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Abstract The increased radiation exposure at aviation altitudes is of public interest as well as of legal
relevance in many countries. The dose rates that are elevated compared to sea level are mainly caused
by galactic cosmic ray particles interacting with the atmosphere and producing a complex radiation field at
aviation altitudes. The intensity and composition of this radiation field mainly depend on altitude,
geomagnetic shielding, and primary particle intensity. In this work, we present a model based on Monte
Carlo simulations, which retrospectively estimates secondary particle fluence as well as ambient dose
equivalent rates and effective dose rates at any point in the atmosphere. This model will be used as the
physical core in the Professional Aviation Dose Calculator (PANDOCA) software developed by the German
Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt) for the calculation of route doses in aviation.
The calculations are based on galactic cosmic ray spectra taking into account primary nuclei from hydrogen
to iron by direct transport calculations of hydrogen and helium nuclei and approximating heavier nuclei by
the number of protons equaling the corresponding atomic number. A comparison to experimental data
recorded on several flights with a tissue equivalent proportional counter shows a very good agreement
between model calculations and measurements.

1. Introduction

Life on Earth is, to a certain extent, protected from impinging cosmic ionizing radiation, i.e., the particles of
solar and galactic origin by the Earth’s magnetic field and its atmosphere [Simpson, 1983; Reitz, 1993; European
Radiation Dosimetry Group, 2004]. Primary cosmic particles, which can reach the Earth’s atmosphere, interact
with its constituents and generate a secondary radiation field, the intensity of which reaches a maximum at an
altitude of about 30 km and decreases underneath due to increasing atmospheric shielding. The maximum
atmospheric shielding at sea level corresponds to a column mass of about 1000g/cm2, while the typical
shielding provided by the atmosphere at aviation altitudes is on the order of 190 g/cm2 to 350g/cm2 (about
39,000 ft to 27,000 ft). In addition to the atmospheric shielding, the Earth’s magnetic field provides maximum
protection from cosmic rays along the magnetic equator with a decreasing effect toward higher latitudes and
negligible protection close to the magnetic poles.

The corresponding altitude and latitude dependent dose rates of the ambient dose equivalent and the
effective dose increase from ground level to aviation altitudes and from low magnetic latitudes to high
magnetic latitudes reaching values on the order of some 10μSv/h at flight level (FL) 400 (40,000 ft) in the
polar region during solar minimumwhen radiation exposure is at maximumwithin the solar cycle [Meier et al.,
2009]. Consequently, an aircrew spending several hundreds of hours in this natural radiation field each year is
generally exposed to annual doses of more than 1mSv, which is an internationally recommended threshold
value for the implementation of radiation protection measures for workers who are occupationally exposed
to ionizing radiation [International Commission on Radiological Protection (ICRP), 2007] and legally regulated in
many countries, e.g., in the European Union. Radiation exposure to natural radiation sources as cosmic rays
however was not regulated in the European Union until about two decades ago. In 1996, this gap of unequal
treatment between employees being exposed to artificial and natural sources of radiation was closed by the
European Union (EU) Council Directive 96/29/EURATOM. The purpose of this directive was to lay down basic
safety standards for the protection of the health of workers and the general public against the dangers
arising from ionizing radiation [European Union (EU), 1996]. In article 42 of the EU Council Directive, the
assessment of the radiation exposure of aircrew is regulated. The assessment of exposure to natural radiation
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sources can, in principle, be performed through measurement or model calculation. For operational
purposes, calculation is generally applied in the airline industry [Thierfeldt et al., 2009; International
Commission on Radiation Units and Measurements, 2010]. This method requires a mathematical description
of the calculation of dose rates in dependence on the flight route parameterized by a corresponding
quantity of flight positions (longitude, latitude, and altitude) and solar activity as well as the time spent at
each position. This information is usually given in the operational flight plan. Several models have been
developed and operationally used for the assessment of the radiation exposure at aviation altitudes. The
numerical model presented in this paper is based on a recently published model of the impinging particle
spectrum [Matthiä et al., 2013] and a Monte Carlo simulation of the particle transport in the atmosphere in
contrast to the different approach of numerically solving the Boltzmann radiation transport equation
[Mertens et al., 2013]. Among other quantities, for example, secondary particle fluence or dose rates in
silicon and water, the model is capable of calculating the effective dose rate and ambient dose equivalent
rate and is used as the physical core in the software PANDOCA (Professional Aviation Dose Calculator)
developed by the German Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt) and intended
for the assessment of aircrew exposure. PANDOCA was part of an extensive intercomparison of numerical
codes for the assessment of aircrew exposure [Bottollier-Depois et al., 2012] which, apart from PANDOCA,
includes most models available or under development at the time of the publication of the report: AVIDOS
[Latocha et al., 2009], CARI [U.S. Federal Aviation Administration (FAA), 2014], EPCARD [Mares et al., 2009],
FDOScalc [Wissmann et al., 2010], IASON-FREE [Felsberger et al., 2009], JISCARD-EX/PARMA [Yasuda et al.,
2008; Sato et al., 2008], PCAIRE [Lewis et al., 2004], PLANETOCOSMICS, QARM [Lei et al., 2004], and SIEVERT
[Bottollier-Depois et al., 2007].

