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The ground level enhancements (GLEs) due to solar cosmic rays (SCRs) are of significant
astrophysical, cosmophysical and geophysical interest for a number of planetary processes on the
Earth. In the present work the ionization rate profiles in the Earth’s atmosphere during the
outstanding ground level enhancement GLEOS on 23 February 1956, the largest one in the entire
history of observations of SCRs, are obtained. The contribution of the galactic cosmic rays
(GCRs) is also taken into account. The ionization in the atmosphere is calculated using the
energetic spectra of solar protons, GCRs and the corresponding atmospheric cascade simulation.
The spectra of solar cosmic rays are derived on the basis of ground-based measurements with
neutron monitors. This method is based on solving the inverse problem - reconstruction of SCR
spectrum on the boundary of the magnetosphere. The contemporary magnetosphere model
"Tsyganenko 01 and 03" is used in this method. The calculation of asymptotic cones (AK) held
with increments of 0.001 GV in the range of 1-20 GV. The aforementioned method is developed
in the Polar Geophysical Institute (in Apatity) of the Russian Academy of Sciences. Recent
simulations with RUSCOSMICS software package (based on GEANT4 program of CERN) are
carried out. The energy deposit of solar protons and GCRs in the atmosphere is received. The ion
production rate profiles in the stratosphere and troposphere (the region 0-40 km) are calculated
for geomagnetic cut-off rigidities 1, 2, 3 and 5 GV (i.e. polar, subpolar, higher and middle latitudes,
respectively). The so obtained ionization profiles are compared and thoroughly discussed.
Implementations of these results are also debated. The obtained results are important for the
improvement of the recent models of cosmic ray induced ionization in the whole atmosphere, for
the determination of electron and ion density in the middle and lower atmosphere (troposphere),
for the various atmospheric processes (as for instance in atmospheric chemistry and physics -
ozone production, global electric circuit between the ground and ionosphere), for the studies of
solar-terrestrial influences on space weather and space climate) and for many other applications.
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1. Introduction

The ground level enhancements (GLEs) are caused by the relativistic solar energetic
particles on the ground based detectors - mainly neutron monitors but also muon telescopes and
ionization chambers (before the International Geophysical Year IGY, 1957-1958). Really the
relativistic solar energetic particles (SEPs) are solar cosmic rays (SCRs) and they consist basically
of protons (more than 90%). Their energies usually are in the GeV range. Rarely SCRs can exceed
15-20 GeV [1, 2]. The official database of Neutron Monitor count rates during GLEs is situated
on the website http://gle.oulu.fi/. In the present study we consider the outstanding ground level

enhancement GLEO5 on 23 February 1956, the largest one in the entire history of observations of
solar cosmic rays. This maximal GLE has been extensively studied for a period more than 60
years ([3, 4] and reference therein). The GLEOS was caused by a large solar flare with importance
of 3+ (or 3B) that occurred at 03:31 UT in the active region with heliographic coordinates 25°N,
85°W.

The event on 23 February 1956 exerted essential influence on the development of all
sciences of solar-terrestrial physics and physics: solar physics, cosmic rays (CRs), magneto-
sphere, ionosphere, etc. In this work we will examine the final effect of SCRs - the induced
ionization in the Earth's atmosphere during GLEOS.

2. Earlier results for enhanced ionization in ionosphere during GLE0S5

Over 50 years ago were made calculations of ionization profiles g(#) in the lower
ionosphere (50-100 km) due to the penetration of relativistic SEPs during the GLEOS on February
23, 1956 [5-9]. In the atmosphere cosmic particles enter in electromagnetic and nuclear
interactions with the substance of the air. The first results for g(%) profiles [5-9] were obtained
without accounting the nuclear interactions between the secondary cosmic ray particles and the
Earth’s atmosphere, which is quite acceptable for these altitudes. In the ionospheric D-region (50-
100 km) the predominant interactions are the electromagnetic due to the small atmospheric depth
(less than 1 g/cm?) for the cosmic ray particles [7].

