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Abstract

The European Radiation Dosimetry Group, EURADOS focuses, among other issues, on the
harmonization of dose assessment within Europe and conformance with international practices. Along
these lines, this EURADOS report compares route doses and dose rates at flight altitudes due to solar
cosmic radiation (SCR) associated with ground level enhancements (GLEs) as calculated by means of
nine available computer codes. Some of these codes are routinely used for the assessment of radiation
exposure of aircraft crew due to galactic cosmic radiation (GCR), while others were specifically
developed to address scientific issues associated with the assessment of exposures due to SCR. For all
investigations, three representative flight routes were selected which are comparable to those that had
been used in a previous EURADOS report on “Comparison of Codes Assessing Radiation Exposure of
Aircraft Crew due to Galactic Cosmic Radiation”: San Francisco — Paris, Chicago - Beijing, and Sydney —
Johannesburg. Two ground level enhancements were chosen, i.e., GLE42 and GLE69, that occurred in
September 1989 and January 2005, respectively. For GLE42 pre-defined solar particle characteristics
were provided to all participants to ensure the same input data. In contrast, for GLE69 the participants
were asked to define their individual solar proton characteristics on the basis of published data made
available to them.

It was found that GCR route doses showed a standard deviation from the median consistent with the
results published in the earlier EURADOS report on GCR exposure. For GLE42, a standard deviation from
the median of about 30% is obtained for the SCR route doses. However, for GLE69 the corresponding
standard deviation from the respective median is up to 50%. In some cases, for these investigations, the
lowest and the highest SCR route doses obtained by the different codes for a certain flight differ by up
to a factor of 10.

It is concluded that one of the main reasons for the differences in the standard deviations from the
respective medians of the results for GLE42 and GLE69 is the unequal identification and handling of the
SCR characteristics by the different codes. Therefore, we strongly suggest developing a traceable
method to identify and handle the solar proton characteristics related to GLEs. Furthermore, we see an
urgent need to validate codes used for dose assessment of radiation exposure due to solar particle
events at aviation altitudes by experimental data.
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Comparison of Codes Assessing Radiation Exposure at Aviation Altitudes in Case of Energetic SPE

1. Introduction

Aircrew and passengers are exposed to cosmic radiation of galactic and solar origin and secondary
radiation produced in the atmosphere, the aircraft structure, and its contents (Reitz, 1991; Friedberg,
1993; Kelly, 1999; Beck, 1999; O’Sullivan, 1999). Since the primary and secondary fields of cosmic
radiation in the atmosphere are very complex in terms of particle composition and particle energies,
dose assessment for aviation is a very difficult task (EURADOS, 2004; EU, 2004; Lindborg, 2004; Beck,
2009a; EURADOS, 2012).

The primary galactic cosmic radiation and energetic solar particles interact with the atomic nuclei of
atmospheric constituents producing a cascade of interactions and secondary reaction products that
contribute to cosmic radiation exposures and that decreases in intensity with depth in the atmosphere
from aviation altitudes to sea level (Grieder, 2001). Galactic cosmic radiation (GCR) originates from
outside the heliosphere. It consists mainly of protons, but also of heavier ions, with energies up to
10% eV. The number of particles decreases with increasing energy (see Figure 1). After the GCR
penetrates the magnetic field of the solar system, the peak of its energy distribution near Earth is at a
few hundred MeV to 1 GeV per nucleon, depending on solar magnetic activity. The fluence rate of GCR
entering the solar system is almost constant with time, and these energetic ions approach the Earth
isotropically. The variable magnetic field embedded in the solar wind as well as the magnetic field of
the Earth alter the flux of GCR protons and heavier ions reaching the Earth’s atmosphere.

4

10 <
~ GLE 23.02.1956 Dyer et al. 2003b
N e GLE 29.09.1989 Dyer et al. 2003b
~ — — — GLE 20.01.2005 Bombardieri et al. 2008
— ——— GLE 17.05.2012 Balabin et al. 2013
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Figure 1: The solar cosmic ray proton peak flux during selected GLEs as derived from
the data of the worldwide network of neutron monitors and the GCR proton spectrum
during minimum and maximum solar activity. (Dyer, 2003b; Bombardieri, 2008;
Balabin, 2013)
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Solar cosmic radiation (SCR) occurs sporadically in association with high-energy phenomena on the
Sun, e.g. solar flares and Coronal Mass Ejections (CMEs). These solar particle events (SPE), which are also
called solar proton events, are observed typically below 100 MeV and only rarely above 10 GeV. SPEs
are of short duration, a few hours to a few days, and highly variable in intensity. On average, one SPE
per year is intense enough to cause significant dose rates at flight altitudes, in particular at high latitudes
(see chapter 3.2). Most of these intense events can be observed e.g. by neutron monitors (NM) on the
ground and are therefore called ground level enhancements (GLEs) (ISO 20785-1, Poluianov, 2017). The
proton spectra of a few selected GLEs during the peak phase are illustrated in Figure 1 compared with
the GCR proton spectra during minimum and maximum solar activity. At aircraft altitudes, the radiation
exposure is mainly due to GCR, and only during large SPEs the contribution of SCR can become
significant with respect to radiation protection.

Following recommendations of the International Commission on Radiological Protection (ICRP) in
Publication 60 (ICRP, 1991), the Council of the European Union (EU) laid down in its Council Directive
96/29/EURATOM of 13 May 1996 (EU, 1996) Basic Safety Standards (BSS) categorizing exposure to
natural sources of ionizing radiation, including cosmic radiation, as occupational exposure for aircrew.
A year later, the European Commission published recommendations on the implementation of the BSS
i.e. recommending control dose limits for aircraft crew, permitting computer programs to be used for
dose estimation and noting that frequent flyers may also require arrangements for determining doses
(EU, 1997). The implementation of BSS (EU, 1996) found also place in other European technical
requirements and administrative procedures applicable to commercial transportation by aeroplane (EU,
2000). The European Directive from 1996 (EU, 1996) has been incorporated into laws and regulations of
many EU Member States and their implementation in Europe has been monitored (Thierfeldt, 2009;
Drouet, 2012). Other countries such as Canada, Japan and United States have issued advisories to their
airline industries to manage aircraft crew exposure e.g. FAA advisory circular in the United States (FAA,
2014). Based on recent scientific information of the biology and physics of radiation exposure, the
recommendations by ICRP 60 (ICRP, 1991), ICRP 74 (ICRP, 1996) and ICRP 75 (ICRP, 1997) and were
revised and ICRP Publications 103 (ICRP, 2007) and ICRP 132 (ICRP, 2016) have been issued. Furthermore,
by 2018, the EU Member States had to adapt their laws to comply with the Council Directive
2013/59/EURATOM of 5 December 2013 (EU, 2014). This EU Council Directive sustains the earlier BSS
stating that appropriate measures have to be undertaken when the effective dose to aircraft crew is
liable to be above 1 mSv per year. It then identifies the following four protection measures:

> to assess the exposure of the crew concerned

> to take into account the assessed exposure when organising working schedules with a view to
reducing the doses of highly exposed crew
to inform the workers concerned of the health risks their work involves
to apply the same special protection during pregnancy to female crew in respect of the ‘child
to be born’ as to other female workers

In practice, various models are currently used to assess the dose due to GCR on-board aircrafts
(EURADOQS, 2012). Most of them are used on a routine basis for occupational dosimetry as they have
been validated by GCR measurements (EURADOS, 2004; EU, 2004; Lillhok, 2007). Regarding solar particle
events, calculation models exist but most are not used on a routine basis in particular because they are
not completely validated by experimental data, which is still needed (Beck, 2008). The objective of this
report is to compare the existing models used for evaluation of doses due to SPE at aircraft altitudes.
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2. Objective of the Report

The aim of this report is to compare radiation dose rates and flight route doses calculated by various
codes for which the providers have agreed to perform the calculations. This objective has been set in
the view of the fact that dose measurements on-board aircraft during solar energetic particle events are
very rare (e.g. Beck, 2009b) and therefore measurement-code comparisons are difficult to carry out (e.g.
Beck, 2008). This comparison is of major importance to support the harmonization of aircrew dosimetry
practices in European countries.

The study was conducted for a set of representative flight routes around the globe. The results are
presented in an anonymous way. In particular, the spread in both the ambient dose equivalent and the
effective dose is discussed. The report may provide some idea of whether the calculated doses agree
with each other within a range that can be accepted for purposes of radiation protection to estimate
the radiation exposure during energetic solar particle events.

