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Abstract 
EURADOS working group WG5 on aircrew dosimetry coordinated research of 
some 24 international institutes to exchange experimental data and results of 
calculations of the radiation exposure in aircraft altitudes due to cosmic 
radiation. The purpose was to provide a data-set for all European Union 
Member States for the assessment of individual doses, the validity of different 
approaches, and to provide an input to technical recommendations by the 
Article 31 group of experts and the European Commission. The results of this 
work have been recently published and are available for the international 
community. The radiation protection quantity of interest is effective dose, E 
(ISO), but the comparison of measurement results and the results of 
calculations, is done in terms of the operational quantity ambient dose 
equivalent, H*(10). This paper gives an overview of the EURADOS Aircraft Crew 
In-Flight Database which was implemented under the responsibility of ARC 
Seibersdorf research. It discusses calculation models for aircrew dose 
assessment comparing them with measurements contained in this database. 
Further it presents current developments using updated information of 
galactic cosmic radiation proton spectra and new results of the recently 
finalised European research project DOSMAX on dosimetry of aircraft crew at 
solar maximum.  

Introduction 
In 1990, the International Commission on Radiological Protection (ICRP) 

recommended that exposure of aircraft crew to cosmic radiation should be 
considered as occupational one (1). This recommendation has been adopted in 
the European Directive 96/29/Euratom and became legal requirement in 
European Union (2). Several European research institutes have undertaken 
extensive research programmes to characterise the radiation field in the 
Earth’s atmosphere, analyse different measurements methods, simulate the 
results of measurements, and finally develop dose prediction models. In 2000 
the European Radiation Dosimetry Group, EURADOS (www.eurados.org) 
coordinated international research institutes involved in aircraft crew 
dosimetry with the intention providing information for all European Union 
Member States of the assessment of individual doses in aircraft crew 
workplaces, to assess the legitimacy of different approaches, and to provide 
an input to technical recommendations. A recently published EURADOS final 
report (3) covers these issues, gives a detailed summary on gathered 
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experimental dataset, results of calculations, and descriptions of applied 
measurements methods and simulations techniques.  

The European Commission supported also the research project DOSMAX 
(Dosimetry of aircrew exposure to radiation during solar maximum) which 
aimed at consolidation and completion of all investigations throughout the 
maximum phase of present solar cycle (4). Within this project several on–board 
measurements were performed by seven European Institutes with different 
dosimeter instruments.  Besides this, also instrument response 
characterisations and cosmic radiation transport calculations have been done 
and compared. Results from DOSMAX project in combination with previous 
measurements provide data for the complete eleven years of solar cycle 23. 

In-flight measured data gathered by several institutes were collected and 
organized into the EURADOS Aircraft Crew In-Flight Database which was 
implemented by ARC Seibersdorf research. All data of the database were 
published and provided to the international community (3). This paper gives an 
overview of the set-up of this database and discusses the data presentation as 
a function of altitude, geographical position, and the sun’s activity. ARC 
Seibersdorf research is continuously extending this database with new in-flight 
measurements. In the framework of the ICRU/ICRP task group 50 (5) on aircraft 
crew dosimetry these data have been analyzed in more detail, data-fitting 
functions and a model for routine dose assessment on commercially used 
altitudes have been studied. Comparisons between FLUKA (6, 7) Monte Carlo 
simulations, measurement results and model prediction have also been done 
and are discussed in this paper. 
 