3. Previous computations for ionization in strato-troposphere during GLEs

In the altitudinal range 0-40 km the induced ionization is a result from the impact of the
electromagnetic, muon and hadronic components of the secondary galactic and solar cosmic rays
(GCRs and SCRs) on the terrestrial atmosphere. That's why after receiving the initial results [5-
9] were made calculations taking into account all nuclear reactions [10-12]. One possible tool is
based on Monte Carlo simulation of the cascade process in the atmosphere, precisely the energy
deposit and afterwards the estimation of ion pair production. CORSIKA (Cosmic Ray Simulations
for Kaskade) code is one of the most widely used in the last years simulation code [11,12]. By
means of CORSIKA 6.52 program using FLUKA 2006 and QGSJET II hadronic interaction
subroutines it was determined the induced ionization in atmosphere during some important GLEs,
f.e.. GLES9 on Bastille day event 14 July, 2000 [13, 14]; GLE69 on 20 January 2005 [15] — the
second in intensity after GLEOS; GLE70 on 13 December 2006 in solar minimum [16, 17], etc.
Now we will continue these studies. The ion production rate in the atmosphere during the greatest
GLEOS on 23 February 1956 will be calculated. This induced ionization is due to the influence of
the all three secondary CR components: electromagnetic, muon and hadronic.
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4. Determination spectra of galactic and solar cosmic rays

First we need to determine the spectra of GCRs and SCRs. The energy spectrum of GCRs,
established by GOST USSR, has been used for the calculation of ionization in the atmosphere.
The GOST standard defines the GCR spectrum from 200 MeV to hundreds GeV. At the same time
it considers the spectrum changes due to solar activity. It is taken into account every specific case
by calculation the ionization profiles due to GLEs.

Usually an approximate formula for GCR intensity / is [5, 7]:

(1 Iv (E) x 1.8 E'Y nucleons/cm? s sr

where E is the total particle energy per nucleon in GeV and y = — 2.7 is the spectral index. It is
known that the intensity of GCRs is modulated by the solar activity and depends from
geomagnetic latitude. The specific formula (1) refers to the middle latitudes — geomagnetic cut-
off rigidity =~ 5 GV and an average solar activity.

The differential spectrum of SCRs generally has the following description [6, 7, 10]:

(2) D(E)=KkE

The values of k and y are different (usually y is changed from -4 to -6) at different
moments of development of SPE event, because the proton flux (when reaches the Earth) has
variations in different energy intervals and at different moments.

For account the GLE influence on the ionization of the atmosphere are used the spectra
of SCRs, obtained by the method developed in the Polar Geophysical Institute - PGI (Apatity) of
the Russian Academy of Sciences (RAS). This method is based on solving the inverse problem -
the reconstruction of the SCR spectrum on the boundary of the magnetosphere on the basis of
ground-based measurements with neutron monitors. The method is described in details in [1, 4].

The contemporary magnetosphere model "Tsyganenko 01 and 03" is used in this method.
The calculation of asymptotic cones (AK) held with increments of 0.001 GV in the range of 1-20
GV. The knowledge of AK is not too important for GCRs, because the GCR flux is close to
isotropic. At the same time, anisotropy in the SCRs comes to the initial stage 1, so that an accurate
calculation of AK, especially in the penumbra region, leads to a more exact solution of the inverse
problem. The developed method was applied in PGI (Apatity) - RAS to three dozen GLE events
and the results of solutions were verified according to direct measurements on sounding balloons
(in the stratosphere) and from satellite data.

The calculated by us primary differential spectra - the dependence of the intensity of
particles (m?s”'sr'MeV™') from their energy (MeV) for GCRs and SCR protons are presented in
Fig. 1. Based on that figure we can make the following analysis.

