicated. For the modeling, the
beginning and duration of EEP in this study are determined by the time of registration of
increased geomagnetic disturbances Kp = 4.

Table 1. Day of the year (DOY) and time of balloon observations, EEP spectra parameters, intensity
of geomagnetic disturbances on these days.

Start Time (UT) Spectra Parameters Kp (UT)
Date (DOY) —End Time (UT) Fo K ?
10 May 1994 (129) 7h10m-7 h 58 m 1.94 x 103 462 4 (00-21h)
28 Sep. 1997 (270) 7h00m-7h32m 6.29 x 10 714  4(00-06 h)
9 Oct. 1998 (281) 7h48 m-8h 16 m 548 x 101  6.09 4 (03-09 h)
1 Sep. 2000 (245) 7h42m-8h37 m 8.68 x 1011 397  4(06-09 h)

2.1. Simulation of Ozone Depletion

This work uses two versions of the one-dimensional radiative-convective-photochemical
model with parameterized and interactive ion chemistry. Both versions of the model cover
the altitude range from 0 km to 120 km above the Earth’s surface in the area of observations
and make it possible to estimate changes in the composition of the atmosphere after EEP.

2.1.1. Model with Standard Parameterization

The impact of EEP and the secondary electrons formed by them ionize neutral air
molecules, leading to the formation of odd hydrogen HOx and odd nitrogen NOy [31-33].
Observation of these components in regions with increased ionization makes it possible to
evaluate the intensity of the action of energetic electrons and the magnitude of the decrease
in the ozone concentration.

The generation of the main positively charged ions can be represented by the follow-
ing relationships:

P(N;) — 0.585Q (1)

P(N*') — 0.185Q )
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P(OF) — 0.154Q 3)
P(O") — 0.076Q 4)

With P(X) being the production of X and Q being the ionization rate.
According to the parametrization from [31-34], the combination of neutral and ionic
chemistry processes leads to the formation of ~1.25 nitrogen atoms per ion pair, from which:

e ~0.7 molecules of excited nitrogen N(’D), which instantly reacts with neutral oxygen
to form NO:

N(D)4+ 0, - NO+0O (5)
e ~0.55 NO; molecules

The formation of HOx is given as a function of the height and ionization rate [33]. On
average, one H atom and one OH molecule are formed per ion pair (but this ratio changes
with height).

2.1.2. Jon Chemistry Model

The interactive ion chemistry version of the model includes 43 neutral gas impurities,
electrons, and 57 positively and negatively charged ions [31-34]. In this case, the formation
of calculations of changes in the chemical composition occurs interactively and the influence
of energetic particles affects not only NOy and HOx, but also other neutral impurities
belonging to the hydrogen, nitrogen, and halogen groups.

For example, nitric acid (HNO3) can be obtained from a simple reaction

NO, +OH+ M — HNO;+ M (6)

or a complex chain of ionic/neutral chemical reactions ending with the destruction of the
protonated water clusters:

H*(H,0), + NO3(HNO3),, — (m + 1)(HNO3) + n(H,0) @)
N,Os + H* (H,0), — 2HNOj3 + (n — 1)(H,0) ®)

3. Results
3.1. Obtaining Spectra and lonization Rates

To reconstruct the atmospheric ionization rate, it is necessary to have information
about the energy spectra (particle energy and flux intensity) and the parametrization of
ion production. The calculation of the EEP ionization rates requires knowledge of the
parametrization of ion production in terms of the atmospheric response function [19-21].
The computation ionization rates of the selected events are partially presented [17]. The
function of the atmospheric response to EED, at a certain depth of the atmosphere, is the
number of ion pairs created by one precipitating electron with an initial energy at the upper
boundary of the atmosphere. In this work, we used modified functions for monoenergetic
electrons with initial energies from tens of keV to several MeV [19]. This model considers
both direct ionization by primary electrons and secondary bremsstrahlung [19].