 

Database Description 
 

Cosmic radiation exposure depends on altitude, geographical position 
(latitude and longitude), and the Sun’s activity (8).  Therefore it is useful to 
organize a database of in-flight measurements according to these parameters:  

Altitude: Primary cosmic radiation interacts with elements of the top 
layer of atmosphere producing secondary particles of different types. Primary 
and secondary cosmic rays create cascades of particles which penetrate the 
atmosphere. The build-up process of secondary particles competes with 
simultaneous processes which lead to a reduction of particles fluence rate (8). 
As a result fluence rate changes with the depth of atmosphere. Starting with 
the top of atmosphere and going downwards the fluence rate first increases up 
to around 20 km of altitude reaching an upper limit, known as Pfotzer 
maximum (9), and afterwards decreases down to ground level. In the database 
the altitude h is the Standard Barometric Altitude (SBA) which is the altitude 
determined by a barometric altimeter by reference to a pressure level and 
calculated according to the standard atmosphere definition. The SI unit is the 
metre but in aviation the unit flight level (FL) is also used, which is one 
hundredth of the standard barometric altitude expressed in feet. 

Geographical position can be described by latitude and longitude and 
these can be reduced to one single parameter called vertical cut-off rigidity, 
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rc. Here we use for rc the unit GV. A particle can enter the atmosphere if its 
magnetic rigidity, rp, proportional to the ratio of its momentum and charge, is 
greater than the vertical cut-off rigidity of the Earth’s magnetic field at the 
point of entry (8). A particle with rigidity below the value of rc is deflected and 
can not penetrate the atmosphere. In the database a matrix of vertical cut-off 
rigidity values determined by Shea et al (10) is used. These values have been 
determined for vertical direction of incidence at the altitude of 20 km, for the 
magnetic field in the year 1990.  

Solar activity: To determine the influence of the solar modulation on the 
intensity of the cosmic rays a diffusion – convection model has been developed 
by the National Aeronautics and Space Administration (NASA) – Johnson Space 
Centre (JSC) (11). In this model the strength of the solar modulation is described 
by a parameter called Solar Deceleration Potential (Φ ) which calculation is 
based on CLIMAX (12) neutron monitor records and its unit is MV. The value of Φ 
at a time T depends on CLIMAX neutron monitor count rate averaged over ± 14 
days around time T’ = T – 95 days, and the  polarity of sun’s magnetic field. 

 

In order to provide consistency between different dose measurement 
methods, all dose rate values in the database are expressed in term of 

ambient dose equivalent rate ( )10*H
•

. Several types of active and passive 
instruments are used for dose measurements, such as ionization chambers, 
neutron monitors, Tissue Equivalent Proportional Counters (TEPC), Si-spectra 
dosemeter and track detectors. Detailed description of the instruments, 
measurement methods and the calibration procedures are given in EURADOS 
final report (3).  

The Database contains more than 600 in-flight investigations with 15 000 
dose rate measurements covering a wide range of altitude, latitude, longitude 
and solar activity. A summary of maximum parameter ranges is given in Table 
1. 

 
Table 1. Ranges of parameters in the Database 

Description Data 
Number of in-flight 
measurements 
Time period 
Range of solar deceleration 
potential 
Range of geographical 
longitude 
Range of geographical latitude 
Range of vertical cut off 
rigidity 
Range of barometric altitude 
Number of data sets 

642 
May 1992 – Feb 2005 
471 MV – 1 320 MV 
180° West to 180° East 
87° North to 62° South 
0 – 17.4 GV 
up to 16 500 m 
15 384 

 



 4 

The most frequent flight altitude during all in-flight investigations is 
10.7 km (FL 350) (see Figure 1). Regularly used are also 10.1 km (FL 330) and 
11.3 km (FL 370). Measurements at altitudes higher than 12.2 km (FL 400) or 
lower than 8.5 km (FL 280) are very rare. Most of the measurements were 
performed on the northern hemisphere of the Earth. There are fewer data in 
the equatorial region and the southern hemisphere. Approximately 50% of all 
measurements were performed at vertical cut-off rigidity less than 2 GV. 
Figure 2 shows the frequency distribution of in-flight measurements for cut-off 
rigidity less than 18GV 
 

 
Figure 1: Frequency distribution of in-
flight measurements as a function of 
altitude. 

Figure 2: Frequency distribution of in-
flight measurements as a function of 
vertical cut-off rigidity. 

