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Exposure to secondary radiation in the atmosphere due toicaays at cruising aviation alti-
tudes is an important topic in the field of space weather. Bméribution of galactic cosmic rays
to the exposure can be assessed on the basis of models. Hpassessment of the dose rate
during strong solar particle events (SEPS) is rather carafdd, because of their large diversity
and stochastic occurrence. Of specific interest are SEPsemitrgy high enough to produce
extensive air showers, which can be registered by grousdebdetectors e.g. neutron monitors
(NMs), namely ground level enhancements (GLEs). Durindhsuents, usually a significant
enhancement of the radiation exposure at flight altitudedserved, specifically over the polar
regions. Here, we provide information about derived SER@egidity spectra using records
from the global NM network and the corresponding computéebéfe doses for several events.
A corresponding upgrade of the existing GLE database isigedv We propose to use a conve-
nient proxy based on global NM data in order to assess thetefedose at flight altitude during
strong solar particle events.
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1. Introduction

One of the most important problems in the field of space weathe precise and realistic
assessment of the exposure to secondary cosmic ray (CRjioadihenceforth exposure, at flight
altitudes, specifically during strong solar energeticiplrt{ SEP) events [1]. While the exposure
due to galactic CRs can be assessed using convenient madiés aroxies [2], realistic com-
putations of the exposure following SEPs are rather comfd, because of the large diversity
and stochastic occurrence of the events. Of specific intaresSEPs with energy high enough to
produce extensive air showers, whose secondary partafeBecregistered by ground-based detec-
tors e.g. neutron monitors (NMs), namely ground level eobarents (GLES) [3, 4]. During such
events, usually a significant enhancement of the radiatipoire at flight altitudes is observed,
specifically over the polar region [5, 6]. A realistic infoatron for SEP spectra during such events
is crucial to assess the exposure at flight altitudes usirmneenient modelling [7].

GLEs are routinely studied using NM records [8]. Historiaad recent data are archived at
the International GLE datababét ps:// gl e. oul u. fi [9]. Deployment of NMs at different
geographic locations allows one to derive their spectrdl @mgular distribution characteristics,
because NMs are sensitive to primary protons arriving fraffierént asymptotic directions. In
order to derive the needed spectral characteristics atieatiodelling of the global NM response
shall be performed [8]. In this study we derive spectra oesalvstrong GLES using data from the
global NM network (Fig.1). Subsequently, using the deri@&€P spectra and model for compu-
tation of the effective dose at flight altitudes based on Mddarlo simulations, we assessed the
corresponding exposure during GLES.

Figure 1: Location map of the present status of the globalraeumonitor network.

2. General description of the procedure for computation of he exposure at flight
altitudes

The procedure for the computation of the exposure at flightides includes several models
and steps, the details are given in [10, 11]. The algorithetugtes derivation of SEP spectra using
NM data and subsequent application of a model for assessofig¢he exposure. The analysis
of GLEs is performed using a model similar to [8, 12], the detgiven elsewhere [13, 14, 15].
The GLE analysis involves computation of cut-off rigidgiand asymptotic viewing directions
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of NMs and optimization of a set of unknown parameters desaispecific spectra and angular
distribution of the modelled SEPs over the experimentad.d8pecific shapes can be assumed for
the fit of the SEP spectra. Here, we model the spectra of GLiclesr by a modified power-law
rigidity spectrum [12, 16]:

J(P) = JoP~(r+ov(P=1)) (2.1)

whereJ(P) is the differential particle flux with a given rigiditl? in [GV], yis the power-law spec-
tral exponent at rigidity P = 1 GV, accordingdy in [GV 1] is the rate of the spectrum steepening.
In some cases, specifically during the event onset andliphise of the event, we model the SEP
spectra with an exponential spectrum [16]:

J(P) :JoeX[X—P/PQ). (22)

whereJ(P) is defined in the same way as in (2.1), accordirgyys a characteristic proton rigidity.
In case of significant steepeninyy, the modified power-law spectrum (2.1) is very similar to
exponential shape (2.2). In all cases, the angular disivivof SEPs is modelled with a Gauss like
distribution(s):

G(a(P)) ~ exp(—a?/c?) (2.3)

wherea is the particles’s pitch angle ara corresponds to the width of the distribution(s). The
derivation of the angular and spectral characteristics&#<Sis performed over the set of parameters
given in Equations (2.1-2.3) by minimizing the differenedvieeen the modelled and measured NM
responses employing method similar to Levenberg-Marquiard 18] with arbitrary regularization
[19, 20, 21].

Hence, using the derived SEP spectra and assuming a camnsegg@proach for their angular
distribution - namely an isotropic one [22], on the basis ohadel, which demonstrated good
agreement with reference data and measurements [23], weoogpute the exposure during GLEs
[24], considering explicitly the dynamical variation oftkerived SEP spectra.