The model calculations are compared with in-flight measurements acquired by several radiation-measuring
devices during the transition from solar cycle 23 to solar cycle 24, i.e., during solar minimum.

2. Material and Methods

The calculation of the radiation exposure at flight altitudes with the Monte Carlo approach requires several
steps. The transport of primary galactic cosmic ray (GCR) particles through the magnetosphere and the
atmosphere has to be calculated, and the resulting particle fluence at aviation altitude has to be converted to
dose. In the following, the different parts of the procedure are described.

2.1. Galactic Cosmic Ray Model

The primary particle spectra described by the model of Matthiä et al. [2013] are used as input spectra for the
calculation of the radiation exposure presented in this work. This model is based on the GCR International
Organization for Standardization (ISO) standard, and the modulation of the GCR in the heliosphere is
quantified by a single, empirical parameter, which is denoted by W and can be derived either from the
measurements of the Advanced Composition Explorer (ACE) or count rates from any neutron monitor, e.g.,
Oulu or Kiel. In general, any detector measuring the GCR intensity could be used to calculate this parameter
by establishing a relationship between the measured quantity and the model parameter W. It should be
noted that W is not the Wolf number, which is used in the GCR ISO model, but directly derived from any
measurement of the GCR intensity. During the periods of low-time lag between solar activity and GCR
intensity, the numerical value of the parameter W is however similar to the Wolf number [cf. Matthiä et al.,
2013; Nymmik et al., 1996].

Figure 1 shows the variation of the GCR intensity over the past 15 years as measured by the Kiel neutron
monitor in Figure 1 (top) and the corresponding values of the W parameter below together with the
International Sunspot Number (from http://sidc.oma.be/; Kiel data from http://www.nmdb.eu/). In addition to
the linear conversion for the Oulu neutron monitor count rate given by Matthiä et al. [2013], we additionally
provide here a rule for the Kiel neutron monitor count rates (cr=neutron monitor counts per minute):

WKiel ¼ � 0:058 �cr þ 636:4: (1)

This relationship was calculated by linearly fitting the W parameter derived from the ACE versus neutron
monitor count rates averaged over one Bartel’s rotation.
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It was shown in Mrigakshi et al.
[2013] that there is little difference
in the calculated radiation
exposure in low Earth orbit for
different sets for W, and the same
is the case for the dose rates at
aviation altitudes. The results
presented in this paper are
calculated using the Oulu neutron
monitor count rates as input.