 
The database contains measurements done between the year 1992 and the 
year 2005 which corresponds to one cycle of solar activity (471 – 1320 MV). No 
measurements are available for the solar deceleration potential between 700 
and 920 MV. 

Calculation models and measurement comparison 
 

Semi-empirical models estimating radiation exposure at flight altitudes 
based on measurements were already introduced by Lewis et al (13). Another 
but complex approach would be a multi-dimensional fit based on the whole 
range of parameters for the full data-set of in-flight dose rate measurements. 
Since this approach is inflexible and time consuming to get reasonable results 
a simplified model is of great interest. Such solution can be found assuming 
the independency of altitude h, the cut-off rigidity rc, and the solar 
potentialΦ. Although it is observed, that for wide ranges of these parameters 
altitude and cut-off show an interdependence (e.g. the altitude at which the 
Pfotzer maximum occurs moves with the  
cut-off (14)) this assumption allows to describe an effective model to estimate 
the radiation exposure to aircrew for a restricted range of parameters. 

Following this the ambient dose equivalent rate ( )10*H
•

 can be expressed 
as a combination of three functions for the parameters altitude, solar 
potential, and cut-off rigidity:  
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( ) ( ) ( ) ( ){ }cc rfΦfhfΦ,rhf10*H 321 ,),(, ≈≈
•

 

In-flight data for specific conditions are used for the fitting procedure 
based on iterative nonlinear regression method which uses the Levenberg – 
Marquardt algorithm (15). 

As an example Figure 3 shows the function f3(rc) which describes the 
variation of ambient dose equivalent rate against the vertical cut-off rigidity. 
This function was obtained by fitting the measurements for a selected range 
of altitude and solar deceleration potential. An analogous procedure is 
followed to get the other functions f1 and f2. 

 
Figure 3. Function f3(rc) for ambient dose equivalent rate against vertical cut-off 
rigidity for selected altitude 11.3km (FL370) and solar deceleration potential in the 
range of 490 – 500 MV. 

The same approach described above can be applied to a different region 
of the three variables (h, Φ, rc) deriving a new set of functions f1(h), f2(Φ), 
f3(rc) described by similar equations but with different fitting constants. In 

this way it is possible to calculate ( )10*H
•

 for typical flight altitudes between 
8 km and 15 km, and for the full range of cut-off rigidity and solar potential. 
Preliminary analyses show that the ambient dose equivalent rate obtained 
with the ARCS model agrees with experimental data better than within 30%. As 
an example, we show in Figure 4 and Figure 5 a comparison between the 
measurements, the model’s prediction and EPCARD (16) calculations. Figure 4 
presents ambient dose equivalent rate as a function of altitude for a solar 
deceleration between 470 and 490 MV and cut-off rigidity lower then 2 GV. 
Both for the ARCS model and the EPCARD calculations values of Φ = 475 MV 
and rc = 1 GV are assumed.  
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Figure 4 Ambient dose equivalent rate as a function of altitude for measurements 
(colour points), EPCARDv3.2 calculation (black line) and the model (red line). 
Measurements are selected from the database for Φ = [470 – 490] MV and rc = [0 – 2] 
GV. EPCARD and model calculations assumed 
Φ = 475 MV and rc = 1 GV. 
 

Figure 5 shows ambient dose equivalent rate as a function of vertical cut-
off rigidity. It presents measurements performed between 9.9 km (FL325) and 
10.2 km (FL335) of altitude and solar deceleration potential between 470 and 
610 MV. Dose rate calculations were done for h = 10.06 km (FL330) and  Φ = 
475 MV. Experimental and calculated data agree within the measurement 
uncertainty of about 25%. A systematic discrepancy between the two 
calculations can be observed in this region. 
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Figure 5 Ambient dose equivalent rate as a function of vertical cut off rigidity for 
measurements (colour points), EPCARDv3.2 calculations (black line) and the model 
(red line). Measurements are selected from the database for Φ = [470 – 610] MV and 
h = [9.9 – 10.2] km (FL325 – FL335). Calculations assumed Φ = 550 MV and h = 10.06 
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km (FL330). 
 

