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Abstract

This paper analyses atmospheric ionizing radiations induced by Galactic and Solar Cosmic Rays (GCR and SCR, respectively) thanks to continuous 
measurements of neutron spectrum operated in high-altitude stations. Analyses are reinforced using GCR and SCR models, and extensive air shower descriptions 
based on nuclear transport simulations. First analyses were focused on neutron fluxes as function of altitude. Secondly, atmospheric ionizing radiation impacts on 
biological doses during quiet period and extreme solar events are presented. On the basis of the relevant comparisons conducted for ambient dose equivalent 
during quiet solar activity, but also for the comic ray variations calculated and recorded on neutron monitor (NM) during Ground Level Enhancement (GLE) event. 
GLE 5 model was applied to London ↔ New-york flight dose calculations. All of these results show that dose values vary drastically, on the one hand with the 
route path (latitude, longitude altitude), on the other hand with the phasing of the solar event. Specific case of Antarctica is discussed because it combines both 
the high altitude and the very low magnetic field. Analyses show that ionizing radiation in Antarctica environment can be a problematic from the point of view 
of the human dose, which exerts classical recommendations established for public. This highlights the importance of monitoring atmospheric ionizing radiation, 
more particularly extreme solar events, then to develop semi-empirical and particle transport method for reliable calculation of dose levels.

ABBREVIATIONS
ICRP: International Commission on Radiological Protection; 

SEE: Single Event Effect; SEP: Solar Energetic Particles; EHD: High 
Density Polyethylene; CHINSTRAP: Continuous High-altitude 
Investigation of Neutron Spectra for Terrestrial Radiation 
Antarctic Project; GCR: Galactic Cosmic Ray; SCR: Solar Cosmic 
Ray; CR: Cosmic Ray; ATMORAD: Atmospheric Radiation; IPEV: 
French Polar Institute; NM: Neutron Monitor; GLE: Ground Level 
Enhancement; GEANT4: Geometry and Tracking; MCNPx: Monte 
Carlo N-Particle extended; SAA: South Atlantic Anomaly; DNA: 
Deoxyribonucleic Acid

INTRODUCTION
Cosmic rays are one of the major sources of natural radiation 

exposure to humans. In the 2000 Report of the United Nations 
Scientific Committee of the Effects of Atomic Radiation, the 
annual effective dose due to cosmic ray exposure averaged over 
the world’s population was evaluated to be 0.38 mSv. Antarctic 
region was characterized by its high altitude and proximity 

to the geomagnetic pole, which conjugate induces large dose 
levels. International agencies have established recommended 
dose limits for both workers and the general public for different 
types of terrestrial and atmospheric activities. Thus, national 
or continental regulations have been adopted in many areas 
based on these recommendations. Concerning the ICRP [1], 
recommendations for annual effective dose are 20 mSv and 1 
mSv averaged over a five year period for aircrews and for the 
public, respectively. They also recommended a 2 mSv limit on the 
accumulated dose over nine months of pregnancy. From a general 
point of view, ionizing radiation has been proved a major stress 
that can induce carcinogenesis. Indeed, the Deoxyribonucleic 
Acid (DNA) is the main target of ionizing radiation, exposure of 
which is followed by many types of damages, as DNA double-
strand breaks (DSBs) which are considered the most relevant 
lesion for mutations and carcinogenesis. In the case of natural 
radiation from the atmosphere, effects are probabilistic contrary 
to the high flux environments.