Because using codes and models for the assessment of aircrew doses due to GCR is a common practice
and measurements on-board aircraft during solar energetic particle events are very rare, further
research to improve the calculation of doses due to SEP is expected and it is supported by this report.
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3. Radiation €xposure at Aviation Altitudes

3.1 Quantities used for dosimetry
Effective Dose

The effective dose, £ is the radiation protection quantity defined as the tissue-weighted sum of the
equivalent doses in all specified tissues and organs of the body, given by the expression:

E= ZWT HT = ZWT ZWR D-l-'R Equation 1
T T R

where H is the equivalent dose in a tissue or organ T given by ZWR D+ ; Drgis the mean absorbed
R

dose from radiation type R in a tissue or organ T, and wk and w4 are the radiation and tissue weighting
factors, respectively, defined by the ICRP (ICRP, 1991; ICRP, 2007). The Sl unit for the effective dose is
joule per kilogram (J/kg) and its special name is sievert (Sv) as defined in ICRU 51 (ICRU, 1993).

According to ICRP 103 (ICRP, 2007) use of the effective dose is recommended for “the prospective dose
assessment for planning and optimisation in radiological protection, and demonstration of compliance
with dose limits for regulatory purposes”. It is also recommended that the effective dose should not be
used “for epidemiological evaluations, nor should it be used for detailed specific retrospective
investigations of individual exposure and risk”.

The body-related protection quantities (equivalent dose and effective dose) are not measurable in
practice. However, codes used routinely for aviation dosimetry should be able to assess the effective
dose.

Ambient dose equivalent

The ambient dose equivalent, ##(10), is one of the operational quantities used as an estimator of the
effective dose and is defined by ICRP 103 as follows: “ The ambient dose equivalent H*(d), at a point in
a radiation field is the dose equivalent that would be produced by the corresponding expanded and
aligned field in the ICRU sphere at a depth, d (in mm), on the radius opposing the direction of the aligned
field. The unit of ambient dose equivalent is joule per kilogram (J/kg) and its special name is sievert (5v)".

Codes calculating the doses at aviation altitudes can be validated by comparing the measured route
ambient dose equivalent #*10) or ambient dose equivalent rates to the calculated values. For
validation purposes, all codes should be able to calculate #%10).

The codes involved in this comparison provided ambient dose equivalents or effective doses or both. It
should be mentioned here that in the ICRP 103 recommendations (ICRP, 2007) the tissue- and radiation
weighting factors — among others - have changed compared to the earlier ICRP 60 recommendations
(ICRP, 1990). The new European Union Council Directive 2013/59/EURATOM of 5 December (EU, 2014)
directly calls for the implementation of the ICRP 103 recommendations and in 2018, the EU Member
States should have adapted their laws to comply with it. The consolidation of this report was earlier and
effective dose values presented here base on the previous ICRP 60 recommendations (ICRP, 1991).
Nevertheless, initial investigations (Sato, 2009; Mares, 2009; Meier, 2019) show that implementation of
the new ICRP 103 recommendations result in a decrease of estimated effective dose values. The
decrease has been predominantly attributed to the changed radiation weighting factors for protons
(radiation weighting factor of 2 instead of 5) and neutrons (a continuous function instead of a step
function).
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3.2 Cosmic radiation field

Primary cosmic radiation at the top of the Earth’s atmosphere includes a continuous galactic
component and a sporadic solar component. Both components consist mainly of protons and to a lesser
extent of helium and heavier ions. The intensity of galactic cosmic rays near Earth is modulated by the
characteristics of the interplanetary magnetic field varying with solar activity. The intensity of the
sporadic solar cosmic radiation at the top of the Earth’s atmosphere depends on the magnitude of the
energetic particle event at the Sun, the location where the solar particles are accelerated, and the
configuration of the interplanetary magnetic field linking this source location with the Earth. Both
components, i.e. the galactic and the solar cosmic radiation, are affected by the geomagnetic field. For
this reason, the cosmic radiation field at the top of the atmosphere depends on the geomagnetic
location and the geomagnetic field strength. Shielding by the geomagnetic field is most effective at low
geomagnetic latitudes, and less effective close to the geomagnetic poles.

For the characterization of charged particle-motion in magnetic fields, the parameter magnetic rigidity,
P, is generally used (ISO 20785-1). For simplicity, we use “rigidity” for “magnetic rigidity” in the whole
document. Rigidity is momentum per charge and is a canonical unit that is especially useful because all
particles having the same rigidity, charge sign, initial location, and direction of movement will have
identical trajectories in the magnetic field, independent of elemental or isotopic composition, particle
mass or atomic charge (Smart, 2000). The parameter used to quantify the shielding effect of the Earth’s
magnetosphere is the geomagnetic cutoff rigidity, P. Geomagnetic cutoff rigidity depends on the
location, the angle of particle incidence, and geomagnetic activity. Often, vertical incidence to the
Earth’s surface is assumed, in which case the effective vertical geomagnetic cutoff rigidity is interpreted
as the minimum magnetic rigidity a vertically incident particle can have and still reach a given location
above the Earth (ISO 20785-1). A detailed discussion of cosmic ray cutoff terminology and a description
of the calculation procedure for the effective cutoff rigidity can be found elsewhere (Cooke, 1991). The
standard procedure for the determination of cutoff rigidities is the trajectory computations of cosmic
ray particles in a model magnetic field given for example in (Smart, 2000).

Particles of cosmic radiation that penetrate into the atmosphere produce a complex field of secondary
particles including, for example, protons, neutrons, electrons, positrons, photons, muons, and pions.
The energy range involved covers many orders of magnitude and depends on particle type. Due to the
competing processes of secondary particle production and absorption, the relative contribution to the
radiation exposure of different particles depends on the altitude (see Figure 2). At typical flight altitudes,
the major contribution to the effective dose is caused by neutrons, protons, and electrons. More details
on the various parameters that influence the doses due to cosmic radiation in aviation are given for
example in (EURADQS, 2004; EU, 2004).
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Figure 2: Ambient dose equivalent rate as a function of standard barometric altitude at
2 GV vertical geomagnetic cutoff rigidity and mid solar cycle, for various particles of
the cosmic radiation field in the atmosphere calculated using the Monte Carlo

radiation transport code FLUKA (ICRU, 2010).

EURADOS Report 2027-03



P. Beck et. al.

3.3 Solar particle events and spectral data

A solar particle event is a large flux of energetic particles of solar origin accelerated and ejected into
space in association with an eruptive high-energy solar process (Shea, 1990). Such events occur at
random and are at present stage not predictable in time and intensity (Shea, 1999).

Major solar particle events consist primarily of energetic protons and electrons and are therefore often
termed as “solar proton events”, but may also contain a variable flux of ions of heavier elements as well
as of neutrons as described for example in (Reames, 2004; Mewaldt, 2005).

The Earth’s atmosphere provides a minimum shielding mass at flight altitude of about 180 g/cm at
12.5 km (41 000 ft) (NASA, 1976). The minimum energy a proton must have at the top of the atmosphere
to penetrate this shielding and reach the corresponding altitude is approximately 600 MeV (NIST, 2019).
Through indirect processes, however, especially the production of a secondary neutron field, also
protons of lower energies can affect the radiation dose at aviation altitudes. The contribution of protons
below this threshold depends on the primary spectrum on top of the atmosphere. For GCR, for which
the spectrum at these energies is flat or even decreasing to lower energies, the contribution below the
threshold is negligible (Figure 1).

The Earth’s magnetic field also acts as a natural shield against the charged cosmic ray particles. The
minimum rigidity that a charged cosmic ray particle must have to penetrate the geomagnetic field and
to access the upper atmosphere from the vertical direction increases from 0 GV at the Polar Regions to
a maximum value of 17 GV in the equatorial regions (see Figure 3).
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Figure 3: World map with computed geomagnetic vertical cutoff rigidity (in GV)
contour lines for years 2010 to 2015, and quiescent geomagnetic conditions (Finlay,
2010a, b; Macmillan, 2011) and the model by Tsyganenko, 1989. Red squares indicate
the positions of the magnetic poles in the year 2010 (Pioch, 2012).
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Some of the SPEs are long enough in duration and produce particles with intensities and energies high
enough to cause, when they hit the Earth, a significant increase of radiation exposure observed at flight
altitudes and on the ground.

Figure 4 shows the number of GLEs per year from 1955 (beginning of solar cycle 19) until December
2017 (end phase of solar cycle 24) and the smoothed sunspot number (WDC-SILSO, Royal Observatory
of Belgium, Brussels). The frequency of occurrence of GLEs is correlated with the ~11-year solar activity
cycle. On a long-term average, about one GLE occurs per year. They are most prevalent during periods
of intense solar activity. It is important however to note that significant solar particle events have also
occurred during solar minimum, and there can be relatively long periods between individual events.
Several events may also occur in clusters during a few successive days or weeks.
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Figure 4: Smoothed sunspot number (top panel, source: WDC-SILSO, Royal
Observatory of Belgium, Brussels) and the number of GLEs per year (bottom panel)
during the solar cycles 19 - 24 (until December 2017). Blue bars: all GLES, red bars: GLEs
with amplitude >70%. Figure after Shea and Smart, 1993 (Shea, 1993).

