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Abstract

The objective of this work is to investigate impacts of solar and galactic cosmic rays on flights by considering high realistic paths issued from Flight Plan 
updated with Radar Data. Models and approaches used were previously validated by comparison of calculated and measured ambient dose equivalents or 
cosmic ray variations during quiet solar activity and GLEs. Thus, to consider continents or sub-continents representative of European international air traffic, 
five flights were selected. They link Paris (France) to Los Angeles, New York (United States), Tokyo (Japan), Johannesburg (South Africa) and Sao Paulo (Brazil) 
city. Moreover, several hundred realistic paths are considered for each of these flights. The objective is to analyze statistically the ambient dose equivalents 
considering path characteristics and GLE/quiet scenario, and thus demonstrate the complexity to assess the real radiation exposure, particularly during solar 
event.

ABBREVIATIONS
ATMORAD: Atmospheric Radiation; SEP: Solar Energetic 

Particles; GCR: Galactic Cosmic Ray; SCR: Solar Cosmic Ray; 
CR: Cosmic Ray; ATMORAD: Atmospheric Radiation; NM: 
Neutron Monitor; GLE: ground Level Enhancement; GEANT4: 
Geometry and Tracking; LIS: Local Interstellar Spectrum; ICRP: 
International System of Radiological Protection

INTRODUCTION
Studies of the atmospheric ionizing radiations and their 

dynamics are required in many research and industrial fields. 
Spectra and/or fluxes are used to assess the human radiation 
effect [1,2] and to quantify the Single Event Effect (SEE) [3-11] risk 
in avionic. Other applications concern atmospheric muons which 
can be used to image the geological structure density [12-13], and 
recent applications demonstrate the method interest to monitor 
magma movements inside volcanoes [14] or density variations in 
aquifers. Thus, the interest to quantify the atmospheric ionizing 
radiations is essential, demanding to consider impacts of ground 
geophysical properties and space conditions (activity, solar flare, 
primary cosmic rays).

The interaction of primary cosmic rays with the nuclei of the 
constituents of the atmosphere induced secondary particles as 
neutrons, protons, muons etc., whose fluxes will vary according 
to the altitude, the latitude, the longitude and the space weather. 
Moreover, some mechanism or sources can also modify fluxes 

or energetic properties, especially for neutrons in the ground 
environment. Indeed, neutron fluxes can be impacted by the 
interaction of alpha particles emitted by radon [15], by the 
weather condition [16-18] or by seismic activities [19-20]. 
Besides, cosmic and terrestrial sources, atmospheric neutrons 
may be also be generated by lightning discharges [21-22].

Thus, Cosmic rays are considered as a major source of 
natural radiation exposure to humans, and particularly for flight 
altitudes. International agencies have established recommended 
dose limits for both workers and the general public for different 
types of activities including terrestrial and high altitude level. 
Thus, national or continental regulations have been adopted in 
many areas based on these recommendations. Concerning the 
ICRP, 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. In the point of 
view of human health, the epidemiological investigations based on 
large national and international data of aircrew indicate no clear 
association of health outcomes with cosmic radiation exposure. 
However, studies devoted to chromosome translocations 
provide some evidence suggesting that aircrew show increased 
cytogenetic changes with longer lifetime flight experience [23]. 
Other works [24] show that the excess ultraviolet radiation is a 
probable cause of the increased melanoma risk.

Previous works [25,26] was devoted to demonstrate the 
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ability to assess impacts of solar and galactic cosmic rays on 
typical transatlantic flights. First comparisons of calculations 
and measurement during quiet solar activity and GLEs were 
relevant. Thus, results showed that dose values vary drastically 
with the route path (i.e. latitude, longitude altitude) and with the 
dynamic of the solar event with respect to the path. However, the 
path number considered in these analyses, although sufficient 
to evaluate calculation uncertainties or variabilities, was not 
sufficient to provide a statistical analysis. Indeed, the statistical 
approach is important because a given flight is characterized by a 
large number of possible routes inducing a varying sensitivity to 
radiation. This is particularly reinforced by considering extreme 
events.

The aim of the paper is to investigate statistically the radiation 
exposure during extreme solar events while considering 
dynamics, physical parameters and flight paths. These analyses 
can contribute to improve the understanding of issues related 
to the influence of radiation exposure on safety regulations for 
flight personal during GLE. Realistic paths are issued from Flight 
Plan updated with Radar Data (statistics considered in [25-26] 
were too weak to investigate this impact), and it integrates the 
path changes induced by the meteorological conditions or by the 
traffic regulation. Thus, to consider continents or sub-continents 
representative of European international air traffic, five flights 
were selected. They link Paris (France) to Los Angeles, New York 
(United States), Tokyo (Japan), Johannesburg (South Africa) and 
Sao Paulo (Brazil) city. Moreover, several hundred realistic paths 
are considered for each of these flights. The objective is to analyze 
statistically the ambient dose equivalents considering path 
characteristics and GLE/quiet scenario, and thus demonstrate 
the complexity to assess the real radiation exposure, particularly 
during solar event.