Thus, the knowledge of the atmospheric ionizing radiations 
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and their dynamics are essential issues in the evaluation of the 
assessment of radiation [2,3] and Single Event Effect (SEE) [4-
9] risk in aviation. Moreover, usage of atmospheric ionizing 
radiations (mainly secondary muons) to image the geological 
structure density was developed during the past ten years. 
Recent applications demonstrate the method interest to 
monitor magma movements inside volcanoes [10] or density 
variations in aquifers and the critical zone in the near surface. 
First applications were conducted by George [11] to measure 
the thickness of a tunnel in Australia, and later by Alvarez et 
al. [12], to find a hidden chamber in the Egyptian Pyramid of 
Chephren. These applications confirm the interest to quantify 
the atmospheric ionizing radiations and their dynamics which 
depend from atmospheric and ground geophysical properties 
and space activities (including solar flare events). Galactic 
Cosmic Rays (GCR) [13] are energetic particles, mostly protons 
and α-particles, which originate from outside of the solar system. 
GCR are mostly composed by protons and α-particles, but also by 
energetic particles including all of the elements in the periodic 
table. GCR initiate a nucleonic-electromagnetic cascade in the 
atmosphere, with the main energy losses at altitudes below 30 km 
resulting in ionization, dissociation and excitation of molecules. 
Thus, neutrons, protons, muons, pions and electrons are the main 
secondary particles produced by the interaction of GCR with the 
nuclei of the constituents of the atmosphere. At sea level, muons 
are the most numerous terrestrial species, and they are decay 
products of mesons produced in hadronic cascades initiated by 
primary cosmic rays, usually made of very energetic protons. 
In ground environment, neutron fluxes can also be impacted 
by the interaction of alpha particles emitted by radon [14], by 
the weather condition [15-17] or by seismic activities [18,19]. 
Besides, cosmic and terrestrial sources, atmospheric neutrons 
may be also be generated by lightning discharges [20,21].

The objective of this paper is to analyze the atmospheric 
ionizing radiation induced by CR, using firstly a world 
network of neutron spectrometer measuring continuously and 
simultaneously the neutron spectrum, and secondly a modelling 
approach based on extensive air shower simulations and Force-
Field approximation model for CR. Dependences of CR induced-
neutron fluxes in regard of the altitude and geophysical locations 
are presented, and radiation impacts on biological doses are 
analyzed considering quiet period and extreme solar events. 
Then, Antarctica environment is investigated because it combines 
both the high altitude and the very low magnetic field.

MATERIALS AND METHODS

Neutron spectrometer network

A Bonner multi-sphere neutron spectrometer extended to 
high neutron energies was developed to measure and investigate 
the energy spectrum of the cosmic-ray induced neutrons, 
considering the energy range from meV to GeV. As detailed in 
previous works [22,23], this system was composed of spherical 
3He proportional counters surrounded with spherical PEHD (high 
density polyethylene) moderators with different thicknesses. 
Additionally, the spectrometer includes two PEHD spheres with 
inner tungsten and lead shells (7/8ʺ and 9ʺ, respectively) in 
order to increase the response to neutrons above 20 MeV. The 

total counts of each detector were obtained by summing the total 
counts over a given integration time. The response functions 
(deduced from GEANT4 [24] and/or MCNPx [25] calculations) 
were used to convert the measured counting rates to neutron 
energy spectrum.

A first neutron spectrometer is operated at the summit of the 
Pic-du-Midi (42°55’N, 0°08’E, 2885 meters above the sea level) in 
the French Pyrenees at 2885 m above sea level since May 2011. 
Moreover, in the framework of the CHINSTRAP project support 
by IPEV (French Polar Institute), a second neutron spectrometer 
is operated in the Concordia research station (Antarctica) since 
December 2015. This station is located at Dome C on the Antarctic 
Plateau (75°06’S, 123°23’E, (Figure 1)) at height of 3233 meters 
above the sea level. The site has an almost zero rigidity cut-off 
(R <0.01 GV), i.e., no geomagnetic shielding even for low-energy 
particles. Moreover, a third instrument was operated in the Pico 
dos Dias Observatory (22°32’S, 45°34’W, 1864 meters above the 
sea level) in 2016. (Figure 1) presents the Concordia station, the 
Pic du Midi Observatory and their neutron spectrometers.

Galactic and solar cosmic rays model

The Force-Field approximation model is usually used 
to describe primary CRs. It provides a simple parametric 
approximation of the differential spectrum of GCR and it contains 
only one variable parameter named the modulation potential 
φ(t). Therefore, the whole energy spectrum for protons and 
α-particles can be described by φ(t) whose value is given in units 
of MV.

Modulation potential φ(t) and sunspot number are 
particularly relevant at providing an overview of the solar 
activity. Thus, several methodologies have been developed for 
the reconstruction of time series of the modulation potential 
φ(t). Among these methods, an atmospheric radiation model 
named ATMORAD [26] based on GEANT4 simulations allows to 
evaluate the modulation potential. Previous works [26,27] have 
demonstrated the ability of ATMORAD to deduce the neutron 
fields related to any altitude, longitude and latitude from fixed 
high altitude measurements. 