Significant dose rate increases at flight altitude are associated with GLEs. Minor particle events, which
may be registered by detectors in space but not by sea-level neutron monitors, are expected to have a
minor or no effect on the radiation exposure at aviation altitudes due to atmospheric and geomagnetic
shielding. The standard ground-based detector for the continuous monitoring of cosmic rays since the
International Geophysical Year 1957/58 is the neutron monitor (NM). Using the Earth’s magnetic field
as a giant spectrometer the worldwide NM network is still the state-of-the-art instrument for the
guantitative investigation of the near-Earth spectral changes of the cosmic radiation in the energy
range from about 450 MeV to 15 GeV. The NM database, Mares, 2004 (Mares, 2004) established between
2008 and 2009 (www.nmdb.eu) provides a unified web-based access to the data and a unique online
tool for real-time applications such as e.g. GLE alerts. A comprehensive list of GLEs dates back to 1942.
The GLE database with recorded neutron monitor count-rates during GLEs is currently maintained by
the University Oulu (gle.oulu.fi).

GLEs are different from event to event. The duration of a GLE may last from a few minutes up to a few
hours. Two examples illustrating the variety in the intensity-time records at different locations are
shown in Figure 5: for GLE69 on 20 January 2005 and Figure 6 for GLE71 on 17 May 2012.
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Figure 5: Relative 5 minutes count rate values for the neutron monitor stations Oulu
(red), Kiel (blue), and Rome (green) plotted with NEST from www.nmdb.eu for the time
interval 05:00-16:00 UT on 20 January 2005 (GLE69).
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Figure 6: Relative 5 minutes count rate values for the neutron monitor stations Oulu
(red), Kiel (blue), and Rome (green) plotted with NEST from www.nmdb.eu for the time
interval 00:00-11:00 UT on 17 May 2012 (GLE71).
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The near-Earth solar particle flux during a GLE is usually described by the following time dependent
characteristics:

> composition

> anisotropy

> spectral form

> size
Composition:

The most pronounced component of the solar particle flux causing a GLE is protons. For specific
applications however, and especially higher up in the atmosphere and in space, ions of heavier
elements have to be considered as provided for example in (Tylka, 1997).

Anisotropy.

During solar cosmic ray events and especially in the initial phase of the events, the intensity of the
primary particles is often anisotropically distributed. In these cases, additional information about the
angular distribution of the particle flux is necessary to describe accurately the event and the related
increase in particle intensity on top of the atmosphere and at aviation altitudes. Later in the event, the
particle flux becomes more and more isotropic. As an example Figure 7 shows the relative count rate
increases at the two polar neutron monitor stations Thule (76.5N, 68.7W) and Terre Adélie (66.65S,
140.0E) during GLE69 on 20 January 2005 (top) and the anisotropy, a, according to the formula:

_ (6N(t)Terre Adélie — SN(t)Thule) Equation 2
(6N(t)Terre Adélie + SN(t)Thule)

a(t)

where

SN () Terre adélie is the value of the relative count rate increase at a given time tat the NM station
Terre Adélie referring to the pre-increase baseline time interval 05:00-06:00 UTC
and

SN (t) rhute is the corresponding value for the NM station Thule

In this event, the neutron monitor count rate increases at Terre Adélie and Thule are representative for
the solar particle fluxes near Earth arriving from the Sun along the field lines of the interplanetary
magnetic field (Terre Adélie) and of the opposite direction (Thule).
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Figure 7: Relative count rate increases of the two polar neutron monitor stations Thule
(76.5N, 68.7W; green) and Terre Adélie (66.65S, 140.0E; red) during GLE69 on 20 January
2005 (top) and the anisotropy according to Equation 2 (bottom).
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Spectral form:

The fluence and peak flux spectra of solar energetic particles at 7> 30 MeV are usually described by a
simple power-law function of kinetic energy, 7, or rigidity, £, (Mottl, 2001):

andrec TV Equation 3
dll dP oc PY Equation 4
or a modified power law according to Ellison and Ramaty (Ellison, 1985).

The exponent y varies from event to event, and it also changes during the course of an event. Typical
values are in the range 4-6.

Size:

Several quantities are used to characterize the size of a solar particle event, e.g.

maximum neutron monitor count rate increase

peak particle intensity

amplitude of event-integrated flux at 1 GeV
event integrated fluence

VoV WV

For the determination of the GLE characteristics based on data of the worldwide NM network, the
response of the NMs as well as the effect of the geomagnetic field on the particle trajectories must be
known.

The response of a NM station /to relativistic solar protons can be expressed in the following simplified
form:

[ee)

AN;(t) = [,_, dP-S;(P)-](P,t) - F(&6;(P),t) Equation 5

=P
where

ANj(t)is the absolute count rate increase due to solar protons as function of time ¢

P.is the effective vertical geomagnetic cutoff rigidity,

Pis the particle rigidity,

Si(P)is the yield function for protons,

Jy(P,t)is the directional solar proton flux in the presumed source direction,

F(6:(P),t)is the pitch angle distribution of solar particles with respect to the source direction,

Oi(P)is the pitch angle, i.e. angular distance between the particle arrival direction (asymptotic directions)
and the apparent source direction outside the geomagnetosphere for particles of vertical incidence at
the specific neutron monitor location.

Yield functions for neutron monitors have been determined and published by different authors; for an
overview see (Mishev, 2013). The cutoff rigidities and asymptotic directions are obtained by trajectory
calculations in geomagnetic field models (Cooke, 1991; Smart, 2000). The GLE characteristics can then
be determined by minimizing the squared differences between AN and AN, for the selected set of
NM data (Smart, 1971; Debrunner, 1980; Cramp, 1997). Typically, 5-10 parameters have to be
determined with the data of ~20-30 NM stations. The determination of the GLE parameters is made
either by a trial and error procedure or by a fitting algorithm. The least square fit must be repeated with
widely varying initial parameter values to ensure finding the absolute minimum in the parameter space.
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Figure 8 and Figure 9 summarize results obtained according to this procedure for the GLE60 on 15 April
2001 by different authors (Plainaki, 2010; Bombardieri, 2007; Matthid, 2009; Vashenyuk, 2005).
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Figure 8: Solar cosmic ray spectra (left) and pitch angle distributions (right) during the
main phase of GLE60 on 15 April 2001 as derived by the author groups: Vashenyuk et
al., 2005 (Apatity), Plainaki et al., 2010 (Athens), Bombardieri et al., 2007 (Australia) and
Matthia, 2009 (Kiel). Figure from Butikofer et al., 2013.
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Figure 9: Solar cosmic ray flux at 1 GV in the direction of maximum intensity (left) and
apparent arrival directions in GEO coordinates (right) during GLE60 on 15 April 2001 as
derived by the author groups: Vashenyuk et al., 2005 (Apatity), Plainaki et al., 2010
(Athens), Bombardieri et al., 2007 (Australia) and Matthia, 2009 (Kiel). Figure from
Butikofer et al., 2013.
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4. Models Selected for this Study

Information on different codes used in this study is summarized in Table 1 and described more in detail
in Appendix 1: Description of Models. Some of the codes are based on Monte Carlo simulations: AVIDOS,
EPCARD, WASAVIES/JISCARD EX, PANDOCA, PLANETOCOSMICS (Bern code), and QARM. The
SIEVERT/SIGLE code uses a worldwide grid of dose rates calculated with EPCARD for the GCR
component and a semi-empirical model mainly based on measurements for SEP events. Other codes
are based on measurements only (FDOScalc, PCAIRE) and some use the £/H*10) conversion as
calculated by some Monte Carlo codes.

Operational dose assessment with AVIDOS 2.0 code is accredited according to the testing laboratory
standard EN ISO/IEC 17025, which is worldwide valid in ILAC member countries (International
Laboratory Accreditation Cooperation)'. The SIEVERT and SiGLE codes are in operational use in France
for the monitoring of radiation doses from galactic cosmic rays and solar energetic particles’. Versions
of the PANDOCA, EPCARD, and PCAIRE codes are approved by the civil aviation authority in Germany
for the assessment of occupational exposure of aircrew due to GCR'. For this comparison, however, the
scientific version of PCAIRE, which is not approved in Germany, was used. All other codes are
scientifically used by the responsible institutes.

A detailed discussion of the uncertainties of the calculation models is beyond the scope of this report.
For some of the calculation models and for some aspects, in particular for accredited methods,
uncertainties are provided within the descriptions of the calculation models. For basic considerations
in this regard, we refer to further work (ICRU, 2010; Behrens 2010; EURADOS, 2012).