2.2. GEANT4
Transport Calculations

To calculate the transport of
primary particles through the
atmosphere, the Monte Carlo
toolkit GEANT4 was used in
version 9.4 patch 02 [Agostinelli
et al., 2003; http://geant4.cern.ch/].
The transport was calculated for
primary proton and alpha particles
in the energy range from 50MeV to
1 TeV starting at an altitude of
180 km above ground, which
means that more than 99.99% of
atmospheric mass are below the
starting location. The geometry
and the model of the atmosphere
are provided by PLANETOCOSMICS
(http://cosray.unibe.ch/~laurent/

planetocosmics/), which is a GEANT4 application. The atmospheric model implemented in PLANETOCOSMICS
that was used for the simulations comprised 318 layers. The composition and pressure of the air contained in
the layers were defined by the NRLMSISE-00 model [Picone et al., 2002]. The physical lists describing the
interactions of particles with matter and provided by GEANT4 that were used in the transport calculations were
em_standard_opt3 for electromagnetic interactions, QGSP_BIC_HP for hadronic interactions, and JAM/JQMD
for inelastic nucleus-nucleus interactions (for details see the GEANT4 “Physics Reference Manual”). The JAM/
JQMD models are provided by an interface to an external FORTRAN code [Koi et al., 2003].

The resulting particle fluence was registered at 40 different altitudes between sea-level and 100 km altitude
with the majority lying below 20 km above ground. The following particles were considered for the
calculation of the dose at a given altitude: protons, neutrons, photons, e�, e+, μ�, μ+, π�, and π+.

2.3. Magnetospheric Model

The well-known latitude dependence of the radiation exposure is related to the orientation and strength of
the magnetic field of the Earth. The dipole-like form of the magnetic field of the Earth leads to a maximal
attenuation of the galactic cosmic ray intensity close to the geomagnetic equator. The strength of this
attenuation decreases with increasing geomagnetic latitude, and close to the magnetic poles, the galactic
cosmic rays can reach the top of the atmosphere quasi unaffected by the Earth’s magnetic field. The tilt and
the shift of the magnetic field axis with respect to the rotation axis of the Earth lead to an asymmetric
shielding effect.

The strength of the shielding effect can approximately be quantified by the position-dependent effective
vertical cutoff rigidity RC. The rigidity of a charged particle is defined as its momentum divided by its charge:
R= p/q. In the following, the effective vertical cutoff rigidity will be referred to simply as cutoff rigidity. In the
approach using the cutoff rigidity as a parameter for the magnetic shielding, it is assumed that at a given
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Figure 1. (top) Kiel neutron monitor count rates. (bottom) The W parameter
quantifies the variation of the GCR intensity, where large values correspond to
low intensity and vice versa. W can be derived from different detectors (e.g.,
Advanced Composition Explorer (ACE), red line; Oulu neutron monitor, black
line; and Kiel neutron monitor, green line). The International Sunspot Number
(ISSN) quantifies the solar activity.
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location, no charged particle
with rigidity below the cutoff
rigidity traverses the
magnetosphere and reaches the
atmosphere, while all particles
above the cutoff rigidity reach
the location unaffected by the
magnetic field of the Earth. If the
cutoff rigidity is converted to
kinetic energy, a lower threshold
for the primary galactic cosmic
ray spectrum can be defined.
The cutoff rigidity is calculated
from particles vertically arriving
at the location of interest and
lies in a rigidity interval, which is
limited by the rigidity value

below which no particle arrives at the location and the value above which all particles arrive at the given
location (for details about cutoff rigidity terminology, see Cooke et al. [1991]).

The cutoff rigidities, which are used in the model presented in this work, were calculated with the GEANT4
application PLANETOCOSMICS using the International Geomagnetic Reference Field model for 2005 [Maus
et al., 2005]. The resulting cutoff rigidity world map is shown in Figure 2. The maximum of the cutoff rigidity is
calculated for Southeast Asia. Accordingly, the lowest radiation exposure is expected in this region.