Nevertheless, Solar Energetic Particles (SEPs) can produce 
additional instantaneous atmospheric effects during the 
relatively short periods, potentially affecting the Earth’s 
environment. Solar CR (SCR) intensity distribution observed on 
the Earth depends on some characteristics as the source site, the 
acceleration mechanism, the coronal transport, and the ejection 
profile as well as the transport of accelerated particles through 
the interplanetary magnetic field. Thus, during typical SEP events 
with enhanced flux of low energy (i.e. <100 MeV for protons), the 
effect is limited to the upper atmosphere, and it is sufficient to 
apply an analytical approximation of direct ionization. However, 
during Ground Level Enhancements (GLEs), solar proton spectra 
can extend up to 1-10 GeV, energies that are high enough to induce 
cascades of particles in the atmosphere. Thus, a GLE model was 
integrated in ATMORAD, mainly based on SCR expressed by the 
following equation:

 ( , ) ( , ) ( , , )SCRS E t S E t R tψ= Ω

Where
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(Ω, R,t)

is the anisotropy function reflecting the distribution of solar 
cosmic ray particles at the top of the atmosphere during the 
solar event, revealing information on the way these particles 
propagated in the interplanetary magnetic field and finally 
arrived a the vicinity of the Earth.

S(E,t) is the differential SCR rigidity spectrum in a solid angle 
of asymptotic direction. This model was detailed in [26], the 
differential SCR energy spectrum can be deduced from

( )J ,
( , )  

E t
S E t

E
δ
δ

=

J ( E, t) thanks to equation 1: (1)

The Band function [28] is a convenient starting point for 
atmospheric ionization other radiation effect calculations, since it 
can be readily transformed into a differential spectrum in kinetic 
energy Thus, the integral omnidirectional integrated fluence in 
protons/cm² of SEP can be represented using the Band function:

( )2

0 0

( )
( , ) ( , ) 2. .

t
J E t J E t E E E

γ−
= × +  	              (2)

Where J0(E,t) is the solar energy particle intensity, γ(t) is the 
power index, E0 is the protons’s rest-mass energy (equal to 0.938 

GeV), and the term 
0

2 2. .E E E+ corresponds to the rigidity R.

( )20 0
0 2

0

( )( ) ( )
( . ) 2. .

4. 2. .

J tt t E E
S E t E E E

E E E

γγ

π

−× +
= × + ×

+   (2)

Concerning the anisotropy function, it represents the 
distribution of solar cosmic ray particles at the top of the 
atmosphere during the GLE, revealing information on the way 
these particles propagated in the interplanetary magnetic field 
and finally arrived at the vicinity of the Earth. The anisotropy 
function was investigated in [29] thanks to NMs data, with the 
anisotropy index characterizing the width of the solar particle 
beam.

Extensive air showers modelling

The incidental primary spectrum is composed by the GCR and 
SCR contributions Described by 

( ), ( , ) ( , ( ) ( , )GCR SCR i i i SCR iJ E t J E t J E tφ= +

Nuclear transport method were commonly used to analyse 
atmospheric ionizing radiations. A methodology named 
ATMORAD was previously presented [26], it integrates a 
database describing the atmospheric radiation and built thanks 
to simulations of extensive air showers. Simulations were 
performed using GEANT4 version 9.4.2 with the following 
models: standard QGSP_BIC_HP reference physics user list (i.e. 
Quark Gluon String with Precompound - Binary Intranuclear 
Cascade - High Precision cross sections from ENDF- VI library). 
ATMORAD platform [26] allows to determine the spectral fluence 
rate of secondary particles (including neutrons, protons, muons 
and electrons) induced by extensive showers, considering 

altitude range from ground to 45 km, taking into account the GCR 
and SCR spectra and the magnetic field impact. Some comparisons 
with standard approaches and measurements had demonstrated 
the relevance of ATMORAD, including in flight neutron spectra 
measurements, high altitude monitoring and NMs data. Thus, this 
flow allows to investigate the atmospheric radiation dynamic, the 
link between the atmospheric and the space environments, and 
the effects induced by radiations including SEE and ambient dose 
equivalent.

Dose assessment

Knowledge of atmospheric ionizing radiations is opportunity 
to assess the ambient dose equivalent H* (10) representing the 
dose equivalent that would be produced by the corresponding 
expanded and aligned field at a depth of 10 mm in an ICRU sphere 
with diameter of 30 cm. Thus, fluence to ambient dose equivalent 
conversions coefficients [30-35] were used, and the dose or dose 
rate can be calculated by considering a given flight route define 
by its characteristics (latitudes, longitudes and altitudes). A 
comparable approach is possible to quantify the SEE risks.