During the GLE events SCR flux exceeds GCRs 2-3 orders of magnitude at energies 0.5-
5 GeV, however, due to high values of the exponent gamma v (y = -4 — -6 for SCRs (2), whereas
v =—2.7 for the GCRs (1)) SCR flux at energies above 20 GeV becomes less than GCRs. And the
steeper fall the SCR spectrum (greater v, i.e. softer spectrum (2)), the greater is the ionization
effect in the upper and middle atmosphere. In our example (GLEO5 event) this is not noticeable,
because this event was one of the hardest according to the CR spectra: in this case the intensity of
relativistic solar particles significantly exceed the intensity of GCR to ~15-20 GeV. While in the
other cases of GLEs usually already at 5 GeV the SCR flux becomes less than GCR flux [14].
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5. Modeling the primary CR proton transport trough the Earth’s atmosphere

When CRs enter the Earth’s atmosphere, they interact with its atoms and molecules. As
a result nuclei, fissure and many secondary particles are formed. By investigating particle cas-
cades, we can obtain information on particle generation and propagation, on primary cosmic ray
fluxes, and estimate the rate of ion production rate in the middle and lower atmosphere [18-20].

With the start of computers era has become to actively develop the investigation method
of the propagation of CR in a matter by means the Monte Carlo method. In the works [18, 19] is
developed a software package RUSCOMICS, including a detector models of various types, as
well as the primary CR propagation through the Earth's atmosphere model to get information

The primary cosmic rays protons spectra
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Fig. 1. Differential energy spectra of primary CR protons in the region from 400 MeV to
100 GeV. The blue line are protons of GCRs and the green line are the protons of GCRs
summed with those of SCRs, i.e. GCR protons of + SCR protons.

about a secondary CR cascades. The basis of the RUSCOSMICS software package is a GEANT4
program, which is used for class inheritance responsible for particles interaction with matter,
setting initial parameters, gathering information on modeling, particle state, and others [18, 19].

6. Ionization profiles in stratosphere and troposphere during GLE05

As we already mentioned in the Introduction at present one of the most reliable systems
for the registration of cosmic rays are the international network of ground-based neutron monitors
(official database http://gle.oulu.fi/). According to this network the characteristics of SCRs
recorded during the ground level enhancements are determined by solving the corresponding

inverse problem [18, 19 and references therein]. Balloons are also traditionally launched.

One of a most difficult application in the RUSCOSMICS software package is a model
for calculation of a primary CR protons transportation through the atmosphere and a secondary
CR formation cascade study. To build it the "flat" geometry concept is applied. In this realization
a column from whole Earth’s atmosphere is created at a given latitude and longitude. Then layer
parameters (density, pressure and temperature) are calculated with NRLMSISE-00 model [19].

A model particles (in our case protons) source is created on the upper bound with a
spectral characteristic and intensity. A secondary CR cascade parameters are calculated with a
primary CR transport trough an atmosphere matter. A model data can be compared with
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experimental ones obtained as a result of ballooning.

With RUSCOSMICS module a cosmic ray protons passage through the Earth’s
atmosphere was calculated both in a geophysical quiet periods, and for GLE events. The result of
this work is the secondary CR energy spectra at different altitudes. These data can be used both

for an ionization rate evaluation in a tasks of an equivalent dose calculation, and for a particle

cascades formation detailed study to search a new features during GLE. Our simulation results

were verified with a balloon experimental data and have a good agreement with it.
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Fig. 2. Ion pairs profiles during GLEOS5 (or
SEPO05) on 23.02.1956 for geom. cut-off 1 GV.
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SEPO05) on 23.02.1956 for geom. cut-off 3 GV.
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Fig. 3. lon pairs profiles during GLEOS (or
SEP05) on 23.02.1956 for geom. cut-off 2 GV.
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Fig. 5. lon pairs profiles during GLEOS (or
SEP05) on 23.02.1956 for geom. cut-off 5 GV.