A different dose assessment approach is to calculate the transport of the 
primary galactic protons through the atmosphere for specific altitude, 
location or cut-off and solar potential using high energy transport Monte Carlo 
codes. The Monte Carlo calculations take into account cross sections for 
different nuclear reactions, cosmic ray data for the primary spectrum at the 
top of the atmosphere, calculations of solar deceleration potential and 
vertical cut-off rigidity finally resulting in particle fluence rates. The fluence 
rates are then converted into dose quantities and can be expressed in terms of 
ambient dose equivalent and effective dose. 

Using the Monte Carlo code FLUKA, it is possible to calculate the 
components of the radiation field at civil aviation altitude for any 
geographical position, altitude and solar period (17, 18). In this paper we 
describe new calculations done with the version of FLUKA updated in 2005. A 
three dimensional spherical representation of the whole Earth and the 
surrounding atmosphere is considered in a geometrical description. A standard 
atmosphere with height-density profile and a proper mixture of N, O and Ar, 
arranged in 100 concentric shells, extends as far as 70 km of altitude. An 
updated primary spectrum is used to consider the Galactic Cosmic Rays (GCR) 
component of the cosmic ray flux for all elemental groups from Z = 1 to Z = 
28. To this steady baseline a modulation due to the influence of the solar wind 
is added using the solar modulation model taking into account count rates 
from ground neutron monitors (18). The energy spectra for the secondary 
particles (neutrons, protons, photons, electrons, positrons, muons and pions) 
in free atmosphere can be calculated for the same position and altitude where 
some measurements are done. Both ambient dose equivalent and effective 
dose values can be obtained folding these fluences with the appropriate 
conversion coefficients (19). 

Primary ions are isotropically generated at the top of the atmosphere 
using geomagnetic modulated spectra. The primary ions are splitted into 
nucleons at the first interaction in the atmosphere. Different primary energy 
spectra can be used as an input to FLUKA. Using these different spectra the 
secondary particles fluence rates can vary up to 20% (18). As a consequence, 
also the ambient dose equivalent can change, as shown in Figure 6.  
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The four different curves are calculated by FLUKA using different primary 
proton spectra modified on the basis of the data collected from several 
experiments, including balloons and satellite missions. The first and more 
ancient primary spectrum (primary0) used for the calculations is based on the 
original data of reference (20), while primary1 shows FLUKA calculations with a 
successive modification of the spectral data. Primary2 is based on reference 
(21) and the more recent one primary3 is based on Gaisser et al (22). For all 
further simulations the most recent spectral data form primary3 are used. 

 
The advantage of this calculation approach is the accessibility of well 

described physical models and the use of validated high energy Monte Carlo 
code FLUKA. It also allows predicting the radiation exposure at any flight 
location and solar activity in terms of ambient dose equivalent and effective 
dose. The verification of the calculation results are done by experimental 
data.  

As an example we describe two set of measurements recently undertaken 
on February 4th and 8th 2005 on-board of a military aircraft type SAAB 105VIP 
with a TEPC instrument. The measurements in each case lasted one hour at 
two different flight altitudes, 7 km (FL230) and 11.6 km (FL380). The 
variation of the flight altitudes during the flight was approximately ±90m (3 
FL). The in-flight measurements were done above Austria in a circular path 
with a diameter of about 10km above 46° of Northern latitude and 14° of 
Eastern longitude. The solar activity for these flights Φ = 772 MV and the cut-
off rigidity rc = 4.5 GV. 

Figure 7 shows the ambient dose equivalent rate as a function of time at 7 
km (FL230) and 11.6 km (FL380) altitude for a measurement integration time 
of 9 minutes and one hour. The one hour average dose at cruising altitude at 7 
km (FL230) is 1.3 ±0.2 µSv/h and at 11.6 km (FL380) altitude is 4.5 ±0.7 µSv/h. 