2.4. Calculation of Dose

Among other radiation parameters, the dose quantities relevant for radiation protection can be calculated by
themodel, i.e., the ambient dose equivalent H*(10) and the effective dose E as well as the corresponding dose
rates. In a mixed radiation field of particles of type s (in this case secondary particles produced from
interactions of GCR in the atmosphere), the ambient dose equivalent H*(10) can be calculated using energy-
dependent fluence to dose conversion factors csH*(10)(T), where T is the kinetic energy of the particle. If the
energy spectrum of secondary particles is divided into energy intervals ΔTj : = [Tj � ΔTj /2,Tj + ΔTj /2], the
dose can be approximated by the sum over the energy intervals and the secondary particle species:

H* 10ð Þ≈∑
s
∑
j
cs
H* 10ð Þ Tj

� � �Fs ΔTj
� �

; (2)

where Fs(ΔTj ) is the fluence, i.e., particles per area, of particle type s in the kinetic energy interval ΔTj.Likewise,
the effective dose E can be calculated as

E ¼ ∑
s
∑
j
csE T j
� � �Fs ΔTj

� �
: (3)

The factors csE(T) are fluence to dose conversion factors applicable to convert the particle fluence of particle
type s to the corresponding contribution to the effective dose E.

The secondary particle fluence is calculated with the GEANT4 Monte Carlo toolkit in dependence on a

primary particle type p and the primary particle’s kinetic energy T̂ . Let f p;s
ΔT̂ i

ΔTj; d
� �

be the fluence of a

secondary particle type s in the energy interval ΔTj at atmospheric depth d per fluence of the primary particle

type p in the primary particle energy interval ΔT̂ i . The secondary particle fluence can then be calculated by
summation over all primary particle types and energies and multiplication with the primary particle fluence

F̂ p ΔT̂ i
� �

in the corresponding energy interval ΔT̂ i :

Fs ΔT j; d
� �

≈∑
p
∑
i
F̂ p ΔT̂ i
� � � f p;s

ΔT̂ i
ΔTj; d
� �

: (4)

Figure 2. Effective vertical cutoff rigidity RC calculated with PLANETOCOSMICS for
2005 using the International Geomagnetic Reference Field [Maus et al., 2005]. The
world map was provided by NASA (http://visibleearth.nasa.gov/).
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Now if the radiation exposure at a certain depth is to be calculated, equation (4) has to be inserted in
equation (2) for the ambient dose equivalent and in equation (3) for the effective dose. For the effective dose,
for instance, that leads to

E ¼ ∑
s
∑
j
c sE T j
� � �∑

p
∑
i
F̂ p ΔT̂ i
� � � f p;s

ΔT̂ i
ΔTj; d
� �

¼ ∑
p
∑
i
F̂ p ΔT̂ i
� � �gp

E ΔT̂ i; d
� �

;
(5)

wheregp
E ΔT̂ i; d
� �

≡ ∑
s
∑
j
c sE T j
� � � f p;s

ΔT̂ i
ΔTj; d
� �

is a matrix, which is calculated from the secondary particle fluence
per primary particle and the fluence to dose conversion factor for one of the dose quantities, in this case, the
effective dose. The values of gpE ΔT̂ i; d

� �
give the dose per primary particle fluence at a certain depth d and

primary particle energy intervalΔT̂ i. If these matrices are known, the dose at arbitrary locations and times can
be calculated by a simple summation and multiplication with the primary particle spectra. The values f p;s

ΔT̂ i

ΔTj; d
� �

are precalculated with GEANT4 for a number of atmospheric depths. For altitudes lying between the
precalculated values, the corresponding values of gpE ΔT̂ i; d

� �
are calculated by linear interpolation.

For the ambient dose equivalent, the corresponding equation is

H* 10ð Þ ¼ ∑
p
∑
i
F̂ p ΔT̂ i
� � �gp

H* 10ð Þ ΔT̂ i; d
� �

gp
H* 10ð Þ ΔT̂ i; d

� �
≡ ∑

s
∑
j
cs
H* 10ð Þ Tj

� � � f p;s
ΔT̂ i

ΔTj; d
� �

:
(6)

The modulation during the solar cycle is introduced through the time-dependent primary particle fluence

F̂ p ΔT̂ i
� �

, and the magnetic shielding is considered by restricting the sum over the primary particle energies

to the values above the kinetic energy threshold ΔT̂ i > T̂ 0. The energy threshold at a given location is
calculated from the cutoff rigidity:

T̂ 0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RC�qð Þ2c2 þm2

0c
4

q
�m0c

2; (7)

where q is the charge of the primary particle, and m0 is its rest mass; c is the speed of light.