' At the time of the editorial meeting.
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Table 1: Summary of the codes used in this study for the calculation of the radiation exposure at aircraft altitudes due to cosmic radiation.

Code / Model

SCR Input data

SCR Dose Assessment

GCR Input Data

GCR Dose

Reference

AVIDOS 2.0/
SOLARDOS

EPCARD.Net 5.4.3 /
GEANT4-GLE Module

FDOScalc 2.0

JISCARD EX
WASAVIS

PANDOCA

PCAIRE

BERN GLE Model

QARM 1.0

SIEVERT PN 1.0,
SIGLE

- neutron monitor data
- primary time dependent SCR
characteristics (isotropic spectrum)

- primary time dependent SCR
characteristics (isotropic spectrum)

- neutron monitor database (NMDB)

Not applied

n.a.

- neutron monitor data
- primary, time dependent SCR
characteristics (anisotropic
spectrum)
- satellite data

not applied

- neutron monitor data
- primary time dependent SCR
characteristics (anisotropic
spectrum)

n.a.

- neutron monitor data

- primary, time dependent SCR
characteristics (including
North/South anisotropy)

Approach

GEANT4
(PLANETOCOSMICS),

ICRP60 /103
(ICRP, 1991; ICRP, 2007)
GEANT4 (HMGU-Application),
ICRP60
semi-empirical
Determination of SEP flux

Air-shower simulation by PHITS
ICRP60/ 103

GEANT4 (PLANETOCOSMICS),
ICRP60

semi-empirical
GEANT4 (PLANETOCOSMICS),

ICRP60

semi-empirical,
ICRP60

(Gaisser, 2001)
(Beck, 2007)

(Badhwar, 1996)
(Burger, 2000)

n.a.

(Nymmik, 1992)

(Matthia, 2013)

n.a.

(Gleeson, 1968a)
(Garcia, 1975)
(Caballero, 2004)
Heliocentric potential from
https://www.faa.gov/data_resea
rch/research/med_humanfacs/
aeromedical/media/MV-
DATES.zip

(Badhwar, 2001)

(Badhwar, 2001)

Assessment Approach

FLUKA,GEANT4

(PLANETOCOSMICS),

ICRP60 /103

(ICRP, 1991; ICRP, 2007)

FLUKA, GEANT4
(HMGU-Application),
ICRP60

semi-empirical
PHITS-based analytical
code PARMA
ICRP60 /103
GEANT4

(PLANETOCOSMICS),
ICRP60

n.a.

GEANT4

(PLANETOCOSMICS),
ICRP60

n.a.

EPCARD.NET 5.4.3,
ICRP60

(Beck, 2007)
(Latocha, 2009)
(Latocha, 2016)

(Roesler, 2002), (Mares, 2009),
(Pioch, 2012)
www.helmholtz-
muenchen.de/epcardnet

(Schrewe, 2000)
(Wissmann, 2006)
(Wissmann, 2010)

(Yasuda, 2011)
(Sato, 2008; 2014)
(Kataoka, 2014)

(Matthi, 2009)
(Matthi&, 2009a)
(Matthi, 2014)

(Lewis, 2001)
(Lewis, 2002)
(Lewis, 2004)
(Takada, 2007)

(Desorgher, 2005)
(Desorgher 2006)

(Lei, 2004)
(Lei, 2006)
(Dyer, 2007)
(mcnpx.lanl.gov)

(Lantos, 2003a)
(Lantos, 2003b)
(Lantos, 2004)
(Lantos, 2006)
(sievert-system.org)
(Bottollier-Depois, 2007)
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5. Comparison of Doses in Case of Solar Particle €vents as

Assessed by Selected Models

Nine models for the calculation of radiation exposure at aviation altitudes during solar energetic
particle events are compared in two different investigations.

In the first investigation, the primary solar particle spectrum was pre-defined and distributed to the
contributors to avoid uncertainties arising from differences in the primary particle spectrum. The
definition of the primary particle spectrum was based on the ground level enhancement GLE42 on
29 September 1989. It has to be emphasized that the defined input parameters are not identical to
the real event. Rather, the real event was used as a guideline for the creation of a hypothetical event,
in the following also called “simplified GLE42" event.

In the second investigation of the comparison, information about publications concerning the
GLE69 on 20 January 2005 was provided to the contributors. It was left to the different groups how
the input parameters for the primary spectrum were derived using the provided publications or
other means.

The radiation dose rates during a GLE due to the GCR radiation field depends on the respective solar
cycle modulation. For the two GLEs investigated, the corresponding GCR modulation isillustrated in
Figure 10. The reference doses due to GCR had to be assessed by each contributor individually, using
his own model.
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Figure 10: Smoothed sunspot numbers (top panel), pressure corrected monthly
counting rates of the neutron monitor stations Oulu, McMurdo, and Newark
(bottom panel) for the years 1960-2019. The neutron monitor count rates are
expressed in relative units with respect to May 1965. The vertical dashed-dotted
lines indicate the time of the GLEs on 29 September 1989 (GLE42) and on 20 January
2005 (GLE69). The neutron monitor at McMurdo stopped operation in January 2017
and was moved to Jang Bogo.
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The codes used in this comparison handle input data in different formats. Therefore, it was necessary
for each participant to prepare his own input file fitting the specific data format of his code. The
participants were themselves responsible for data transfer.

5.1 Characteristics of selected ground level enhancements

5.1.1 Ground level enhancement GLE42

The differential solar cosmic flux during the simplified GLE42 is based on the paper by Smart et al.
(1991). The analyses by Smart et al. (1991) and also by other authors have shown that a modified
power law rigidity spectrum of the solar cosmic ray flux could best fit the measurements of the
worldwide neutron monitor network.

For this investigation, we assumed an isotropic solar cosmic ray flux near Earth and a constantrigidity
dependence of the spectrum throughout the whole SPE. Only the amplitude varies with time.

The differential rigidity solar cosmic ray flux, J¢cg (P, t) = 2—;, as function of rigidity, £, expressed in
GV, and UTC time, ¢ is described for P< 2 GV by:

Jscr(P,t) = A(t) - (:;0)_]/ Equation 6

and for P>2 GV by:

ﬂ)—(y+§y-(P/Po—2))
Py

Jscr(P,) = A(®) -

Equation 7

where Po= 1 GV. The amplitude values A(t) are listed in Table 2. The power law index is y=3.0 and
6y=0.3.

As an example the values for Jscz(P,t) are listed in Table 3 for the time interval 13:30-14:30 UTC.
Figure 11 shows the rigidity spectrum of the solar protons in the rigidity range 0.4 GV to 20 GV for
selected time intervals.
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Table 2: Amplitude A defined for the simplified GLE.

Timeinterval in UTC Amplitude A in (cm?s-sr-GV)*
before 11:45 0
11:45 - 12:00 2
12:00 - 12:15 4.2
12:15 - 12:30 6.3
12:30 - 12:45 7.7
12:45 - 13:00 9
13:00 - 13:15 10
13:15-13:30 10.3
13:30 - 14:30 10.6
14:30 - 15:30 9.1
15:30 - 16:30 7.5
16:30 - 17:30 4.5
17:30 - 18:30 4
18:30 - 19:30 24
19:30 - 20:30 15
20:30 - 21:30 0.9
21:30 - 22:30 0.5

after 22:30 0

Table 3: Solar proton flux, Jscx(R), for the time interval 13:30-14:30 UTC

Rigidity in GV Jserin (€cm?s-sr-GV)!
0.5 84.8
1 10.6
1.5 3.14
2 1.33
3 0.282
5 0.0199
10 4.22:10°%
20 1.25:1010

EURADOS Report 2021-03 -19-



P. Beck et. al.

Proton flux [[cm?srs GV)™"]

100
B
T
1 S
N\
oo e \
~N
Al LY
0.0001 Euh i
s
. E\\F 2030-2130
LR\

1E-10

1E-12
o1

Rigidity [GV]

Figure 11: Differential rigidity spectrum for time intervals 12:00-12:15 UTC, 13:30-

14:30 UTC, and 20:30-21:30 UTC.
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5.1.2 Ground level enhancement GLE69

GLE 69 is the best-observed strong GLE in history, thanks to an extended network of neutron
monitors, space-borne particle measurements at lower energies, observations of high-energy
photons due to relativistic particles interacting at the Sun (e.g., Simnett 2006; Simnett 2007;
Kuznetsov 2008; Grechnev 2008; McCracken 2008; Masson 2009; Klein 2014). This GLE occurred on
20 January 2005 during a very active period toward the end of solar cycle 23. This event is ranked
among the largest GLEs since the beginning of neutron monitor records with gigantic relative count
rate increases at the south-polar neutron monitor stations McMurdo (almost 3000%), Terre Adélie
(4500%), and South Pole (more than 5000%). The GLE lasted for several hours and showed an
extreme North-South anisotropy during the initial phase that was seen in the observations of polar
neutron monitor stations during the first about 30 minutes of this GLE (see Figure 7 and Figure 12).
About one and a half hour after the onset of the event, the relative count rate increases for sea-level
neutron monitor stations at northern and southern polar latitudes were comparable (in the order of
70%). Afterwards the intensity could be considered as approximately isotropic, and the relative NM
count rate increases remained above 10% until about 7 hours after onset.