 
Figure 6 Ambient dose equivalent rate as a function of altitude simulated for 
different primary proton spectra (colour dots) for rc = 4.5 GV and Φ = 772 MV. 
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Figure 7:  A comparison of ambient dose 
equivalent rate as a function of elapsed 
flight time for flights at FL230 (blue 
lines) and FL380 (red lines). Dashed lines 
present one hour integrations; continuous 
lines are for 9 minutes running average 
of TEPC measurements.  

Figure 8: Ambient dose equivalent rate 
as a function of altitude measured on–
board aircraft (black circles), simulated 
with FLUKA code (red circles), and 
predicted with the model (blue line). 

 
In Figure 8 a comparison between measured and calculated data is 

presented for ambient dose equivalent rate as a function of altitude. The 
vertical bars indicate an uncertainty of 25%. Both the ARCS model, which is 
based on past in-flight measurements, and the FLUKA calculations agree quite 
well with the experimental data. Since the type of aircraft used as a carrier 
for the in-flight measurements is small and can contain only two persons no 
significant influence of the structure on the measured dose can be expected as 
compared to commercial aircraft described by Ferrari et al (23).  
 

( )10*H
•

 is the operational radiation quantity used in measurement 
practice, but finally one is interested in the radiation protection quantity, 
effective dose, E (24). While in most of the terrestrial radiation occupational 
workplaces ambient dose equivalent overestimates effective dose, this is not 
the case for aircraft crew workplaces. Figure 9 shows the ratio of effective 
dose rate over ambient dose equivalent rate as a function of altitude for 
different solar deceleration potential and vertical cut-off rigidity calculated 
with FLUKA2005. It can be observed, that this ratio increases with the altitude 
up to 30% on flights-routes over the Poles and up to 20% on flight-routes 
above the equator at 15km altitude. For the previously considered military 
flights (Φ = 772 MV, rc = 4.5 GV) the effective dose rate is 5% higher than the 
ambient dose equivalent rate at 7km (FL320) and 15% higher at 11.6km 
(FL380) (see Figure 9). Figure 10 shows the relation between ambient dose 
equivalent rate and effective dose rate for about 200 calculated FLUKA2005 
values for different solar potential, cut-off and different altitudes. The red 
line illustrates a polynomial fit through the data, the blue line represents the 
situation when effective dose would be equal to H*(10). Using the polynomial 
fit effective dose based on ambient dose equivalent measurements can be 
estimated. 
 



 10 

Figure 9: Ratio of effective dose rate 
over ambient dose equivalent rate as a 
function of altitude for different solar 
deceleration potential and vertical cut-
off rigidity. 

Figure 10: Effective dose rate as a 
function of ambient dose equivalent rate 
calculated with FLUKA2005 for 14 
different solar deceleration potentials, 
vertical cut-off rigidities and for altitude 
between 7.9km (FL258) and 15.9km 
(FL520) (black squares) together with 
fitted polynomial (red line). The blue line 
represents the situation when effective 
dose would be equal to H*(10). 

 
 

Conclusion 
 

The EURADOS Aircraft Crew In-Flight Database has been described in 
detail. The data base contain currently data of about 600 in-flight 
investigations and more than 15 000 data sets over a wide range of altitude, 
cut-off and the whole solar cycle no 23. Based on experimental data and the 
concept of the independency of altitude, cut-off and solar activity a model for 
aircraft crew dose assessment has been analyzed and compared with 
experimental data and other calculation codes. FLUKA2005 calculation of 
ambient dose equivalent and effective dose were performed for specific 
altitude, geographical location and solar potential and have been compared 
with in-flight measurements for the same conditions. Both the analyzed ARCS 
model and FLUKA2005 calculations show a good agreement with 
measurements. On the basis of FLUKA2005 calculations for a wide range of 
cut-off rigidity and solar potential it has been analyzed that the radiation 
quantity ambient dose equivalent underestimates the effective dose up to 30% 
for commercial flights.  
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