If the primary particle fluence in equations (5) and (6) is replaced by the fluence rate, i.e., particles per area
and time, the result is the corresponding dose rates. The fluence to dose conversion factors based on ICRP60
[ICRP, 1991] and summarized by Pelliccioni [2000] were used in this work. GCR nuclei from hydrogen to iron
were considered as primary particles, but Monte Carlo simulations were performed for hydrogen and helium
only. The contributions of all heavier nuclei were calculated by replacing the nucleus by a number of protons
equaling themass number of the primary ion and having the same energy per nucleon. The advantage of this
approach is the drastically improved performance of the calculation. If themodel is to be used for operational
purposes, it is necessary to calculate the dose for thousands of flights, each containing hundreds of waypoints
(for a 1minute resolution of waypoints). Performing calculations for several coordinates showed that the
contribution of heavier ions to the dose is below 10%, and the difference between the direct calculation of
heavy ions and using the proton approach is less than a few percent.

It has to be emphasized that the method presented above is not restricted to the calculation of dose from
primary GCR particles. Equations (5) and (6) can be applied to arbitrary input spectra, and especially for solar
energetic particle events, the dose can be calculated using the same formalism and the same precalculated
matrices, given that the primary particle spectrum is known. Additionally, if it becomes necessary in the
future, it will be possible to use the more recent radiation weighting factors recommended in ICRP103 [ICRP,
2007] by including other fluence to dose conversion factors.

3. Results

The exemplary results of the model calculations are shown in Figure 3 for solar minimum conditions when
the GCR intensity and the related radiation exposure reach their maximum. Figures 3a and 3b show the
global ambient dose equivalent rate dH*(10)/dt at flight level 300 (FL300 = 30,000 ft = 9144m) and flight level
400 (FL400 = 40,000 ft = 12,192m), respectively. The coordinate range covers the whole globe from 90°N
(+90°) to 90°S (�90°) and 180°W (�180°) to 180°E (+180°). Correspondingly, Figures 3c and 3d show the rate
of the effective dose dE/dt. It is obvious that the lowest dose rate was calculated for the southeastern region
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of Asia, where the geomagnetic shielding quantified by the cutoff rigidity reaches its maximum with
RC≈ 17GV (Figure 1). Accordingly, the greatest dose rate is reached at high latitudes, where the geomagnetic
shielding is minimal, and the cutoff rigidity is zero. It is also clearly visible that the dose rate at high latitudes
decreases significantly to about 50% at lower flight altitudes (FL300) compared to the upper air space (FL400).
Close to the equator at locations of great geomagnetic shielding, changing the flight level has a smaller
effect on the dose rates, where the reduction is in the order of 35% to 40% for a change from FL400 to
FL300. The reason for this behavior is the fact that two competing mechanisms reduce the radiation
exposure: geomagnetic and atmospheric shielding. While the geomagnetic shielding is negligible at high
latitudes and the atmospheric shielding is the dominant factor, the geomagnetic shielding becomes more
important at low latitudes, and the relative shielding effect of the atmosphere is reduced.

The altitude dependence of the effective dose rate and the ambient dose equivalent rate during GCR
maximum conditions, i.e., solar activity minimum, are shown in Figure 4. Additionally, the estimated
contributions of the different secondary particle species are illustrated. Figures 4a and 4b show the effective
dose rate (Figure 4a) and the relative contribution (Figure 4b) of the different particle species. Figures 4c and
4d illustrate the same for the ambient dose equivalent rate. The dose rates are increasing monotonically with
increasing altitudes ranging from dE/dt= 0.07μSv/h (dH*(10)/dt= 0.07μSv/h) on ground to dE/dt=11.6μSv/h
(dH*(10)/dt= 9.5μSv/h) at FL400 (≈12.2 km). The largest contribution to these dose rates close to the ground
is from secondary muons and neutrons, while at aviation altitudes, between 8.5 km and 12 km, and at low
cutoff rigidities, neutrons and protons together account for about 80% of the dose and electrons, positrons,
photons, and muons between 5% and 10% each. At the high cutoff rigidity of RC=17GV, on the other hand,
the contribution of protons is reduced, and electrons, positrons, and photons contribute significantly more.
The direct contribution of secondary pions to the effective dose rate and the ambient dose equivalent rate
was calculated to be below 0.5% and is not shown in Figure 4.