In Figure 1, upper panel, the EEP spectra with power low energy distribution
F(E) = F(O)E~k for four selected cases, see Table 1, are shown. EEP was observed by
balloon observations over Apatity (67.57 N, 33.56 E, L = 5.3) during geomagnetic distur-
bances with Kp = 4. It can be seen here that during geomagnetic disturbances, the intensity
of the differential electron flux with energy of 30 keV exceeds 106 cm 25~ !sr~'keV~!. The
intensity of the differential flux for 100 keV is about 10* cm2s~!sr'keV 1.
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Figure 1. Upper panel: Energy spectra of precipitating energetic electrons obtained from balloon
observations. Low panel: Altitude profiles of the ionization rates over Apatity (67.57 N, 33.56 E,
L = 5.3) during geomagnetic disturbances with Kp = 4.

The ionization rate for the period under study was calculated considering the spectra
presented in Figure 1. The calculation of the atmospheric ionization rate Q (number of ion
pairs/gram/second) at a certain height (%), for all energies of electrons precipitating into
the atmosphere, takes into account F(E)—the electron flow with kinetic energy (E) at the
upper boundary of the atmosphere and the response functions of the atmosphere Y(E 1) on
the precipitation of a monoenergetic single electron flux [19-21].

Q:/ F(E) Y(E, h) dE )

The response functions for calculating ionization rates are presented in [19]. The
height profile of the ionization rate is shown in the bottom panel of Figure 1.

3.2. Model Results

To study the effect of EEP on the chemical composition of the atmosphere, four
characteristic events were selected from the EEP recorded during balloon observations, see
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Table 1. The calculated ionization rates were introduced into the model, taking into account
the duration of the geomagnetic disturbance, since the data of balloon measurements do
not contain information on the duration of the event. So, for example, on 10 May 1994, the
geomagnetic disturbance with Kp = 4 lasted for 9 h during the time period of 00 h-21 h
(Table 1), so the ionization rates reconstructed from balloon observations affected the
chemical composition of the atmosphere during 9 h.

Figure 2 shows the EEP-induced ozone change calculated using a radiative-convective
model with interactive neutral and ion chemistry.

S 03, experiment
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50 -20
-24
-24 0 24 48 72
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Figure 2. Ozone changes after EEP. The 0 on the horizontal axis is midnight of 10 May 1994.

Figure 2 demonstrates that the main ozone depletion, up to 24% compared to the quiet
period, occurs at an altitude of 75 km. In addition, it can be seen that after ozone recovery
(after ~30 h), a certain cyclic process occurs, which is associated with diurnal variations in
the ozone content in the atmosphere (at these altitudes, ozone accumulates at night, and
is destroyed during the day). Ozone decreases at altitudes below about 80 km, which is
caused by losses due to enhanced HOx catalytic cycles [2,24]. These cycles require atomic
oxygen to be excited; atomic oxygen below 80 km is only abundant during daytime when it
is produced in the photodissociation of O,. The above graph allows us to select for further
study the level of 75 km, where the most significant decrease in ozone occurs.

Let us consider the change in the content of ozone, HOx, NOy at an altitude of 75 km
for all events listed in Table 1. The ionizing effect is specified in the model according to the
periods when Kp = 4. In Figures 3-5, the results of numerical simulation of the change in
NOy, HOx are presented in the form:

AX — Xexperiment __ ~ereference (10)
and for the ozone calculated by the formula:

O3experiment — 04 reference

AO; = O3reference

-100% (11)

where Xexperiment and xreference are the values of the volume fraction of the ozone mixture for
the case with a disturbed (taking into account the ionization rate from EEP) and undisturbed
atmosphere (without an EEP event). Mixing ratios are in ppbv (“parts per billionth volume”)
for NOy and HOx groups—the number of particles per billionth volume unit.
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Figure 3. Simulation results of NOy change at 75 km. The 0 on the horizontal scale is midnight of the

corresponding day.
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Figure 4. Simulation results of HOx change at 75 km. The 0 on the horizontal scale is midnight of the
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Figure 5. Simulation results of ozone change at 75 km. The 0 on the horizontal scale is midnight of

the corresponding day.

