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Abstract Geomagnetic disturbances induce energetic electron precipitation (EEP) 
that plays an important role in changing the chemical composition of the polar atmo-
sphere. Understanding the atmospheric impacts of energetic electron particle depo-
sition remains challenging, from quantifying the response in ionization rates of the 
atmosphere, chemical compositions and to the effects on ozone. Both are necessary 
to understand the relationship between EEP and regional climate variability. In this 
paper, we retrieve the ionization rate in the atmosphere caused by the precipitation 
of energetic electrons from balloon observations in the polar atmosphere for four 
selected events observed with balloons in a high-latitude atmosphere above Apatity 
(67.57o N, 33.56o E, L = 5.3) during geomagnetic disturbances characterized with 
Kp = 4. 

Keywords Energetic electron precipitation (EEP) · Balloon observations ·
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1 Introduction 

Energetic electron precipitation (EEP) linked to solar activity and space weather and 
plays an important role for the Earth’s polar atmosphere [1–3]. Energetic electrons, 
with energies from tens of keV to several MeV, during geomagnetic disturbances 
precipitate into the atmosphere and induce additional ionization rates of the polar
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middle atmosphere [1, 4–6]. These induced ionization rate of atmosphere leads to 
the production of radicals in ion-molecular reactions at the heights of the mesosphere 
and upper stratosphere, forming reactive compounds of nitrogen NOx (N, NO, NO2, 
NO3) and hydrogen HOx (H, OH, HO2) that are involved in catalytic reactions that 
destroy ozone [1–3]. 

With an increase in solar activity, deformations of the geomagnetic field increase 
sharply and cause magnetic storms. Energetic particles trapped in Earth’s magnetic 
fields slam or precipitate into the atmosphere during geomagnetic disturbances in 
the Near-Earth space environment. Precipitated particles enter the upper layers of 
the atmosphere, including its ionized layers, the ionosphere. This process is called 
energetic particle precipitation. The main manifestations of geomagnetic activity are 
magnetic disturbances-magnetic substorms and magnetic storms. The strength of 
geomagnetic disturbances or storms is usually determined using various geomagnetic 
indices like as AE, Kp and Dst. Kp index is a planetary index characterizing the global 
disturbance of the Earth’s magnetic field in a three-hour time interval. The Kp index 
is defined as the average value of the disturbance levels of two horizontal components 
of the geomagnetic field observed at 13 selected magnetic observatories located in the 
subauroral zone between 48 and 63 degrees north and south geomagnetic latitudes. 
To determine the Kp index, the standardized values of the local K indices of these 13 
observatories are used. Kp index has values ranging from 0 to 9, where Kp index of 9 
is an extreme geomagnetic storm. For our study, we chose a moderate geomagnetic 
environment with a Kp index of 4. 

The bremsstrahlung of energetic electrons in the X-ray range can be measured 
with balloon instruments, which provide information on energy spectra and fluxes. 
This information about the precipitation of energetic electrons makes it possible 
to calculate the atmospheric ionization. EEP from the outer radiation belt in the 
subauroral region causes an increase in the ionization rate up to about 20 km altitude. 

The purpose of this research to estimate characterized ionization rates during 
geomagnetic disturbances based on balloon observations. These are typical cases, 
since electron precipitation is most often observed in a weakly disturbed state of the 
geomagnetic field. To achieve this goal, we study the response in the ionization rates 
to energetic electron precipitation in the high-latitude atmosphere with obtaining 
information on numerous balloon observations over Apatity (67.57° N, 33.56° E, L 
= 5.3). 

2 Balloon Observation 

The Lebedev Physical Institute has carried out balloon measurements of ionizing 
radiation in the atmosphere regularly since 1957 [7–10]. The balloon equipment 
measures the fluxes of secondary cosmic rays, solar protons entering the atmosphere 
during energetic solar particle events, as well as the bremsstrahlung of electrons 
during their precipitation from the outer radiation belt of the Earth. The energy spec-
trum of the precipitating electrons is reconstructed from observations of absorption
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of X-ray bremsstrahlung in the atmosphere. The procedure for the transition from 
X-ray fluxes in the atmosphere to the energy spectrum of electrons was developed 
on the basis of Monte Carlo calculations [9]. 

The fluxes of precipitating electrons often fluctuate strongly in time; therefore, for 
the correct reconstruction of the spectrum, only cases of a monotonic increase in the 
X-ray fluxes while the balloon is rising are chosen. For this work, four cases of reliable 
measurements were selected, when precipitation was observed for at least 30 min, 
see Fig. 1. For example, in the EEP case during September 10, 1998, for deriving 
the electron spectrum observational data were used only at altitudes of 26–30 km, 
since X-ray fluxes varied strongly at higher altitudes. We remove the contribution of 
secondary particles originated from galactic cosmic rays by subtracting the previous 
flight data without precipitation shown in Fig. 1 by blue symbols. Thus, we obtain 
data on the absorption of X-ray flux in air and calculate the energy spectrum of 
electrons using the technique [9]. It should be noted that we record only the fact of 
precipitation while the balloon is in this place and we have no information about the 
actual beginning and end of the process.