Besides the altitude dependency and the magnetic shielding, the intensity variation of galactic cosmic rays
related to the solar cycle is the third major factor influencing the radiation exposure from GCR. Figure 5
illustrates this intensity variation reflected by the count rates of the ground-based neutron monitor station
Oulu (Figure 5, top) and the related calculated dose rates (effective dose rate in Figure 5 (middle) and ambient
dose equivalent rate in Figure 5 (bottom)) since 1970 at two altitudes, 40,000 ft (FL400) and 30,000 ft (FL300),

Figure 3. (a and b) Ambient dose equivalent rates and (c and d) effective dose rates calculated for flight level 400 (40,000 ft)
and flight level 300 (30,000 ft) and solar minimum, i.e., GCR intensity maximum.
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and two cutoff rigidities, RC= 0GV and RC=17GV. At FL400, the effective dose rate varies between 5μSv/h
and 11.5μSv/h (ambient dose equivalent rate: 4μSv/h to 9.5μSv/h) for low cutoff rigidity; for high cutoff
rigidity RC= 17GV, the effective dose rate varies between 1.8μSv/h and 2.2μSv/h (ambient dose equivalent
rate: 1.6μSv/h to 1.9μSv/h). At flight level 300, the calculated dose rates are significantly lower. Compared to
the maximum in the dose rates reached in late 2009 (solar minimum), the values are reduced by several tens

Figure 4. Altitude dependence of (a) the effective dose rate dE/dt and (c) the ambient dose equivalent rate dH*(10)/dt and
the relative contribution of different (b and d) secondary particle species calculated for low geomagnetic shielding (RC=0GV)
and high geomagnetic shielding (RC=17GV).
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of percent during solar maximum conditions for flight level 400. At flight level 300, the relative variation is
much smaller and mostly below 10%.

4. Comparison to Experimental Data

In 2006–2008, during the transition between solar cycle 23 and solar cycle 24, when the intensity of the
radiation field at aviation altitudes was close to maximum, the German Aerospace Center performed
measuring flights in cooperation with several German airline partners for the investigation of the
corresponding radiation exposure. For this purpose, the ambient dose equivalent rate dH*(10)/dt was
measured with a HAWK2 instrument in dependence on the geomagnetic and atmospheric shielding [Meier
et al., 2009]. The HAWK2 is a tissue equivalent proportional counter (TEPC), which emulates a human cell
with a diameter of 2 μm in order to measure the microdosimetric energy deposition therein. It was
calibrated at the Pacific Northwest National Laboratory with sources that had been traced back to the
corresponding standards of the National Institute of Standards and Technology [T. Conroy, 2004, also Unit
Specific Test Documents, private communications, 2005, 2006, 2007].

The measuring flights were performed during stable solar conditions, i.e., the differences in the count rates of
the Oulu neutron monitor, which is regarded as an indicator for the variation of the solar activity, were less
than 4% [Usoskin et al., 2001; http://cosmicrays.oulu.fi]. Furthermore, the Kp index was generally ≤3 during the

Year
1970 1975 1980 1985 1990 1995 2000 2005 2010

co
un

t r
at

e 
[1

/m
in

]

5000

5500

6000

6500

7000 Oulu Neutron Monitor

Year
1970 1975 1980 1985 1990 1995 2000 2005 2010

dE
/d

t [
µS

v/
h]

0

2

4

6

8

10

12

14
 = 0 GVcRFL 400, 
 = 17 GVcRFL 400, 

 = 0 GVcRFL 300, 
 = 17 GVcRFL 300, 

Effective dose rate

Year
1970 1975 1980 1985 1990 1995 2000 2005 2010

dH
*(

10
)/

dt
a 

[µ
Sv

/h
]