The large differences in the NM count rate increases during the initial phase of the event, and the
strong temporal dependence of the intensity of the solar energetic particles suggest that a precise
analysis of the event in terms of radiation exposure at aviation altitudes can only be achieved with
an accurate treatment of the geographical and temporal characteristics of the event. Several
publications exist in literature describing this extraordinary GLE both in terms of solar energetic
particle spectra and the effect on the radiation exposure in aviation. A list of such publications is
given in Appendix 4 and was also provided to the groups participating in this inter-comparison. It
was left to the participants to select one or a number of publications to derive the characteristics of
the event needed for a calculation of the radiation exposure on the selected, representative flights
(Appendix 3).
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Figure 12: Relative neutron monitor count rate increases of selected stations during
GLE69 provided by www.NMBD.eu Responses of neutron monitors in Antarctica,
Terre Adélie (TERA), recorded significantly different intensities than stations on the
northern hemisphere, Oulu (OULU), Inuvik (INVK) and Thule (THUL).

In the following, we illustrate the effect of the anisotropic solar cosmic ray flux during the onset and
main phase of GLE69 on the total (i.e. due to GCR and solar particles) radiation dose rate and radiation
dose at flight altitude. In addition to the real, anisotropic case, we show also the simulated global
dose rates for the assumed scenario of a fully isotropic near-Earth solar particle flux.

As an example Figure 13 shows the calculated effective dose rate at atmospheric depth of 250 g/cm?

(ca. 10.5 km) over the northern hemisphere (left) and over the southern hemisphere (right) during
the maximum phase of GLE69 based on the GLE characteristics as determined with the data of the
worldwide network of neutron monitors (Bitikofer, 2007; Butikofer 2008). At about 70°S, 135°E the
calculated effective dose rate caused by solar cosmic ray was at about 5000 puSv/h for some minutes,
whereas the effective dose rate was only about 10 uSv/h near the North Pole during that time.
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Figure 13: Calculated effective dose rate at 250 g/cm? (ca. 10.5 km, 34 000 ft) over
the northern hemisphere (left) and over the southern hemisphere (right) during the
maximum phase of GLE69 based on GLE parameters determined from the data of
the worldwide network of NM stations.
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Figure 14: Calculated effective dose rate at 250 g/cm? over the North hemisphere
(left) and over the South hemisphere (right) during the maximum phase of GLE69
with the assumption of isotropic solar cosmic ray flux near Earth.

Figure 14 shows the corresponding results assuming a fully isotropic solar cosmic ray flux near Earth.
As can be concluded from the comparison with Figure 13, anisotropy effects during energetic solar
particle events can be significant. However, in the course of a GLE the flux of the solar particles
usually becomes more and more isotropic. This effect is illustrated in Figure 15. There, we show the
effect of anisotropy of the solar cosmic ray flux during GLE69 on the ambient dose equivalent rate at
an atmospheric depth of 250 g/cm? during the course of the event above the south polar region NM
station Terre Adélie (66.65°S, 140.01°E) and above the north polar region NM station Thule (76.50°N,
291.30°E).
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Figure 15: Time evolution of the ambient dose equivalent rate above the neutron
monitor stations Terre Adélie (66.65°S, 140.01°E) and Thule (76.50°N, 291.30°E) at an
atmospheric depth of 250 g/cm? during the GLE on 20 January 2005 based on GLE
parameters as determined from the data of the worldwide network of NM stations.

5.2 Characteristics of selected flight routes

5.2.1 Selection of the flight routes

For the comparison, three representative routes flown by passenger aircraft were selected,
comparable to the routes used in the EURADOS Report on “Comparison of Codes Assessing
Radiation Exposure of Aircraft Crew due to Galactic Cosmic Radiation” (EURADOS, 2012). The route
from San Francisco to Paris represents a typical transatlantic flight. The second flight from Chicago
to Beijing represents a polar flight route on the northern hemisphere. The third flight from Sydney
to Johannesburg represents a polar flight route on the southern hemisphere. The corresponding
routes are shown in Figure 16. Two of the routes are classified as ultra-long range flights with
durations of more than 13 hours (see Table 4).
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Figure 16: The selected flight routes of the 3 flights investigated (863: San Francisco-
Paris, 202: Chicago-Beijing, and 207: Sydney-Johannesburg). Yellow dots denote
waypoints with given latitude, longitude, altitude, and time of flight. The solid lines
guide the eye between the waypoints. (Map: Courtesy ESA)

Table 4: The three flights investigated with flight durations and maximum altitudes.
Detailed flight route data are given in Appendix 2 and Appendix 3.

San Francisco Paris :

00863 (KSFO) (LFPG) 09:15 11.9
Chicago Beijing ,

00202 (KORD) (ZBAA) 13:11 11.3
Sydney Johannesburg ,

00207 (YSSY) (FAJS) 13:45 11.9

5.2.2 Flight route data

The flight data files for three selected flight routes (see Figure 16) were distributed to the participants
in the specific format described below (see also Appendix 2 and Appendix 3).

Each flight data file contains in the first line - the so-called info-line — general information about the
flight such as flight number, departure and destination airports in the four-letter alphanumeric code
defined by the International Civil Aviation Organization (ICAO), and date and time of scheduled take-
off and touch-down in Universal Time Coordinated (UTC). All values are separated by semicolons. As

EURADOS Report 20271-03 -25-



P. Beck et. al.

an example, the first line for flight number 00863 from San Francisco to Paris is shown, with an
explanation of the format in Table 5:

00863;KSFO;LFPG;29/09/1989;10:20;29/09/1989;19:35;

Table 5: Explanations of fields used in the info-line for flight number 00863 from San
Francisco to Paris

. Feld Bplanadon

00863 Flight number
KSFO ICAO code of the departure airport
LFPG ICAO code of the destination airport

29/09/1989 Take-off date (UTC) (dd/mm/yyyy)
10:20 Take-off time (UTC) (hh:mm)

29/09/1989 Touch-down date (UTC) (dd/mm/yyyy)
19:35 Touch-down time (UTC) (hh:mm)

The following lines - so-called waypoint lines — start with the flight number, followed by air
navigation data, separated by semicolons. There are three types of waypoint lines. The first and the
last line in the block of waypoint lines are labelled as AER (aerodrome) to indicate the departure or
arrival airport. The second and the last-but-one waypoints denote top of climb (TOC) and top of
descent (TOD), respectively. Between the TOC and TOD waypoints there are several intermediate
waypoint lines (INT) depending on the flight route. Each waypoint flag (AER, TOC, TOD, and INT) is
followed by the flight level or elevation, elapsed time, and geographic position (see Appendix 2 and
Appendix 3). The flight level (FL) and elevation of airports are defined as barometric altitude in feet
divided by 100. The elevation of all airports was set to zero “000”. Elapsed time is given in hh:mm
format and always begins with 00:00 in the departure waypoint. The geographic coordinates are
defined by North (N) and South (S) latitude (lat) in degrees, minutes, and seconds in DDMMSS format,
and West (W) and East (E) longitude (long) in DDDMMSS format, respectively. As an example, the line
with the common waypoint (INT) is shown below, with an explanation in Table 6.

00863;INT;330;00:24;393154N;1193924W;

Table 6: Explanations of fields used in the waypoint lines for flight number 00863 from
San Francisco to Paris.

.~ Fed Bplanaion
00863 Flight number
INT Waypoint flag
330 Altitude (FL)
00:24 Elapsed time (hh:mm)
393154N Geographical latitude (DDMMSS)
1193924W Geographical longitude (DDDMMSS)
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Apart from the flight route and altitude profile, route radiation doses during a GLE highly depend on
the flight times with respect to the time profile of the GLE event. For this investigation, therefore, the
departure dates and times of the flights were suitably adjusted to the temporal evolution of GLE42
(Appendix 2) and GLE69 (Appendix 3). Figure 17 and Figure 18 illustrate the situation for GLE42 and
GLE69, respectively.

The participants were asked to calculate the total route dose as well as the local dose rates at the
given waypoints in terms of #*10)and £ separately for GCR and SCR.