Table 1 presents 4 selected cases of EEP during geomagnetic disturbances with 
Kp = 4 [11] based on balloon observation over Apatity (67.57° N, 33.56° E, L = 
5.3). The investigation of these EEP events by two versions of the one-dimensional 
radiative-convective-photochemical model with parameterized and interactive ion 
chemistry for estimation of ozone and electron density changes during these EEP 
events was presented in the paper [12].

3 Retrieval Ionization Rate from Balloon Observations 

To study the effect of EEP on ionization rates one need to have information on energy 
spectra (energy of particles and intensity of flux) and parametrization of ion produc-
tion. The computation of EEP ionization rates (number of ion pairs/gram/second) 
at a certain height requires knowledge of the parametrization of ion production via 
ionization yield functions [4]. The ionization yield function at the atmospheric depth 
is a number of ion pairs created by one precipitating electron with the initial energy 
at the upper boundary of the atmosphere. In this study, we used modified ionization 
yield functions for mono-energetic electrons with initial energy from tens of keV to 
several MeV [4]. Both direct ionization by primary electrons as well as the secondary 
Bremsstrahlung electromagnetic emissions are considered in this model [4]. 

The ionization rates for investigated period was calculated taking into account 
information about EEP obtained by balloon observation presented in Fig. 1 by orange 
symbols. The description of the response functions and the basis for calculating the 
ionization rates are presented in [4–6]. Computation of ionization rates requires 
knowledge of the energy spectra and parameterization of ion production via ioniza-
tion yield functions. The ionization yield function at atmospheric depth is the number 
of ion pairs created by one precipitating electron with initial energy at the upper 
boundary of the atmosphere. It takes into account both direct ionization by primary
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Fig. 1 Count rates of balloon-borne devices at Apatity. Orange symbols present the data obtained 
during electron precipitation, blue symbols relate to the balloon flights without precipitation and 
present the background from secondary cosmic rays

Table 1 Day of year (DOY) and time of balloon observations and intensity of geomagnetic 
disturbances during these days 

DOY Time start (UT)–time end (UT) Kp with time observation (UT) 

10/05/1994 7 h 10  m–7 h 58 m 4 (00−21 h) 

28/09/1997 7 h 00  m–7 h 32 m 4 (00−06 h) 

09/10/1998 7 h 48  m–8 h 16 m 4 (03−09 h) 

01/09/2000 7 h 42  m–8 h 37 m 4 (06−09 h)

electrons and secondary electromagnetic radiation of bremsstrahlung. The energy 
spectra include information about EEP particle energy and flux intensity. In its turn 
the distribution of the energy spectra requires different fitting functions covering the 
EEP energy range. In our study, to calculate the EEP ionization rates, we use the 
parametrization of ion production in terms of the ionization yield functions [4] and
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Fig. 2 Altitudinal profile of ionization rate over Apatity (67.57° N, 33.56° E, L = 5.3) during 
geomagnetic disturbances with Kp = 4 

energy spectra obtained during balloon observation over Apatity. EEP spectra have 
been fitted with a power low energy distribution. 

The ionization rate altitude profile during geomagnetic disturbances is shown 
in Fig. 2. Here once can see that characterized ion production in the altitudes about 
120 km not exceed 1013 ion pairs per gram per second, in the mesosphere ion produc-
tion during strong geomagnetic storms can various from 106 to 1012 ion pairs per 
gram per second. 

4 Discussion and Conclusion 

Geomagnetic disturbances, leading to an increase in the precipitation of energetic 
particles into the atmosphere, cause an increase in the ionization rates of the atmo-
sphere/ionosphere. In turn, one of the important natural factors that destroy the ozone 
layer and increase the content of electrons are the processes associated with the 
precipitation of energetic particles into the atmosphere. However, the role of energetic 
electrons precipitating from the radiation belts under various geomagnetic conditions 
is not fully understood and is important for studying the behavior of the D-region of 
the high-latitude ionosphere and ozone fluctuations. 

In this work, we reconstructed the atmospheric ionization rate caused by precip-
itation of energetic electrons from balloon observations in the polar atmosphere for
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four selected events observed with balloons in the high-latitude atmosphere over 
Apatity (67.57° N, 33.56° E, L = 5,3) during moderate geomagnetic disturbances 
characterized by Kp = 4. For obtaining electron spectra, from balloon observations, 
we removed the contribution of secondary particles originated from galactic cosmic 
rays and the data are obtained on the absorption of X-ray flux in air. 

After this investigation we can conclude that during geomagnetic disturbances the 
characterized ion production in the altitudes about 120 km not exceed 1013 ion pairs 
per gram per second, in the mesosphere ion production during strong geomagnetic 
storms can various from 106 to 1012 ion pairs per gram per second. 
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