The effect of energetic electron precipitation on nitrogen oxides is observed for all four
cases considered. However, the magnitude of the effect and the difference between versions
of the model depend on the characteristics of the precipitation. The maximum effect (an
increase in NOy by 40-70 ppbv) is observed for the 10 May 1994 event. Significantly less
NOy response (3—-13 ppbv) follows the events of 1 September 2000 and 9 October 2000,
while the event of 28 September 1997 has a minimal effect. It is interesting to note that for
weaker events, the parametrization underestimates the NOy response, while the opposite
trend is observed for strong events. That can be explained by schemes of models: while the
parameterized model takes into calculations simple fraction ratios, the full ion chemistry
model affects wide branches of equations. Thus, the ion chemistry model is based not
only on volume mixing ratios of species, but on chemical reactions of species as well.
Additionally, it is seen that patterns of reduction of disturbances are different for events
with long daylight hours: for events of 1 September and 10 May, reductions are exponential,
while for events of 9 October and 28 September, decreases are approximately linear with
stair-like patterns. These patterns are seen because the amount of sunlight is much less for
these time periods.

The response of hydrogen oxides shown in Figure 4 has similar features with respect to
the magnitude of the effect. In this case, the event of 10 May 1994 dominates, and the effect
reaches almost 10 ppbv. However, the parametrization used is in good agreement with the
calculations using ion chemistry for all cases except for the weak event of 28 September 1997.

It is interesting to note a significant difference between the duration of periods with
an increased content of the considered gases, which is related to their lifetime. Hydrogen
oxides pass into a reservoir form almost within a day, while nitrogen oxides maintain
an increased concentration for more than 5 days. However, the effect of longer-lived
nitrogen oxides on the stratospheric ozone is not observed in the model due to the absence
of intense downward currents and vertical diffusion in the period under consideration
(May, September, October). By this reason, the stair-like patterns for HOx are not seen, but
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diurnal variations are denoted in Figure 4: the restored after disturbance volume mixing
ratios of HOx are oscillating around zero value (under daytime HOx is reduced and during
nighttime is produced).

Figure 5 shows the effect of EEP on the ozone for the events under consideration. As
before, the strongest ozone drops (up to 30%) are observed on 10 May 1994, followed by
the events of 9 October 1998 and 1 September 2000. On 28 September 1997, the decrease in
ozone is very small (about 2% in the ion chemistry model).

The dependence of the degree of ozone depletion on the approach used to account
for ionic chemistry is quite complex. In the case of a strong event, both approaches give
approximately the same effect, which is explained by the dominant effect of hydrogen
oxides on ozone. For moderate events, the ion chemistry variant gives a much stronger
ozone drop. This can be explained either by the additional influence of nitrogen oxides or
by the activation of chlorine oxides, which manifests itself for some time after the event only
with a moderate increase in the NOy concentration. It is important that the model working
with the use of parametrization is not able to take into account the impact of this kind,
therefore, in further studies, it is planned to use the model with ion chemistry. Additionally,
diurnal variations of ozone content are seen. During events of 9 October 1998 and 28
September 1997, these variations are observed: a day after the EEP impact saw that the
ozone amount accumulates by midnight and dissipates after noon because of the sunlight
presence. It is harder to observe such effect for the remaining two events because of longer
daytime duration in May and beginning of September. In addition, we do observe the
results of the enhanced catalytic HOx cycle [24,35]: there is an increase-decrease-increase
pattern of ozone depletion, which is observed on the 10 May 1994 EEP event clearly.

Figure 6 shows an example of the electron density induced by EEP and estimated by the
model with interactive ion chemistry, taking into account information about EEP flux and
spectra from balloon observations. Here, we observe that the electron concentration during
geomagnetic disturbances reveals the D and E ionospheric layers. A strong increase in the
electron concentration by two orders of magnitude at altitudes from about 30 to 120 km
can be caused by EEP during geomagnetic disturbances with Kp = 4. Due to the efficient
process of electron-ion recombination, after 24 h, the electron concentration returns to the
normal form of the diurnal cycle after EEP forcing, which is clearly observed at altitudes
above 80 km. At these altitudes, there is a change in the electron density: 103 electrons
per cm?® before the EEP event, 10° electrons per cm® during the EEP event. Then, there is
a decrease in the increased concentration (reaches 10* electrons per cm?’), which does not
reach the concentration values before the event for 4 days. At altitudes below 80 km, a
24-h EEP effect is also defined. Although the increase in electron concentration is orders
of magnitude greater than at upper altitudes, relaxation occurs much faster: the effect is
noticeable only for 2 days.