16 T ' 1400
Flight 863
14 Flight 202 1350
Flight 207
12 1300
% &
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Figure 17: Amplitude of the solar cosmic ray flux at 1 GV as defined for the study of
the simplified GLE42 on 29 September 1989, 10:00-24:00 UT (black line, see chapter
5.1.1). The horizontal grey bars indicate the adjusted flight times of the three
investigated flights (for details see Appendix 2). For illustration the five-minute
pressure corrected relative count rate of the neutron monitor at McMurdo,
Antarctica, is also shown (red line, data source: NMDB).
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Figure 18: Five-minute pressure corrected relative count rates (in logarithmic scale)
of the neutron monitors Terre Adélie, Antarctica (red line), Oulu, Finland (green line),
and Thule, Greenland (blue line) for GLE69 on 20 January 2005, 05:00-19:00 UT. NM
data source: NMDB. The horizontal grey bars indicate the adjusted flight times of
the three investigated flights (for details see Appendix 3).
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5.3 Results of dose data comparison

The results in this report are presented in an anonymous way. It is not intended to recommend any
of the participating codes in particular for radiation protection services.

Comparisons of calculations for the three selected flight profiles and two investigations (“simplified
GLE42" and GLE69) were performed in total with nine computer codes in terms of operational
quantity ambient dose equivalent, /%10), and radiation protection quantity effective dose, £ for
both flight route doses and dose rates. However, it must be noted, that not all codes provide both
types of quantities. In addition, not all codes were used to analyse both the “simplified GLE42” and
the GLE69 investigations. Therefore, the number of data-points varies from figure to figure.

For both investigations, results are presented in a similar manner. First, route doses are presented in
terms of effective dose, £ and ambient dose equivalent, #%10), in chapters 5.3.1.1 for “simplified
GLE42" and chapter 5.3.2.1 for GLE69. Next, in order to analyse the influence of temporal changes in
SCR flux, ambient dose equivalent rates and effective dose rates are presented as a function of time
- chapter 5.3.1.2 for “simplified GLE42" and chapter 5.3.2.2 for GLE69.

5.3.1 Investigation 1 (GLE42)

5.3.1.1 Route dose in terms of effective dose, £and ambient dose equivalent, /*(10)

Figure 19 shows an anonymous comparison of the route ambient dose equivalent due to galactic
cosmic radiation for the three selected flight routes - 863, 202, and 207. Figure 20 shows an
anonymous comparison for the sum of GCR and SCR for the same flights. Results for effective dose
for the same conditions are presented in Figure 21 and Figure 22. In most cases, the contribution of
solar energetic particles (as assumed in this scenario) increases the median of the effective dose and
ambient dose equivalent by factor of about 3 to 4. For the individual codes, however, this factor
varies over a larger range between 2 to about 5.
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Figure 19: Comparison of route ambient dose equivalent for galactic cosmic
radiation (GCR) calculated for selected flights (white) presented with the median
(red).
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Figure 20: Comparison of route ambient dose equivalent of the sum of galactic
cosmic radiation (GCR) and “simplified GLE42" event (SCR) calculated for selected
flights (white) presented with the median (red).
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Figure 21: Comparison of route effective dose for galactic cosmic radiation (GCR)
calculated for selected flights (white) presented with the median (red).
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Figure 22: Comparison of route effective dose of the sum of galactic cosmic
radiation (GCR) and “simplified GLE42" event (SCR) calculated for selected flights
(white) presented with the median (red).
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5.3.1.2 Dose rate profile over flight time

Dose rate profiles over flight time allow for analysis that is more detailed. Since in this “simplified
GLE42" scenario the SCR angular distribution was on purpose defined as isotropic, such dose rate
profiles allow to investigate the influence of temporal changes in SCR intensity.

Flight 863: San Francisco—Paris

The flight profile 863 is listed in Appendix 2 and illustrated in Appendix 3. Figure 23 presents an
anonymous comparison of ambient dose equivalent rate as a function of flight time for galactic
cosmic rays (GCR) only, while Figure 24 presents the sum of galactic cosmic rays (GCR) and solar
cosmic radiation (SCR). Figure 24 presents also amplitude of the temporal evolution of solar protons
flux as defined in this scenario. Analogous figures but for effective dose are Figure 25 and Figure 26.
The influence of temporal evolution of solar proton flux is evident. While ambient dose equivalent
rate values for GCR only are around 5 pSv/h for the whole cruising flight phase, the dose rate
increases by a factor of around 7 for median in the peak SRC intensity (between 13:00 and 15:00)
when both components GCR and SCR are considered. The lowest calculated dose rate in the SCR
peak is about 25 uSv/h (factor 5 larger compared to GCR), the highest - twice more — about 50 pSv/h
(factor 10 larger compared to GCR). Similar factors were obtained for effective dose (see Figure 25
and Figure 26).

Flight 202: Chicago-Beijing

Data for flight 202 Chicago-Beijing (for full flight profile see Appendix 2 and Appendix 3) are
presented similarly to the previous flight. Figure 27 presents an anonymous comparison of ambient
dose equivalent rate as a function of flight time for galactic cosmic rays (GCR) only, while Figure 28
presents the sum of galactic cosmic rays (GCR) and solar cosmic radiation (SCR) with the amplitude
of solar proton flux as defined in this scenario. Analogously for effective dose rate, see: Figure 29 and
Figure 30.

In this case, the flight profile does not contain a waypoint at the time of the maximum SCR flux. This
draws attention to a practical aspect for those who attempt to assess radiation exposure during SCR
events - since these events may take from minutes to hours, flight profiles should have a reasonably
short time steps, particularly when altitude or position (cutoff rigidity) of the aircraft changes rapidly.
If the exact information is lacking, assumptions on aircraft location will have to be made and those
may contribute to the uncertainty of the calculated route doses.

Figure 28 shows that ambient dose equivalent rates around the maximum SCR flux increased by
factor of about 5 to 6 for the median, however no information is available for the peak-time itself.
The lowest calculated dose rate around the SCR peak is about 20 pSv/h (factor 5 larger compared to
GCR-median), the highest — almost 40 uSv/h (about factor 8 larger compared to GCR-median). Similar
factors are observed for effective dose rate - see Figure 29 and Figure 30.
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Figure 23: Comparison of ambient dose equivalent rate for galactic cosmic radiation
(GCR) calculated for selected flight profile (863: San Francisco—Paris) by different
codes (white) presented with median (red).
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Figure 24: Comparison of ambient dose equivalent rate for the sum of galactic
cosmic radiation (GCR) and “simplified GLE42" event (SCR) calculated for selected
flight profile (863: San Francisco-Paris) by different codes (white, left axis) presented
with median (red, left axis). In addition, we show the time profile of GLE42 event
(orange, right axis) for solar protons with an energy of 1 GeV near Earth, outside the
geomagnetosphere as defined in Table 2.
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Figure 25: Comparison of effective dose rate for galactic cosmic radiation (GCR)
calculated for selected flight profile (863: San Francisco-Paris) by different codes
(white) presented with median (red).
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Figure 26: Comparison of effective dose rate for the sum of galactic cosmic radiation
(GCR) and “simplified GLE42” event (SCR) calculated for selected flight profile (863:
San Francisco—Paris) by different codes (white, left axis) presented with median (red,
left axis). In addition, we show the time profile of GLE42 event (orange, right axis)
for solar protons with an energy of 1 GeV near Earth, outside the
geomagnetosphere as defined in Table 2.
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Figure 27: Comparison of ambient dose equivalent rate for galactic cosmic radiation
(GCR) calculated for selected flight profile (202: Chicago-Beijing) by different codes
(white) presented with median (red).
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Figure 28: Comparison of ambient dose equivalent rate for the sum of galactic
cosmic radiation (GCR) and “simplified GLE42" event (SCR) calculated for selected
flight profile (202: Chicago-Beijing) by different codes (white, left axis) presented
with median (red, left axis). In addition, we show the time profile of GLE42 event
(orange, right axis) for solar protons with energies of 1 GeV near Earth, outside the
geomagnetosphere as defined in Table 2.
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Figure 29: Comparison of effective dose rate for galactic cosmic radiation (GCR)
calculated for selected flight profile (202: Chicago-Beijing) by different codes
(white) presented with median (red).
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Figure 30: Comparison of effective dose rate for the sum of galactic cosmic radiation
(GCR) and “simplified GLE42” event (SCR) calculated for selected flight profile (202:
Chicago-Beijing) by different codes (white, left axis) presented with median (red,
left axis). In addition, we show the time profile of GLE42 event (orange, right axis)
for solar protons with energies of 1 GeV near Earth, outside the geomagnetosphere
as defined in Table 2.
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Flight 207: Sydney-Johannesburg

Data for flight 207 Sydney — Johannesburg (for full flight profile see Appendix 2 and Appendix 3) are
presented similarly to the previous flights. Figure 31 presents the comparison of ambient dose
equivalent rate as a function of flight time for GCR. Figure 32 presents the same for the sum of the
effects due to GCR and SCR, and the amplitude of solar protons flux as defined in this scenario.
Analogously for effective dose rate, see: Figure 33 and Figure 34.

