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Abstract. Detailed study of solar energetic particle events is important to understand
their acceleration and propagation in the interplanetary space and allows one to model
various processes related to space weather and space climate e.g. radiation environment at
flight altitudes and atmospheric ionization. A special class of events, called ground level
enhancements, registered by ground based detectors, can dramatically change the radiation
environment in the Earth’s atmosphere. New recently installed high-altitude polar neutron
monitors NMs, namely DOMC/B and historically installed South Pole, have made the worldwide
neutron monitor network more sensitive to strong solar energetic particle events, registered at
ground level. The two high-altitude polar stations are able to detect lower energy events, which
most likely would not be registered by the other (near sea level) neutron monitor stations. Here,
using the worldwide neutron monitor database (NMDB) records and an optimization procedure
combined with simulations, we assess the spectral and angular characteristics of a new class
of events sub-GLEs. With the estimated spectral characteristics as an input, we evaluate the
effective dose rate in polar and sub-polar regions at typical commercial flight altitude during
such events as well as during GLEs.

1. Introduction

Detailed study of solar energetic particle events (SEP) events is important in order to clarify their
acceleration and transport mechanisms in the interplanetary space [1, 2]. In addition, possessing
information about their spectra and angular distributions, makes it possible to assess processes
related to space weather, such as exposure to radiation, henceforth exposure, at flight altitudes
[3, 4]. The exposure in the vicinity of Earth and in the Earth’s atmosphere is variable and
highly dynamic. It is governed by the galactic cosmic rays (GCRs). The Earth is constantly
hit by high-energy particles, which collide with nucleus of the atmosphere and produce new,
energetic particles, which also collide with nuclei etc...Each collision adds a number of particles
to the developing a cascade – an extensive air shower. Another important but sporadic source,
which makes the radiation environment in the vicinity of Earth and within its atmosphere
highly dynamical is related to eruptive solar processes, namely solar flares and coronal mass
ejections, leading to production of SEPs [5, 6]. A special class of SEP events, called ground level
enhancements (GLEs) [6, 7], registered by ground based detectors e.g. neutron monitors (NMs),
can dramatically change the radiation environment in the Earth’s atmosphere [8]. GLEs can be
studied using the worldwide NM network [9, 10].

New recently installed high-altitude polar NMs, namely DOMC/B and historically installed
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both South Pole NMs, have made the worldwide NM network more sensitive to strong SEPs and
GLEs. The two high-altitude polar NM stations are able to detect lower energy SEP events,
which most likely would not be registered by the other (near sea level) NMs. Here, on the basis
of NM records and an optimization procedure, we assess the spectral and angular characteristics
of GLE and sub-GLE particles and subsequently evaluate the exposure at typical commercial
flight altitude during such events.

2. Analysis of GLE and sub-GLEs using NM data

According to recently adjusted definition, a GLE event is registered when there is a simultaneous
statistically significant increase of the count rate of at least two differently located NM stations
accompanied with a statistically significant increase of SEP flux observed by a space-borne
instrument(s). A new sub-class of events sub-GLEs, accordingly is registered when there are
simultaneous statistically significant increase of the count rates of at least two differently located
high-altitude NMs with corresponding enhancement in SEP flux measured by a space-borne in-
instrument(s), but no statistically significant enhancement in the count rates of NMs near to
the sea level, for details see [11]. For the analysis of such events we employ a method similar to
that applied to earlier GLEs [12, 13], which detailed description is given in [14, 15, 16].

The method consists of: computation of asymptotic viewing cones and cut-off rigidities of
the NMs used for the analysis of the corresponding event; initial guess of the optimization
procedure by assuming the apparent source position along the interplanetary magnetic field
(IMF) line derived from ACE satellite measurements, the latter being estimated from the 20-
minute averaged measurements explicitly considering the time shift of the field direction at the
nose of the Earth’s bow shock [16]; optimization over modelled and measured NM responses
assuming a corresponding set of unknown parameters.

The relative count rate increase of a given NM can be expressed as:

∆N(Pcut)

N
=

∫ Pmax

Pcut
J||SEP (P, t)Y (P )G(α(P, t))A(P )dP

∫∞
Pcut

JGCR(P, t)Y (P )dP
(1)

where J||SEP (P, t) is the rigidity spectrum of the primary SEPs with a given rigidity P in the
direction of the maximal flux along the IMF, JGCR(P, t) is the rigidity spectrum of GCR at a
given time t with the corresponding modulation, Y (P ) is the NM yield function, G(α(P, t)) is
the pitch angle distribution (PAD) of SEPs, A(P ) is a discrete function with A(P )=1 for allowed
trajectories (proton with rigidity P can reach the station), accordingly A(P )=0 for forbidden
trajectories (proton with rigidity P cannot reach the station), N is the count rate due to GCR,
∆N(Pcut) is the count rate increase due to SEPs, Pcut is the lower cut-off rigidity of the station
and Pmax is the maximal rigidity of SEPs considered in the model to be 20 GV, respectively. In
this study we used a newly computed NM yield function, which provides good agreement with
experiments and models [17, 18, 19]. In our model the rigidity spectrum of SEPs is described
by a modified power law:

J||(P ) = J0P
−(γ+δγ(P−1)) (2)

where J||(P ) is the particle flux with given rigidity P in [GV] arriving from the Sun along the
axis of symmetry whose direction is defined by geographic coordinate angles Ψ and Λ (latitude
and longitude), γ is the power-law spectral exponent at rigidity P = 1 GV, δγ is the rate of the
spectrum steepening. In Eq. (1) we can consider also an exponential spectrum similarly:

J||(P ) = J0 exp(−P/P0). (3)

where J|| is defined as in Eq. (2) and P0 is a characteristic proton rigidity. The PAD is assumed
to be a superposition of two Gaussians, which allows to model a complicated particle flow:
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G(α(P )) ∼ exp(−α2/σ2
1) +B. exp(−(α− π)2/σ2

2) (4)

where α is the pitch angle, σ1 and σ2 are parameters corresponding to the width of the pitch
angle distribution, B is a parameter corresponding to the contribution of the particle flux
arriving from the anti-sun direction. The optimization is performed using the Levenberg-
Marquardt method [20, 21] with variable regularization [22, 23, 24]. The magnetospheric
computations are performed with the MAGNETOCOSMICS code [25] using a combination
of Tsyganenko 1989 (external) [26] and IGRF (internal) [27] geomagnetic models, which allows
one to compute straightforwardly the cut-off rigidity and asymptotic directions with reasonable
precision [28, 29, 30].

In the case of sub-GLEs we possess information only from two NMs with statistically
significant count rate increase. Therefore, for the analysis of sub-GLEs we simplify the model
by assuming a simple power law or exponential rigidity spectrum of SEPs, with one directional
Gaussian PAD. We also assume the apparent source position to be along the IMF derived from
ACE satellite measurements, but not as a free parameter. Subsequently we derive a set of
solutions with similar quality and with the mean we performed a simulation of the global NM
network response. The best fit of the global NM network response from the forward modelling is
assumed as the final apparent source position. Therefore, by optimization over a limited set of
parameters and simulation of the global NM network response (fixing one and/or several of the
parameters, but varying the others) after several iterations we assessed the spectral and angular
characteristics of sub-GLE particles and accordingly their spectral constraints, the details are
given in [16].

3. Examples of sub-GLE analysis

As an example, we demonstrate the analysis of a sub-GLE event on 29 October 2015 (Fig.1).
Details for the analysis of this event as well several other sub-GLEs is given elsewhere [16].

Figure 1. Profile of the time varia-
tion of GOES 13 proton flux during
sub-GLE event on 29 October 2015.

Figure 2. Profile of the time
variation of NMs count rate during
sub-GLE event on 29 October 2015
.

The derived spectra and PAD of the studied sub-GLEs are compared with those of a weak
event – GLE 71 and with a moderately strong event – GLE 70, the results are presented in
Fig.3a,b.

The derived rigidity spectra of sub-GLEs are softer than those of GLEs (Fig.3a). In addition,
the proton flux at 1 GV during sub-GLE events is nearly an order lower compared to a weak
event as GLE 71.
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Figure 3. Rigidity spectra during
several sub-GLE events compared
with GLE 70 on 13 December 2006
and GLE 71 on 17 May 2012 as
denoted in the legend. The black
solid line in the left panel denotes
the average GCR flux.

4. Computation of exposure during GLEs and sub-GLEs

The computation of the dose rate at flight altitudes due to CRs is rather challenging, because
the large variability and extended energy range of the produced secondaries. During the last
decade several models for assessment of the exposure due to CRs have been proposed e.g.
[31, 32, 33]. Here, the exposure at flight altitudes is assessed using the derived spectral and
angular parameters of SEPs and employing a recent numerical model based on pre-computed
yield functions [34]. The effective dose rate at a given atmospheric depth h induced by a primary
CR particle is computed by convolution of the yield function with a corresponding primary CR
particle spectrum:

E(h) =
∑

i

∞
∫

Tcut(Pc)

Ji(T )Yi(T, h)dT (5)

where Ji(T ) is the differential energy spectrum of the primary CR arriving at the top of the
atmosphere for i−th component (proton or α−particle) and Yi is the effective dose yield function
for this type of particles. The integration is over the kinetic energy T above Tcut(Pc), which

is defined by the local cut-off rigidity Pc for a nuclei of type i, Tcut,i =

√

(

Zi

Ai

)2
P 2
c + E2

0 − E0,

where E0 = 0.938 GeV/c2 is the proton’s rest mass.
Accordingly, the effective dose yield function Yi is defined as:

Yi(T, h) =
∑

j

∫

T ∗

Fi,j(h, T, T
∗, θ, ϕ)Cj(T

∗)dT ∗ (6)

where Cj(T
∗) is the coefficient converting the fluence of secondary particles of type j (neutron,

proton, γ, e−, e+, µ−, µ+, π−, π+) with energy T ∗ to the effective dose, Fi,j(h, T, T
∗, θ, ϕ) is

the fluence of secondary particles of type j, produced by a primary particle of type i (proton or
α−particle) with a given primary energy T arriving at the top of the atmosphere from zenith
angle θ and azimuth angle ϕ.