To conclude this part, materials and methods are based 
on network composed by neutron spectrometers operating 
simultaneously at mid-latitude and Antarctica high-altitude 
stations, and a modeling platform dedicated to extrapolate 
the atmospheric ionizing radiation (including spectrum and 
secondary type and considering solar activity and extreme solar 
event impact).

RESULTS AND DISCUSSION

Flux analyses during quiet solar period

The first analysis presented in (Figure 2) presents the altitude 
variation of the fluxes obtained during a quiet solar activity (June 
2016) characterized by 480 MV and the geomagnetic latitude 

Figure 1 View of the high-altitude stations and the neutron 
spectrometer operated since May 2011 in the Pic-du-Midi Observatory 
and December 2015 in the Concordia station.



Central
Bringing Excellence in Open Access





Hubert et al. (2017)
Email:  

JSM Environ Sci Ecol 5(3): 1050 (2017) 4/8

equals to 0 GV. The modulation potential was deduced from the 
cascade neutron flux measured in the Concordia station, and it 
is relevant with values extracted from NMs. The neutron flux 
measured in Concordia in June 2016 is added and shows the 
relevance of calculations. For the high altitude, neutrons are the 
main contribution to the atmospheric radiation field. Altitude 
variation of particles derives from competition between various 
production and removal processes. The result is a maximum in 
the flux at about 18-km (i.e. 60 kFt) called the Pfotzer maximum.

It is possible to deduce the neutron, proton and muon 
cartographies, considering an energy domain, using ATMORAD 
and measured cascade neutrons. Thus, (Figure 3) illustrates the 
world maps of the total neutron flux (thermal to GeV energies) 
considering three altitudes: (a) 200, (b) 3,000 and (c) 12,000 
respectively. Squares indicate the Picdu- Midi observatory, the 
Concordia station and the Pico dos Dias observatory. Orders of 
magnitude are consistent and the South Atlantic Anomaly (SAA) 
singularity can be identified.

The network of remote neutron spectrometers strategically 
(reference laboratory in Pic- du-Midi and Antarctica) deployed 
can provide real-time data of atmospheric radiation fields. Thus, 
to complete data presented in (Figure 3), the (Table 1) compares 
the neutron fluxes measured in the Concordia station and the Pic-
du-Midi Observatory on March 2017. Additionally, calculations 
are compared with measurements.

Atmospheric ionizing radiation impacts on doses for flights

A quiet solar activity was considered in this part to calculate 

the ambient dose equivalent for flights operated in 2001 for 
which measurements are available for comparison [37]. The 
modulation potential will be considered in all calculations equal 
to 800 MV in agreement with [38], which is an approximation 
inducing differences with the measurements. The calculated 
ambient doses equivalents along 20 given flight are compared 
with measurements in (Figure 4) [37]. Standard deviations 
are considered for calculations and measurements but they 
do not have the same origin. Indeed, for calculations, standard 
deviation results from the route diversity, while it results 
from experimental uncertainties for measurements. Orders 
of magnitude are consistent, whatever the destination (city, 
continent), particularly for the London – New-York flights. 
However, a significant difference is observed for the Hong-Kong - 
London flight (43.7 and 55 µSv for calculation and measurement, 
respectively). Complementary results [36] indicate that dose 
levels presented in [37] are overrated, probably induced by a 
perturbation of measurements. Concerning transatlantic flights, 
the typical total ambient dose equivalent is about 50 µSv.

On the contrary, estimations differ by one order of magnitude 
Figure 2 Altitude dependence of the neutron, proton and muon fluxes, 
results obtained for a solar activity characterized by 480 MV and the  
geomagnetic  latitude equals to 0 GV (South pole condition).

Figure 3 Total neutron flux cartography (unit in neutron/cm²/s) 
deduced from ATMORAD and neutron spectrum measurements (June 
2016, 480 MV) and considering an altitude of (a) 200, (b) 3,000 and 
(c) 12,000 meters. Squares indicate the Pic-du-Midi, Concordia and 
the Pico-dos-Dias locations.