MATERIALS AND METHODS

Galactic and solar CR modeling for extensive air-
shower simulations

To describe primary CR spectrum, the Force-Field 
approximation model is usually used. This model provides a 
simple parametric approximation of the differential spectrum 
of GCR and it contains only one variable parameter named the 
modulation potential φ(t). The sunspot number and φ(t) 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), 
as ATMORAD [28] based on GEANT4 simulations. Nevertheless, 
Solar Cosmic Ray (SCR) intensity distribution observed on 
the Earth depends on some characteristics as the source site, 
acceleration mechanism, coronal transport and ejection profile 
as well as the transport of accelerated particles through the 
interplanetary magnetic field. 

During typical SEP events with enhanced flux of low energy 
particles (i.e. < 0.1 GeV for protons), the effect is limited to the 
upper atmosphere, and it is sufficient to apply an analytical 
approximation of direct ionization. The GCR modulation can 
be described thanks models, among which the Force-Field 
approximation which stipulates that the GCR Local Interstellar 
Spectrum (LIS) varies with the solar modulation potential 

expressed in GV. However, during a GLE, the solar proton 
spectrum can extend up to 1-10 GeV, energies that are high 
enough to induce cascades of particles in the atmosphere.

In [26], a GLE model was described and the SCR can be 
expressed in the equation (1).

( , ) ( , ) ( , , )SCRS E t S E t R t= ×Ψ Ω
 

Ψ(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 at the vicinity of the Earth. S(E,t) is the differential SCR 
rigidity spectrum in a solid angle of asymptotic direction. A model 
detailed in [27], proposed to express the differential SCR energy 
spectrum thanks to the equation (2): 
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δ
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 J(E,t) is the integral omnidirectional integrated fluence of SEP 
and it can be represented using the Band function (Band 1993), 
presented in equation (3).
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J0(E,t) is the solar energetic particle intensity, γ(t) is the power 
index and E0 is the rest energy of proton. Thus considering these 
terms, the differential SCR energy spectrum can be described by 
the equation (4):
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The anisotropy function was investigated in [27] thanks 
to NMs data, and it was described by the anisotropy index 
characterizing the width of the solar particle beam. 

Thus, during GLE, the incidental primary spectrum is 
composed by the GCR and SCR. The spectral fluence rate of 
secondary particles induced by extensive showers and taking 
into account the magnetic field impact can be calculated using 
ATMORAD simulations [28-30]. It integrates databases describing 
the atmospheric radiation and built thanks to simulations of 
extensive air showers. Databases were obtained using nuclear 
transport toolkit (GEANT4 [31], Corsika [32]).

The Force-Field approximation and GLE model on SCR 
description were coupled with air-shower descriptions, offering 
the opportunity to study the neutron spectral variations 
considering quiet, FD and/or GLE scenario. Modelling of GLE 
#5 and #69 were validated in previous works [26], they were 
preferentially used in this work.

Flight path database and ambient dose equivalent

Flight trajectories are based on the Eurocontrol Demand 
Data Repository (DDR [33]) and consider realistic flight plan 
with and without regulations or updated with Radar Data from 
CFMU (Central Flow Management Unit). These trajectories are 
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Figure 1 World maps of flight paths linking Paris to (a) New York, (b) Los Angeles, (c) Tokyo, (d) Sao Paulo and (e) Johannesburg.

Figure 2 Normalized distribution of the Ambient dose equivalent during quiet solar activity (solar modulation of 700 MV) and for five selected flight 
routes characterized by high number of paths (Paris to Los Angeles, New York, Tokyo, Johannesburg and Sao Paulo city).
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available in different states: 1) M1: from Flight Plan, 2) M2: M1 
with regulations and 3) M3: Flight Plan updated with CFMU. The 
M3 data has been used here, in order to take into account the 
regulation actions and the air traffic control orders. Each path 
was characterized by geophysical locations (timing, longitude, 
latitude and altitude), airplane type, city of departure and arrival. 

Five flights were selected considering high statistical path 
number issued from Flight Plan updated with Radar Data (CFMU, 
M3). To consider continents or sub-continents representative 
of European international air traffic, flights linking Paris to New 
York, Los Angeles, Tokyo, Sao Paulo and Johannesburg city are 
investigated, and several hundred trajectories are considered 
for each of these flights. Figure 1 presents a world mapping 
describing these flights. There is a great diversity of trajectories 
for a given flight; it is especially true for Los Angeles, New York 
and Tokyo city. Some anomalies are identifiable on the trajectory, 
which reflects flight plan modifications probably due to weather 
conditions. In the specific case of Paris - Tokyo flights, it is 
possible to distinguish flights using a Siberian route and flights 
using a low latitude route. A fairly similar remark can be made 
about Paris – Los Angeles flights.