According to our analysis the contribution of SEPs during sub-GLE event is comparable to
the contribution of GCR, the details re given in [16]. In addition, we performed analysis of the
GLE 72 on 10 September 2017, which appeared as a week event. Details about the GLE 72
analysis are given in [35] and these proceedings. The distribution of the effective dose rate as a
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function of the geographic coordinates at altitude of 35 kft due to high energy GLE and GCR
particles during the peak phase of GLE 72 is given in Fig. 4.
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Figure 4. Distribution of the
effective dose rate at altitude of 35
kft during GLE 72

5. Conclusions

In the work presented here we have studied several candidates for a new subclass of SEP events,
sub-GLEs, which are of special interest for space weather applications. On the basis of data
retrieved from different NMs and using a combination of a full simulation of the global NM
network response and optimization procedure over a set of unknown parameters describing the
SEP features, we have assessed the spectral and angular characteristics of sub-GLE particles.
With the estimated spectral characteristics and using a previously developed model, we have
assessed the effective dose rate in a polar and sub-polar region at commercial flight altitudes of
35 kft. During those computations a conservative scenario concerning the contribution of sub-
GLE to the exposure was assumed [36]. It was shown that the contribution of sub-GLE particles
to the exposure is at least comparable to the GCRs contribution. In addition, a similar analysis
of GLEs was performed, their spectra derived and distribution of the exposure over the globe
obtained. The derived spectra and assessed exposure during various stages of sub-GLEs and
GLEs allow one to compute to quantify the radiation radiation environment in the troposphere
and stratosphere [37, 38]. In this study, we demonstrated that the global NM network is a useful
tool to estimate an important space weather effect, namely the exposure of aircrew due to CR
of galactic and solar origin. The derived spectra and angular distributions will be integrated
into the GLE database [39].

Acknowledgments

This work was supported by the Academy of Finland (project No. 272157, Center of Excellence
ReSoLVE and project No. 267186). The operation of the DOMC/DOMB NM is supported
by the French-Italian Concordia Station (IPEV program n903 and PNRA Project LTCPAA
PNRA14 00091), projects CRIPA and CRIPA-X No. 304435 and Finnish Antarctic Research
Program (FINNARP). We acknowledge NMDB and all of the colleagues and PIs from the
neutron monitor stations who kindly provided the data used in this analysis, namely: AATB,
APTY, ATHN, BKSN, BRBG, CALG, CAPS, DOMC, DRBS, FSMT, INVK, IRKT, JBGO,
JUNG, KERG, KIEL, KGST, LMKS, MCMD, MGDN, MWSN, MXCO, MOSC, NAIN, NWRK,
OULU, PWNK, PTFM, ROME, SOPO, TERA, THUL, TXBY.



26th Extended European Cosmic Ray Symposium

IOP Conf. Series: Journal of Physics: Conf. Series 1181 (2019) 012006

IOP Publishing

doi:10.1088/1742-6596/1181/1/012006

6

References
[1] Tylka A and Dietrich W 2009 Proc. of 31th ICRC Lodz, Poland, 7 -15 July 2009 0273
[2] Klein K L and Dalla S 2017 Space Science Reviews 212 1107–1136
[3] Pelliccioni M 2000 Radiation Protection Dosimetry 88 279–297
[4] Mishev A 2014 Advances in Space Research 54 528–535
[5] Reames D 2013 Space Science Reviews 175 53–92
[6] Desai M and Giacalone J 2016 Living Reviews in Solar Physics 13 3
[7] Aschwanden M 2012 Space Science Reviews 171 3–21
[8] Vainio R, Desorgher L, Heynderickx D, Storini M, Flückiger E, Horne R, Kovaltsov G, Kudela K, Laurenza

M, McKenna-Lawlor S, Rothkaehl H and Usoskin I 2009 Space Science Reviews 147 187–231
[9] Hatton C 1971 Progress in Elementary Particle and Cosmic-ray Physics X (Amsterdam: North Holland

Publishing Co.) chap 1
[10] Moraal H and McCracken K 2012 Space Science Reviews 171 85–95
[11] Poluianov S, Usoskin I, Mishev A, Shea M and Smart D 2017 Solar Physics 292 176
[12] Shea M and Smart D 1982 Space Science Reviews 32 251–271
[13] Cramp J, Duldig M, Flückiger E, Humble J, Shea M and Smart D 1997 Journal of Geophysical Research 102

24 237–24 248
[14] Mishev A, Kocharov L and Usoskin I 2014 Journal of Geophysical Research 119 670–679
[15] Mishev A and Usoskin I 2016 Solar Physics 291 1225–1239
[16] Mishev A, Poluianov S and Usoskin S 2017 Journal of Space Weather and Space Climate 7 A28
[17] Mishev A, Usoskin I and Kovaltsov G 2013 Journal of Geophysical Research 118 2783–2788
[18] Gil A, Usoskin I, Kovaltsov G, Mishev A, Corti C and Bindi V 2015 J. Geophys. Res. 120 7172–7178
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