The ion production rates during the GLEOS (i.e. SEP05) on 23 February 1956 are
calculated as a superposition of ion rates due to SCRs and GCRs. The obtained ion production
rate profiles due to GCRs and SEPO5 at cut-off rigidity Rc = 1 GV are presented in Fig. 2.
Accordingly, the ion production rate profiles due to GCRs and SEPO5 for Rc = 2 GV are plotted
in Fig. 3, for Rc =3 GV on Fig. 4 and for Rc =5 GV in Fig. 5. As was expected the maximal
ionization effect is observed in a low rigidity cut-off region, similarly to several previous work

[12, 13, 15, 16], namely at polar and sub-polar regions (Figs. 2 and 3). At mid latitudes the

ionization effect rapidly diminishes (Figs. 4 and 5).
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7. Comparisson to other results

The GCRs create the continuous and permanent ionization in the atmosphere, and also
the independent ionospheric cosmic ray layer (CR layer) at altitudes 50-80 km in the D region in
the lower ionosphere [5, 7-9]. Yet in [5, 7] are made some calculations of the electron production
and electron density in the CR layer. These profiles were compared with the experimental profiles
measured by Van Allen [5, 7 and references therein], on basis of data from German V2 rocket
soundings in 1952 at geomagnetic latitudes 0°, 38°, 51° and 60°. There was a satisfying
coincidence between theoretical and experimental profiles with accuracy + 10%.

The results obtained in the present work (Figures 2-5) can also be compared with profiles
of the Van Allen [5, 7 and references therein], but in the area 0-40 km. Here coincidence between
computer simulations and experimental measurements of GCR ionization is accurate to within +
10-15%. This difference may be due to incorporation of us concrete atmospheric model. It must
be noted that such a comparison can be performed only for GCRs, because for SCRs such rocket
measurements are missing,

8. Discussion and conclusion

The solar eruptive-flare event of 23 February 1956 is of big importance for the solar and
solar-terrestrial community due to its outstanding characteristics. This event brought widespread
attention to the Sun and cosmic ray observations, promoted the organization and success of cosmic
radiation studies during the IGY (1957-1958) and led to the creation of the world-wide cosmic
ray observatory network.

Actually the cosmic rays produce a cascade process in the atmosphere. This cascade
affects the physical and chemical properties of the Earth’s atmosphere, particularly the ion
balance. Thus the cosmic rays are the dominant source of ionization and dissociation of air, which
leads to changes in minor constituents (including the ozone) in the stratosphere and troposphere.
In this connection the detailed study of the cosmic ray induced ionization is very important. One
possible tool is based on Monte Carlo simulation of the cascade process in the atmosphere,
precisely the energy deposit and afterwards the estimation of ion pair production.

The computed ion production rate allows the estimation the maximal ionization effect
during the GLEO5 event in the atmosphere as a function of the altitude above sea level. The
obtained here ionizations are significant during the main phase of the GLEOS at polar regions,
especially in the low stratosphere (Figs. 2 and 3). The ionization effect in the polar, sub-polar
and middle latitude regions of the Earth is important during the whole event, especially in the
region of the Regener-Pfotzer maximum (10-15 km). The ion production due to SEPs is greater
than GCR in across the studied altitude range 0-40 km above sea level, because of the hard spectra
of the solar particles (Fig. 1).

In studying of other cases of GLE it was received the opposite result: at middle and lower
latitudes GCR produced more ion pairs compared to SEPs in the whole atmosphere during the
event [13, 14]. These particles had the steeper fall the SCR spectrum (greater v, i.e. softer spectrum
(2)). In these cases already at 5 GeV the SCR flux becomes less than GCR flux [15, 16].

The obtained results are important for the improvement of the recent models of induced
ionization and other effects due to cosmic rays [21-30], for the various atmospheric processes
(atmospheric physics and chemistry - for instance the ozone production in stratosphere [31], the
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red sprites and global electric circuit between the ground and the ionosphere [32, 33], studies of
solar-terrestrial influences on the space weather [34, 35]) and for many other applications.
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