Some works [34-35] demonstrated the shielding impacts to 
radiation levels, in particular aircraft structures and materials. 
Thus, the ambient dose equivalent can be different inside the 
aircraft depending on locations and quantity of material. This 
contribution will be taken into account in future works by 
introducing airplane description in transport simulations. This 
work focuses to GLE impact on dose assessments. Considering 
the previous descriptions, the ambient dose equivalent H* for a 
given flight can be calculated using conversion coefficients ƒi

H* 
[36-41] and thank to the following equation:

* *

, , ,

( , ) ( )Hi
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The GLE model was applied during extreme events occurring 
on the 23 February 1956 (#5) and the 20 January 2005 (#69), 
respectively. Besides the differential SCR rigidity spectrum 
and due to the anisotropy characteristics, the ambient dose 
equivalent depends on the dynamic. Contrary to the Forbush 
decrease, GLE are prompt events which complicate the dose 
assessment. Indeed, dose values vary drastically with the route 
profile but also with the phasing of the solar event. 

RESULTS AND DISCUSSION
Statistical analyses applied to selected flights 

Figure 2 presents normalized distribution distributions of 
the ambient dose equivalent during quiet solar activity (i.e. solar 
modulation of 700 MV) and for the five selected flights. Figure 
2a concerns flights from Paris and Figure 2b flights to Paris. This 
distinction is important because the flight durations are not the 
same due to the prevailing atmospheric currents (East - West), 
and the air corridors (in the point of view of latitude relatively 
unaffected by the flight direction.

Statistical analyses applied to selected flights during 
GLE

Same analyses were performed considering the GLE #69 
occurred 4 hours after the departure of flights (Figure 3-Figure 

5), for Los Angeles, New York and Tokyo flights. Moreover, 
results presented in Figure 3 to 5 allow investigating the impact 
of the direction (East-West or West-East, i.e. from or to Paris).

Then, it is interesting to note a significant impact of direction 
in ambient dose distributions for all selected flights, particularly 
during GLE. This confirms the interest of accurately taking into 
account the dynamics of GLE in the dose assessment.

For Paris – Tokyo flights (Figure 5), normalized distributions 
are from 50 to 280 µSv for the East-West (EW) direction, while 
the range is from 125 to 360 µSv for the West-Est (WE) direction. 
In other words, there may be a factor up to 5 on the ambient dose 
level induced by the path. The data comparison shows that some 
paths are weakly sensitive to the impact of the GLE. This suggests 
that during extreme events, it should be possible to reroute the 
airplane to avoid the radiation impacts. However, in the case 
of GLEs for which the solar particles are quasi-relativistic, it is 
not easy to anticipate this problematic for current air traffic. 
Conversely, it is possible to issue recommendations to avoid 
certain geographic regions or latitudes

In the specific case of Paris – Johannesburg and Paris – Sao 
Paulo flights, the GLE impact on ambient dose levels is relatively 
limited, with an increase of up to 20%. This is primarily an effect 
of latitude since these routes cross the tropical and equatorial 
latitudes. 

Figure 6 presents the average value of ambient dose 
equivalent calculated on selected flights, using realistic sampling 
of routes and considering the both GLE. Ambient dose equivalents 
obtained during quiet period is also presented (solar modulation 
of 700 MV). The first analysis concerns the average ambient 
dose equivalent obtained during quiet solar activity. Despite the 
directions of the flight route, results are quite homogeneous for 
certain flights. For example Paris to Sao Paulo for which the dose 
is in the order of 17 µSv. The main reason is that the departure 
and the arrival latitudes are quite similar. This is a finding that 
mainly concerns North-South routes because they undergo the 
same atmospheric currents. In all other cases, differences are 
observed in the average values. The route analysis confirms that 
air corridors and altitudes are mapped according to the direction 
of flight, which is a consequence of air regulations.

Focusing on the results obtained with GLEs, a very large 
asymmetry is observed for some flight routes, the most 
spectacular example concerning Los Angeles and Tokyo flights. 
Indeed, considering Paris – Tokyo flights and GLE #5, the average 
ambient dose equivalent values are 1146 and 420 µSv in the 
WE and EW directions, respectively. Moreover, results confirm 
that North-South routes are characterized by a relatively low 
dissymmetry, even during a GLE.