As already mentioned in the introduction, the electron density above about 60 km can
be observed with the help of radars and VLF transmitters, while below about 60 km, the
electron density is not directly measured. Here, for the first time, an estimate of the electron
density variability below about 60 km can be seen, based on actual balloon measurements
that provided information on bremsstrahlung X-ray fluxes. Some numerical calculations of
the electron density at the same heights based on synthetic EEP data limited by electron
fluxes up to 1 MeV give order of magnitude lower values of the electron density, but the
electron density calculated with EEP energy up to 10 MeV is the same order of magnitude
as this is shown in Figure 6 [35]. Above about 60 km, electron density values are in good
agreement with other calculations, e.g., [24,35] and, for example, EISCAT measurements,
e.g., [15,24].
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Figure 6. Simulation results of electron density before and after EEP on 28 September 1997.

4. Discussions and Conclusions

The importance of understanding recent and predicting future changes in the ozone
layer and climate, especially in the Arctic and subarctic, has important environmental,
social, and economic implications. The urgency of the problem is exacerbated by the
lack of strong evidence of the restoration of the ozone layer and the formation of ozone
mini-holes. The study of the ozone layer requires taking into account the influence of
natural and anthropogenic factors acting in the atmosphere from the Earth’s surface to
near-Earth space.

One of the important natural factors that form the ozone layer is solar and geomag-
netic activity and the associated processes of precipitation of energetic particles into the
atmosphere. The role of energetic electrons precipitating from the radiation belts in ozone
variations and climate change is still not clear, and additional studies are required to
study the role of energetic electron precipitations (EEP) in ozone layer variations during
geomagnetic disturbances.

The study of the behavior of region D of the high-latitude ionosphere under various
geomagnetic conditions is necessary both in scientific and practical terms. The region D
significantly affects the propagation of radio waves in a wide frequency range and temporal
variations in the distribution of electron density determine complex amplitude and phase
effects during their propagation. In recent years, the interest of specialists in various fields
in the study of phenomena in the atmosphere of high latitudes has been growing. The
reasons for this lie in the strategic position occupied by both the Arctic and Antarctic
regions. The strong variability of the upper atmosphere of the polar region, associated with
the complexity and diversity of the physical processes occurring there, creates difficulties
today in predicting the parameters of radio communication, radio navigation, and other
important characteristics in terms of application. This activates the study of the electron
density over high latitudes during geomagnetic disturbances.

In this research, we take into account balloon observations of energetic electron pre-
cipitations of medium power in the polar high-latitude atmosphere over Apatity (L = 5.3)
during geomagnetic disturbances characterized by Kp = 4. These observations made it
possible to estimate the characteristic rates of atmospheric ionization and electron concen-
tration as well as the destruction of mesospheric ozone.
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After our study, we can conclude that the electron concentration can increase by
two orders of magnitude over the altitudinal band from about 30 km to 120 km during
geomagnetic disturbances.

It is shown that during geomagnetic disturbances, there is an increase in the concen-
tration of reactive oxides of nitrogen and hydrogen relative to calm conditions, reaching
significant values for intense EEP events. An increase in the concentration of radicals leads
to the destruction of the ozone at the heights of the mesosphere during the day, with a
maximum destruction of about 14 to 25% at a height of about 75 km for intense events. The
effects obtained for events of medium intensity depend on the method of accounting for
ion chemistry. In the case of high ionization rates, hydrogen oxides dominate, the growth
of which models with equally reproduce parameterized and interactive ion chemistry. In
the case of less intense events, the effect of an increase in nitrogen oxides and, probably,
chlorine, which leads to more pronounced ozone depletion at an altitude of 75 km, is
observed. It follows that the use of interactive ion chemistry leads to more interesting
results. More accurate recommendations on the accuracy of the two methods used can
only be made by comparison with observations. The influence of longer-lived nitrogen
oxides on stratospheric ozone is not observed in the model due to the absence of intense
downward currents in the period under consideration (May, September, October). Probably,
this process will be more pronounced if EEP occurs during polar winter.

The obtained results can be used to better predict the future of the ozone and hazards
layer as well as the state of the climate.
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