0

2

4

6

8

10

12

14  = 0 GVcRFL 400, 

 = 17 GVcRFL 400, 

 = 0 GVcRFL 300, 

 = 17 GVcRFL 300, 
Ambient dose equivalent rate

Figure 5. Solar cycle dependence of (top) the cosmic ray intensity on ground quantified by the Oulu neutron monitor station
count rates and (middle) the corresponding calculated effective dose rate dE/dt and (bottom) ambient dose equivalent rate
dH*(10)/dt. The dose rates are calculated for low and high geomagnetic shielding (Rc=0GV, solid lines and Rc=17GV, dashed
lines) at two altitudes (FL400, black lines and FL300, gray lines).

Space Weather 10.1002/2013SW001022

MATTHIÄ ET AL. ©2014. American Geophysical Union. All Rights Reserved. 8

http://cosmicrays.oulu.fi


measuring flights, which is evidence for geomagnetically quiet conditions. Thus, the measured data could be
pooled for all flights during this period in order to investigate the dependence of the radiation exposure on
the atmospheric shielding parameterized by the flight altitude and the geomagnetic shielding parameterized
by the effective vertical cutoff rigidity RC.

The comparison of the PANDOCA core model calculations for the dependence of the ambient dose equivalent
rate dH*(10)/dt on the flight level with measuring data is shown in Figure 6 (bottom) for the areas of weakest
and strongest geomagnetic shielding, i.e., the polar and the equatorial regions. It can be stated that the model
calculations agree well with the measuring data, although the calculations seem to slightly overestimate the
measurements in the polar region at higher altitudes.

In Figure 6 (top), the comparison of the PANDOCA core model calculations for the dependence of the
ambient dose equivalent rate dH*(10)/dt on the effective cutoff rigidity RC is shown for the lower and the
upper airspace. For this purpose, the measuring data were pooled from FL320 to FL340 for the lower airspace
and from FL370 to FL390 for the upper airspace and compared with model calculations for the median flight
level of FL330 and FL380, respectively. The effect of the geomagnetic shielding on the dose rate is
demonstrated by the model, and the calculated values show a very good agreement with themeasuring data
within the statistical limits as well. To quantify the differences, the relative deviation Δi of the measured dose
rate di

meas from the calculated dose rate di
calc for each point i in Figure 6 was calculated

Δi ¼ dmeas
i � dcalci

� ��� ��=dcalci (8)

Themeasured and calculated values for the two altitude and the two geomagnetic cutoff regions are given in
Table 1, together with the relative deviation at each point.

Using the error of the measurements, it is possible to calculate the error of the relative deviations, and for each

of the four sets of the data, the weighted mean of the relative deviation Δ was derived: 0.05 (FL370–FL390),
0.06 (FL320–FL340), 0.08 (RC< 1GV), and 0.03 (RC> 15GV). Thus, all four groups show amean relative deviation
between 8 and 3% with the lowest in the RC> 15GV region.
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Figure 6. Results of the numerical model in comparison to ambient dose equivalent rates measured on several flights in
2007 and 2008 with a HAWK2 tissue equivalent proportional counter. Dose rate dependence on (top) the magnetic shielding
(RC) and on (bottom) the flight altitude. Numerical values are given in Table 1.
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5. Summary

We present a numerical model, which calculates particle fluence, effective dose rates, and ambient dose
equivalent rates caused by primary galactic cosmic rays at arbitrary locations in the atmosphere. The model
uses Monte Carlo transport simulations to determine the secondary particle fluence in the atmosphere from
galactic cosmic ray particles at any altitude in the atmosphere taking into account the geomagnetic shielding
and the solar modulation. By using fluence-to-dose conversion factors, the dose rates are calculated. By
replacing the conversion factors for the effective dose and ambient dose equivalent with conversion factors
for dose in water, tissue, or silicon, the model also provides the capability to make direct comparisons to
experimental data. Likewise, a future incorporation of conversion factors weighting the different particle
contributions according to ICRP103 [ICRP, 2007] is possible. The comparison of the model results with
measurements reveals an agreement within a few percent of the ambient dose equivalent rate.
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