Table 1: Calculated and measured neutron fluxes in the Concordia sta-
tion and the Pic-du- Midi Observatory on March 2017.

Pic du Midi Concordia

Measured ATMORAD 8.03E-02 n/cm²/s
7.94E-02 n/cm²/s

0.182 n/cm²/s
0.176 n/cm²/s
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for the contribution induced by certain SEPs. For most GLEs, the 
additional dose is minor compared to the typical annual effective 
dose of aircrews (i.e. 20 mSv). The maximum value of the ambient 
dose equivalent rate of about 10 mSv/hr was estimated during a 
GLE which occurred in February 1956 (noted GLE 5) at subsonic 
altitude. However, GLE can produce large local differences in the 
dose rate. Lantos et al. [37], proposed analyses of about sixty 
GLEs (since 1942) and conclude that for four of them, the induced 
dose is of the order of 1 mSv and more.

Thus, (Figure 5) presents the calculated ambient dose 
equivalent considering GLE 5 occurring during London → New 
York flights. Dose levels are presented as function of the delay 
between the departure flight and the GLE start. Error bars 
represent the dose variability induced by route profiles (more 
than 50 profiles for the both flights). An important dissymmetry 
was observed, due to the both anisotropy characteristics and 
rigidity cutoff properties. Given the anisotropy of GLE 5, the 
most critical period from the point of view of the received dose 
is the proximity to the western European area. Thus, the critical 
delays are obtained for 1-2 and 3-4 hours for the London - New 
York and New York - London flights, respectively. The average 
ambient dose equivalent is around to 1.6 mSv. In [37] [29], 
potential exposures on board airplane on different route during 
GLE 5 were proposed. For the flight Paris - Washington flight, the 
evaluated dose value is around 1.75 mSv. Although these flights 
are not identical, orders of magnitude are sufficiently close to 
conclude a good consistency.

This results shown that contrarily to the classical solar flare 

inducing Forbush decreases or/and classical GLEs, severe GLEs 
can induce much larger dose levels. Then, for most GLEs, the 
additional dose is minor compared to the typical annual effective 
dose. Concerning the GLE 5, additional doses obtained for 
transatlantic can be a few hundreds or thousands µSv, impacting 
significantly the annual effective dose.

Antarctica polar environment

In the point of view of atmospheric ionizing radiation, the 
Antarctic is a special environment because it combines high 
altitude (Domes are characterized by an altitude of the order of 
3000-4000 meters) and a very low rigidity (~ 0 GV). Moreover, it 
is interesting to investigate the impact of extreme solar particle 
events, given the potential anisotropy of SCR.

First results presented in (Figure 6), show calculated 
(ATMORAD including GLE model) and measured (neutron 
monitors, NM) cosmic ray variations, for the Mc Murdo and 
Thule stations, respectively. The McMurdo Station is a United 
States Antarctic research center on the south tip of Ross Island 
(77°51′S 166°40′E, sea level) and the Thule station is located on 
the northwest side of the island of Greenland (76°31′N 068°42′W, 
sea level). Results concern the most recent large-intensity GLE 
has occurred on 20 January 2005 (noted GLE 69), and it has the 
advantage of having been monitored by a large number of NM. 
Moreover, some researchers have investigated the SCR intensity 
and dynamics. These results show the ability to model the 
anisotropy of the GLE. To complete results presented in (Figure 
6), (Table 2) contains absolute count rate values [41], obtained 
by measurements and calculations for four characteristics 
times of the GLE 69 (07:00:00, 07:15:00, 07:30:00 and 08:00:00 
UT, respectively). While the (Figure 6) was based on relative 
variations, count rates presented in the (Table 2) demonstrate 
that simulations (i.e. GLE model and extensive air shower 

Figure 4 Ambient dose equivalent in µSv, obtained by calculations 
(ATMORAD) and issued from measurement presented in Bentley 
et al. [25], Standard deviations were added, resulting from route 
profile variation and experimental uncertainties for calculations and 
measurements, respectively.

Figure 5 Calculated ambient dose equivalent in mSv for London-
New York and New York-London flights, considering GLE 5 occurring 
after a variable delay (0 to 6 hours). Error bars represent the dose 
variability induced by route profiles (more than 50 profiles for the 
both flights).
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databases) provides relevant absolute values and suggest the 
ability to investigate the ambient dose equivalent induced by 
radiation field, including extrapolations for the entire continent.