Figure 32 shows that the median of ambient dose equivalent rate values around the SCR peak
increased by factor of about 6 with respect to the median of ambient dose equivalent rate values for
GCR as shown in Figure 31. A comparison of Figure 31 and Figure 32 further shows that the lowest
calculated ambient dose equivalent rate around the SCR peak is between 20 uSv/h and 25 pSv/h, i.e.
a factor of about 5 larger compared to GCR-median. The highest ambient dose equivalent rate value
is about 45 pSv/h, i.e. about a factor 9 larger compared to GCR-median. Similar factors are observed
for effective dose rate (see Figure 33 and Figure 34).
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Figure 31: Comparison of ambient dose equivalent rate for galactic cosmic radiation
(GCR) calculated for selected flight profile (207: Sydney-Johannesburg) by different
codes (white) presented with median (red).
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Figure 32: Comparison of ambient dose equivalent rate for the sum of galactic
cosmic radiation (GCR) and “simplified GLE42" event (SCR) calculated for selected
flight profile (207: Sydney-Johannesburg) by different codes (white, left axis)
presented with median (red, left axis). In addition, we show the time profile of GLE42
(orange, right axis) event for solar protons with energies of 1 GeV near Earth, outside
the geomagnetosphere as defined in Table 2.
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Figure 33: Comparison of effective dose rate for galactic cosmic radiation (GCR)
calculated for selected flight profile (207: Sydney-Johannesburg) by different codes
(white) presented with median (red).
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Figure 34: Comparison of effective dose rate for the sum of galactic cosmic radiation
(GCR) and “simplified GLE42" event (SCR) calculated for selected flight profile (207:
Sydney-Johannesburg) by different codes (white, left axis) presented with median
(red, left axis). In addition, we show the time profile of GLE42 (orange, right axis)
event for solar protons with energies of 1 GeV near Earth, outside the
geomagnetosphere as defined in Table 2.
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5.3.2 Investigation 2 (GLE69)

5.3.2.1 Route dose in terms of ambient dose equivalent #*10) and effective dose £

Figure 35 shows the comparison of route ambient dose equivalent, #%10), as a function of flight
time for GCR. The median route A#*10) due to GCR for the flight 863 (San Francisco-Paris) is 55 pSv;
the minimum value is about 45 pSv and maximum is about 65 pSv. For the flight 202 (Chicago-
Beijing) the median A*10) is 60 uSv; with similar minimum and maximum values compared to flight
863. The median H*10) for the flight 207 (Sydney-Johannesburg) is 65 pSv; the minimum value is
about 55 puSv and maximum is about 70 uSv.

Figure 36 presents the comparison for the sum of the effects due to GCR and SCR. For the flight 863
the median A*10) is about 375 uSv; minimum is about 175 uSv and maximum about 600 uSv. For
the flight 202 the median A#%10) is 300 pSv; minimum is about 100 pSv and maximum about 425
pSv. For the flight 207 the median A*10) is about 450 uSv; minimum is about 150 uSv and maximum
about 575 uSv.

For route effective dose, Figure 37 and Figure 38 present the corresponding comparison for GCR and
for the sum of GCR and SCR, respectively. Figure 38 shows that for the flight 863 the median £'is
about 400 pSv; minimum is about 250 pSv and maximum about 475 uSv. For the flight 202 the
median £is 260 puSv; minimum is about 180 uSv and maximum about 320 uSv. For the flight 207 the
median £is about 440 uSv; minimum is about 300 puSv and maximum about 460 uSv.

As for effective dose, the spread of route dose values for GCRis roughly the same as for ambient dose
equivalent, while it is not the case for the sum of GCR and SCR. It must be noted that not all codes
provide both results in terms of ambient dose equivalent and effective dose.
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Figure 35: Comparison of route ambient dose equivalent for galactic cosmic
radiation (GCR) calculated with 1-minute resolution for selected flights (white)
presented with the median (red).
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Figure 36: Comparison of route ambient dose equivalent of the sum of galactic
cosmic radiation (GCR) and GLE69 event (SCR) calculated with 1-minute resolution
for selected flights (white) presented with the median (red).
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Figure 37: Comparison of route effective dose for galactic cosmic radiation (GCR)
calculated with 1-minute resolution for selected flights (white) presented with the
median (red).
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Figure 38: Comparison of route effective dose of the sum of galactic cosmic
radiation (GCR) and GLE69 event (SCR) calculated with 1-minute resolution for

selected flights (white) presented with the median (red).
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5.3.2.2 Dose rate profile over flight time

Figure 39 until Figure 50 present calculated data of dose rate profiles over flight time. The
corresponding flight time with respect to the time profile of the GLE event is given in Figure 18.
Contrary to corresponding figures in chapter 5.3.1.2, here no median values are presented as the
calculations for this investigation were done at various timestamps by different codes.

Figure 39 presents the comparison of ambient dose equivalent rate for GCR conditions calculated
for San Francisco - Paris flight (flight 863). Figure 40 presents the comparison for the same quantity
calculated for the same flight but for both GCR and SCR conditions. While the maximum calculated
ambient dose equivalent rate for GCR conditions is roughly 8 uSv/h, the peak calculated ambient
dose equivalent rate for GCR and SCR is about 550 uSv/h. The phase of the flight when ambient dose
equivalent rate is above 100 uSv/h takes 1 - 2 hours, depending on the code. Similar observations
can be done for effective dose (Figure 41 and Figure 42). For GCR, the maximum effective dose rates
are slightly higher than ambient dose equivalent rate — 9 pSv/h, but the peak calculated effective
dose rate is lower than previously - about 400 pSv/h. This may come from the fact, that not all codes
give both quantities.

For flight 202, Chicago - Beijing, ambient dose equivalent rates are presented in Figure 43 for GCR
and Figure 44 for the sum of GCR and SCR. Effective dose rates are presented in Figure 45 for GCR
and Figure 46 for the sum of GCR and SCR. The maximum calculated ambient dose equivalent rate
for GCR is slightly more than 6 uSv/h and about 550 uSv/h for the sum of SCR and GCR. Similarly, for
effective dose rate: maximum value for GCR is about 7 uSv/h and some 425 pSv/h for the sum of SCR
and GCR. The phase with dose rates (both, ambient dose equivalent and effective dose) above
100 pSv/h lasts about 1 hour.

The same sequence of figures is presented for flight 207, Sydney-Johannesburg: Figure 47 for
ambient dose equivalent rate due to GCR, Figure 48 for ambient dose equivalent rate due to SCR and
GCR, Figure 49 for effective dose rate due to GCR and finally Figure 50 for effective dose rate due to
both GCR and SCR. The maximum ambient dose equivalent rate due to GCR is about 7 pSv/h (Figure
47) and maximum effective dose rate is 8 uSv/h (Figure 49). For the sum of GCR and SCR, the
maximum values are 1.5 mSv/h for ambient dose equivalent rate (Figure 48) and 1.1 mSv/h for
effective dose rate (Figure 50). In both cases, however, the maximum lasts some minutes, while the
phase with dose rates above 100 pSv/h is up to 2 hours. Compared to the two other flights,
calculations performed for this flight showed the largest peak dose rate values. That can be
attributed to the north-south anisotropy during the initial and main phase of the SPE and the
different flight profiles.
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Figure 39: Comparison of ambient dose equivalent rate for galactic cosmic radiation
(GCR) calculated for selected flight profile (863: San Francisco—Paris) by four codes.
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Figure 40: Comparison of ambient dose equivalent rate for the sum of galactic
cosmic radiation (GCR) and GLE69 event (SCR) calculated for selected flight profile
(863: San Francisco—Paris) by four codes.
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Figure 41: Comparison of effective dose rate for galactic cosmic radiation (GCR)
calculated for selected flight profile (863: San Francisco—Paris) by three codes.
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Figure 42: Comparison of effective dose rate for the sum of galactic cosmic radiation
(GCR) and GLE69 event (SCR) calculated for selected flight profile (863: San
Francisco—Paris) by three codes.
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Figure 43: Comparison of ambient dose equivalent rate for galactic cosmic radiation
calculated for selected flight profile (202: Chicago-Beijing) by five codes.
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Figure 44: Comparison of ambient dose equivalent rate for the sum of galactic
cosmic radiation and GLE69 event calculated for selected flight profile (202:
Chicago-Beijing) by five codes.
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Figure 45: Comparison of effective dose rate for galactic cosmic radiation (GCR)
calculated for selected flight profile (202: Chicago-Beijing) by four codes.
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Figure 46: Comparison of effective dose rate for the sum of galactic cosmic radiation
(GCR) and GLE69 event (SCR) calculated for selected flight profile (202: Chicago-
Beijing) by four codes.
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Figure 47: Comparison of ambient dose equivalent rate for galactic cosmic radiation
(GCR) calculated for selected flight profile (207: Sydney-Johannesburg) by four
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Figure 48: Comparison of ambient dose equivalent rate for the sum of galactic
cosmic radiation (GCR) and GLE69 event (SCR) calculated for selected flight profile
(207: Sydney-Johannesburg) by four codes.
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Figure 49: Comparison of effective dose rate for galactic cosmic radiation (GCR)
calculated for selected flight profile (207: Sydney-Johannesburg) by three codes.
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Figure 50: Comparison of effective dose rate for the sum of galactic cosmic radiation
(GCR) and GLE69 event (SCR) calculated for selected flight profile (207: Sydney-
Johannesburg) by three codes.
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6. Discussion

Figure 19 to Figure 22 and Figure 35 to Figure 38 summarize the results obtained for the calculated
route doses by the different codes for the selected flights, both in terms of ambient dose equivalent,
H*(10), and effective dose, £ for the investigation of the ground level enhancement GLE42 and of
GLE69. All codes result in the expected dose due to GCR as well as the increased dose during both
ground level enhancements. As expected, the GCR dose data agree quite well, while the dose
comparisons for GLE42 and GLE 69 show larger dose differences than for GCR.