The worst radiation exposure level was obtained for the Paris 
– Los Angeles flight and considering the GLE #5, i.e. in the order 
of 1.7 mSv. In comparison to the recommended limit of 2 mSv on 
the accumulated dose over nine months required by the ICRP, it 
seems obvious that a realistic assessment is required to comply 
with the regulations. In other terms, this assessment is relevant if 
it integrates realistic descriptions of path and physical properties 
of GLE. Moreover, the problematic concerns the regulation 
defined for the passengers and consideration should be given to 
this very topical issue due to the regular use of air transport.
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Figure 3 Normalized distribution of the Ambient dose equivalent considering the quiet solar activity (solar modulation of 700 MV) and the GLE #69 
occurring 4 hours after the flight departure. Results concern the Paris – Los Angeles and Los Angeles – Paris flights and are based on high number 
of paths.

Figure 4 Normalized distribution of the Ambient dose equivalent considering the quiet solar activity (solar modulation of 700 MV) and the GLE 
#69 occurring 4 hours after the flight departure. Results concern the Paris – New York and New York – Paris flights and are based on high number 
of paths.

Figure 5 Normalized distribution of the Ambient dose equivalent considering the quiet solar activity (solar modulation of 700 MV) and the GLE 
#69 occurring 4 hours after the flight departure. Results concern the Paris – Tokyo and Tokyo – Paris flights and are based on high number of paths.
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Figure 6 Average value of ambient dose equivalent (µSv) obtained for selected flights, considering the quiet period, GLE #69 and #5 occurring 4 
hours later departure.

Figure 7 (a) Paris-Tokyo flight route (#1 and #2), dynamics of the dose rate for flights #1 (b) and #2 (c) considering the GLE #69 scenario for 
several occurrence delays (from 0 to 11 h). Total ambient dose equivalents versus GLE delay (from 0 to 10 h) are presented in (d).

Impact of the GLE time occurrence

The time defining the GLE occurrence has an importance in 
the assessment of the ambient dose equivalent. Two Paris – Tokyo 
flights were selected to investigate the impact of GLE occurrence 
time, the first one being the lowest dose (quiet period), while 
the second induced the highest dose. Figure 7a presents latitude 
dynamics of flights #1 and #2. The route #2 crosses latitude of 70° 
while the second does not reach 52°. Moreover, it is important to 

specify that altitude dynamics are quite similar as well as flight 
duration (11.7 km and 11 h, respectively)

Then, Figure 7b and Figure 7c show estimates for the total 
dose rate profiles (in µS/h) during both flights and considering 
the GLE #69 scenario occurring later the flight departure. The 
delay of the GLE occurrence varies from 0 to 11 h. A significant 
difference is observed between these flights, whatever the delay. 
It is obvious that this difference is the consequence of the flight 
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latitude. A factor of 3.5 is observed by comparison of dose rate 
amplitudes of flights (considering the same delay). Finally, this 
analysis shows that according to the dynamic phasing of the GLE 
and according to the path characteristics, the dose rate can vary 
up to a factor 10, involving drill variation of the total ambient 
dose equivalent. It is therefore difficult to assert the dose level 
induced by a GLE without considering a physical and dynamic 
description.

The total ambient dose equivalents as function of the delay 
are presented in Figure 7d for the both flights. The ratios 
between the two flights range from a factor of 1.8 to a factor 
of 4. For delays of 9 or more, there is no difference in the total 
ambient dose equivalent, which may be directly related to the 
flight latitude (typically inferior to 45°) for which the GLE has a 
non-significant effect.

CONCLUSION 
To investigate the ambient dose equivalent during quiet solar 

activity and extreme solar events (GLE), realistic paths for five 
selected flights representative to the European international air 
traffic were considered. There would be an interest in considering 
a greater number of flights, or considering database describing 
global air traffic over a significant period. This will be the subject 
of future work.

Previous works [25-26] had shown the validity of the physical 
models used in these analyzes, during quiet solar periods (dose 
measurements and calculations) and also during GLEs based on 
the cosmic ray variations issued from neutrons monitors.

Statistical analyses show that ambient dose equivalents vary 
drastically with the route path (latitude, longitude and altitude) 
and with the phasing of the solar event. Indeed, GLE are prompt 
events which complicate the dose assessment. Results show that 
contrarily to the classical solar flare inducing Forbuch decreases 
or classical GLEs, severe GLEs can induce much larger dose levels 
that it is very complicated to assess. Additional doses induced 
by an extreme solar event can impact significantly the annual 
effective dose, for aircrews but also for passengers whose flying 
frequencies can be extremely high. This extra dose level depends 
on several physical parameters, i.e. the differential SCR rigidity 
spectrum, the anisotropy function reflecting the distribution 
of SCR particles at the top of the atmosphere during the solar 
event, and their dynamics. As mentioned in the introduction, the 
recommendations for annual effective dose are of 1 mSv (over a 
five year period). Orders of magnitude illustrate the importance 
of considering more refined physical approach to obtain reliable 
calculation of dose levels.
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