The effective dose rate and/or ambient dose equivalenataeyiven flight altitudén due to
primary CR particles is computed as:

E(h,T,0,¢) = Z/:Pcm)/QJi(T)Yi(T,h)dQ(B,tp)dT, (2.4)

whereP, is the local geomagnetic cut-off rigidity is a solid angle determined by the angles
of incidence of the arriving particl® (zenith) and$ (azimuth),J;(T) is the differential energy
spectrum of the primary CR at the top of the atmosphere fdenattypei (proton ora —particle,
the latter including effectively heavy nuclei) with kinegnergy T and; is the corresponding yield
function. The integration is over the kinetic energy ab®\&), which is defined by for a
nuclei of typei. The corresponding effective dose yield functigiis given by:

Yi(T,h) = Z/Hj(h,T,T*,9,¢)c,-(T*)dT* (2.5)
] T+
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whereC;(T*) is the coefficient converting the fluence of secondary destiof typej (neutron,
proton, y, e, e, u—, u*, -, ") with energyT* to the effective dosef5 ;(h,T,T*,0,¢) is
the fluence of secondary particles of typeproduced by a primary particle of typgproton or

a —particle) with a given primary enerdy arriving at the top of the atmosphere from zenith angle
6 and azimuth anglg. Note that here, the varying secondary particles spectlaflaance are
explicitly considered, since the model is based on MontdoCa&imulations of the CR induced
atmospheric cascade, accordingly the conversion coeft& (T*) are derived by Monte Carlo
simulations [7, 25]. The same expressions are used for tiéeatndose equivalent computation.
The full description of the model, look-up tables and amilan and are given in [23].

3. Exposure at flight altitudes during selected GLEs

Using the derived GLE patrticles spectra and the procedweribed in Section 2 - Equations
(2.4-2.5), we computed the exposure at typical flight alggiduring strong SEP events, the details
are given in [24]. The exposure due to SEPs in most cases iparainie to the contribution
of galactic CRs [2], computed here using the force field m¢ae] 27, 28] and considering the
modulation potential as in [29]. In some cases, as duringemately strong GLEs (GLE #70, GLE
#72), the exposure exceeds 2-5 times the contribution dGE®s, but does not pose a significant
radiation risk [11]. Here, we focus on the two strongest GLizsnely GLE #5 on 23 February
1956 and GLE #69 on 20 January 2005.

GLE #5 was the largest event observed by the global NM netwbdccurred on 23 February
1956, with peak NM count rate increase above 5000 %. Usingléhwed spectra, the details
are given in these proceedings, and Equation (2.4) withesponding yield functions (2.5), we
computed the effective dose rate throughout the event.
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Figure 2: Integrated over the first 3h effective dose atualétof 35 kft during GLE #5.

As an example, we present the effective dose at altitude &ft380 668 m) above sea level,
integrated over the first 3h of the event (Fig.2), accordiraglaltitude of 50 kft (15 240 m) (Fig.3).
The derived spectra were very hard, specifically duringriteal phase of the event, and remained
hard during the whole event. This resulted on a significapbsure during the first several hours of
the event. One can see that during a typical flight at altinfd&b kft in a polar region the received
dose is comparable to the suggested annual limit for ocmrzdtworkers of about 6 mSv. Note
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that this exposure is considerably greater than that stegéar the population, which is 1 mSv.
Flight at higher altitude (e.g. 50 kft), accordingly leadatoonsiderably greater exposure, about of
a factor of 2, which is largely above the annual limit for ogational workers (Fig.3).
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Figure 3: Integrated over the first 3h effective dose atualétof 50 kft during GLE #5.
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Figure 4: Integrated over the first 3h effective dose atualétof 35 kft during GLE #69.
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Figure 5: Integrated over the first 3h effective dose atualétof 50 kft during GLE #69.
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GLE #69 event on 20 January 2005 occurred during the rec@lexge of a Forbush decrease.
It was characterized with a pulse like fast NM count rateease and revealed a large anisotropy,
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since South Pole (SOPO), Terre Adelie (TERA) and McMurdo W) stations registered signif-
icantly greater NM count rate increases than the other NMs.aDalysis depicted a very complex
picture - we observed SEPs arriving within two fluxes, thaillere given in these proceedings.
A very narrow flux with a very hard spectrum, was responsibletifie giant NM count rate in-
creases at SOPO, TERA and MCMD NMs and a second flux charzedehy a softer, but still
hard spectrum, led to the count rate increases of the bulkeoétations. Therefore, the exposure
was computed as superposition of the contributions of tleeS®P fluxes and GCRs. The derived
SEP spectra were hard with high peak intensity, specifiahliing the event initial phase. The
spectra constantly softened during the event, accordihglyarticle flux decreased. This resulted
on relatively significant exposure during the event onsat fdr a short period of time. Similarly
to the previous case, we computed the exposure at altitu@® &ft (Fig.4) and 50 kft (Fig.5),
integrated over the first 3h of the event. The exposure wasfisignt, about 25Q Sy, at altitude of
35 kft above sea level. However, it is below the annual litmit, should be considered for air crew
and/or frequent travellers. At higher altitude, the expestonsiderably increased. According to
our computation it was about 7Q@5v, which could lead to an accumulated dose comparable to the
annual limit.

4. Conclusion

In this study we demonstrated the possibility to use thealdiM network for computation
of the exposure at typical commercial jet flight altitudessirig an appropriate model and recon-
structed GLE patrticles rigidity spectra we assessed thesexp for crew members/passengers at
two altitudes, namely 35 and 50 kft above sea level, assumoanservative isotropic approach of
the GLE particles angular distribution. Here, we studiestthio strongest GLES, in order to assess
nearly worst case scenario of maximal exposure. It was shthahat altitude of 50 kft above sea
level, the exposure during GLE #5 is significantly greatet the annual general public limit of 1
mSv and comparable with this limit during GLE #69. At lowetitaldes, the exposure diminish,
because the softer GLE particles spectra, specificallyarctse of GLE #69. Therefore, the two
strongest GLE events, led to an important radiation isshe.résults presented in this study, allow
one to assess the radiation risk at flight altitudes duringngtand extreme SEP events [30] and
demonstrate the usage of the global NM network for spacehgeapplications, namely as a proxy,
for details see [2].
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