Figure 7 presents cartography of ground ambient dose 
equivalent rate (in µSv/hr) in Antarctica continent during quiet 
solar period and considering the realistic ground altitude (rock 
and ice thickness) issued from Quantarctica tool [42]. There is 
an order of magnitude on the rate, between the upper part of 
the Dome and the littoral coast. Thus, ambient dose equivalent 
rate on Domes are of the orders of 0.25 to 0.40 µSv/hr. This 
corresponds for a winterer to an annual dose of the order of 3 
to 4 mSv. This demonstrates that ionizing radiation in Antarctica 
environment can be a problematic from the point of view of the 
human dose, which exerts classical recommendations established 
for public. For comparison, this annual dose level is equivalent to 
approximately 40 round trip-typical transatlantic flights during 
quiet solar period.

 Given these first results, it is important to quantify the impact 
of an extreme solar event. Thus, cartographies of ground ambient 
dose equivalent rate (in µSv/hr) in Antarctica continent during 
GLE 69 are presented in (Figure 8) for time (a) T0, (b) T0+15 
min and (c) T0+30 min. Ambient dose equivalent rates increase 
drastically during the GLE event, particularly close to the Domes 
A, B and C. This implies that the occupants of Concordia (Fr, It) and 
Vostok (Ru) stations suffered directly the GLE impact. However, 
this GLE is rather short, involving a total dose of the order of 50 to 
100 µSv, that is low compared to the annual total dose.

Then, these results demonstrate that atmospheric ionizing 
radiation induced by cosmic rays can be a problematic in Antarctica 
environment from the point of classical recommendations 
established for public. In the specific case of GLE 69 event, 
calculations show limited impact on additional dose, in contrast 
to avionic altitudes. However, considering the limited number of 

monitored events and influences of the GLE anisotropy on dose 
assessment, this issue deserves special attention.

CONCLUSION
First analyses were focused on neutron fluxes as function of 

altitude and geophysical locations. Results confirm that at sea 
level, muons are the most numerous terrestrial species with 
neutron. Orders of magnitude of calculations are consistent with 
measurements in Concordia and the Pic-du-Midi.

On the basis of the relevant comparisons conducted for 
ambient dose equivalent during quiet solar activity, but also for 
the comic ray variations calculated and recorded on NMs during 
GLE event, GLE model was applied to flight dose calculations. GLE 
5 model was applied to flight dose calculations. All of these results 
show that dose values vary drastically, on the one hand with the 
route path (latitude, longitude altitude), on the other hand with 
the phasing of the solar event. The combination of high dose rates 
and a prompt dynamics induces dose levels of about a few mSv for 
typical transatlantic flights (London ↔ New York). The GLE 69 has 
the property of being located on the oriental Antarctic (Domes A, 
B and C) during its most intense phase, moderately impacting the 
flight routes on the northern hemisphere. However, analyses of 
dose rate and total dose were investigated and show that ionizing 
radiation in Antarctica environment can be a problematic from 
the point of view of the human dose, which exerts classical 
recommendations established for public. For comparison, this 
annual dose level is equivalent to approximately 40 round trip-

Figure 6 Cosmic ray variations measured and calculated during the 
GLE of 20 January 2005 in the Mc Murdo and Thule stations.

Figure 7 Cartography of ground ambient dose equivalent rate (in µ 
Sv/hr) in Antarctica continent during quiet solar period.  Results take  
into account the realistic ground altitude..

Table 2: Count rates measured and calculated during GLE 69 on the 
Mac Murdo and Thule stations.

McMurdo (counts/s) Thule (counts/s)

Exp. Calc. Exp. Calc.

07:00:00 2790 2596 118 111

07:15:00 1110 852 177 201

07:30:00 598 461 224 239

08:00:00 385 375 171 178
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Figure 8 Cartographies of ground ambient dose equivalent rate (in 
µ Sv/hr) in Antarctica continent during GLE 69, (a) T0, (b) T0+15 
min and (c) T0+30 min. Results take into account the realistic ground 
altitude.

typical transatlantic flights during quiet solar period. Although 
the analysis of GLE 69 shows a limited impact on dose, this issue 
deserves special attention.

This highlights the importance of monitoring atmospheric 
ionizing radiation, more particularly extreme solar events, then 
to develop semi-empirical and particle transport method for 
reliable calculation of dose levels.
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