To compare all calculated route dose results, H.., the median of the route dose results, Hmedian, is
determined for each flight for the condition GCR, SCR, and GCR+SCR separately. Figure 51 and Figure
52 show the relative deviation (Hcic = Ahedian)/ Hmedian fOr the three conditions and the three flights.
There is obviously a significant spread in the dose ratios for the SCR but not for GCR. The reason for
this could have several causes and can only be partially discussed in this report. It would require a
detailed description of all mathematical procedures by all code providers. Since quite good
agreement of codes has already been demonstrated between the codes for the assessment of doses
and dose rates caused by GCR, one reason might be the different handling of the time dependent
spectrum and anisotropy of the solar energetic protons. To clarify the influence of these parameters
on the deviation of different codes to their median, investigations of two different GLEs with
different approaches have been carried out in this study. While in the investigation of GLE42, a
defined solar proton input spectrum has been provided, in the investigation of GLE69 the
information on SCR input spectrum was provided by references to published data. In fact, we have
observed different results for both investigations, which we will discuss in more detail.

For GLE42, the median values for #%10) due to GCR calculated for the different flights are 42 uSv,
46 uSv and 50 uSv. The maximum deviation from the median is on the order of 20% which
corresponds to a factor of about 1.5 between the lowest and the highest calculated route dose. The
median values of the calculated route doses for A##(10) for the contribution of SCR are 161 Sy,
123 uSv and 123 puSv which means that on average the dose due to SCR on these routes was
estimated to be between 2.5 to 4 times higher than the GCR dose. The model predictions for the SCR
dose show a much broader distribution than the GCR doses with maximum deviations from the
median of up to 70%. The highest estimates for the SCR route dose are factors of 4 to 5 greater than
the lowest estimates. The large spread in the SCR data is somewhat diluted in the total route doses
containing both GCR and SCR contributions; here the maximum deviations from the median are on
the order of 40% to 50% and the ratio between the highest and the lowest estimated route dose is
between 2 and 3. For the effective dose, the results are similar but with a somewhat higher maximum
deviation of 40% from the median for the estimated effective dose due to GCR.

For GLE69, the GCR contribution is greater by about 15% due to the lower solar activity at the time
of the event and the spread in the estimate of A#%10) is slightly higher but comparable to GLE42
(maximum deviations from the median between 10% and 30%). For SCR alone, however, the
distribution is even broader than for GLE42 with maximum deviations above 80% of the median. The
most extreme differences occur for the northern flight route from Chicago to Beijing (flight 202) for
which the highest estimate is more than a factor of 10 greater than the lowest estimate. For the total
route doses containing both GCR and SCR this translates to maximum deviations from the median
between 60% and 70% and factors of about 4 between the lowest and the highest estimate.

Figure 53 shows frequency distributions based on the data from Figure 51 and Figure 52 for the
relative deviations (Haic — Hmedian)/ Hmedian fOr both the ambient dose equivalent, /##(10) and effective
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dose, £ The results of the comparison for the various codes that calculated the route doses for the
GCR show a standard deviation from the median of 17%. This confirms the result that has been
already published earlier on comparison of codes assessing radiation exposure of aircraft crew due
to galactic cosmic radiation (EURADOS Report 2012-03). Figure 53 shows further for the SCR and
GLE42 a standard deviation from the median of about 30% for both A*(10) and £. For GLE69 the
corresponding standard deviation from the respective median is 50% for A#*(10) and 25% for £.

The set of codes used for calculation of A*(10) and £ was not the same. So, the reason for the
differences of the standard deviations from the medians cannot be explained without going in the
details of the different codes and compromising the anonymity.

As already mentioned above, the main difference between the dose assessments for GLE42 and for
GLE69 is that different SCR input data were used: precisely defined data for GLE42 and literature
values for GLE69. For GLE42 an isotropic SCR flux was assumed whereas the modelling characteristics
of GLE69 were defined by each participant and had to reflect the large anisotropy during the initial
and maximum phase of the SCR event as reported in the literature. Therefore, we conclude that one
of the major reasons for the different results of both investigations is the different treatment of the
SCR characteristics in the different codes.
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Figure 51: Comparison of the deviations for the route ambient dose equivalent,
H*10), (upper diagram) and route effective dose, £ (lower diagram) for GCR, SCR
and the sum GCR+SCR for the investigation of GLE42.
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7. Conclusions

Nine codes have been used for the assessment of radiation exposure in typical flight altitudes in a
comparison exercise organised by the EURADOS Working Group 11 on High Energy Radiation Fields
on harmonization of aviation dosimetry practices in European countries. Some of these codes are
based on simulation of the secondary field of cosmic radiation by Monte Carlo techniques, while
others use a semi-empirical solution based on a fit to experimental data.

Although the results of the report show estimates of the route doses due to GCR that are consistent
and fairly in line with those given in the previous EURADOS report on GCR dose (EURADOS Report
2012-03), the spread in the reported route doses due to SCR is significantly larger. The maximum
deviation from the median of the route doses calculated by individual codes reaches values of more
than 70% for GLE42 for which the definition of the primary spectrum was pre-defined and should
not provide a source of uncertainty to the model results. This large spread in the SCR route dose
results based on a pre-defined spectrum cannot be explained by this report without compromising
the anonymity of the codes. For GLE69, for which no specific primary proton characteristics were
provided, the maximum deviation of the SCR route doses from the median reaches values above
80% and factors up to about 10 between the lowest and highest route dose value, which reduce to
factors of about 4 if the total route doses include GCR and SCR.

Summarizing the results for all flights for the SCR, for GLE42 a standard deviation from the median
of about 30% for both A#(10) and £is obtained. For GLE69 the corresponding standard deviation
from the respective median is 50% for A#*(10) and 25% for E.

We conclude that one of the major reasons for the significant spreading of the SCR route dose results
obtained by the different codes is the identification and handling of the solar proton characteristics.
Therefore, we strongly suggest developing a traceable method to identify and handle the solar
proton characteristics (spectrum, anisotropy, time evolution) related to ground level enhancements.

In addition, we recommend that any code to be used for dose assessment of radiation exposure due
to solar cosmic radiation at aviation altitudes should be validated by experimental data. This of
course calls for on-board measurements during GLE events. Given the unpredictable nature of such
events, this requires carefully planned, long-term measurement strategies.
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Appendix 1: Description of Models

A1.1 AVIDOS and SOLARDOS

AVIDOS is based on numerical calculations and an empirical model. Numerical calculations were
performed using the FLUKA (Ferrari, 2005) Monte Carlo code. A spatial density profile of the Earth’s
atmosphere and an updated primary proton energy spectrum (Gaisser, 2001) were taken into
account in modelling the Earth environment and galactic cosmic radiation. Resulting fluence rates
were converted into ambient dose equivalent rates and into effective dose rates using fluence to
dose conversion coefficients (Pelliccioni, 2000) according to the ICRP 60 publication (ICRP, 1991). A
multi-parameter model (Beck, 2007) was applied to the results of the FLUKA calculations, allowing
the determination of ambient dose equivalent rates and effective dose rates over the full range of
vertical cutoff rigidity (Smart, 1997), solar deceleration potential (Badhwar, 1997) and commercially
used altitudes. The solution was implemented in a computational code called AVIDOS. Route doses
are calculated by integrating dose rates calculated at each waypoint. A waypoint should give
information on current flight time, geographical location and altitude. If the travel time between two
following waypoints is larger than 5 minutes, sub-waypoints are created assuming constant altitude
and route along a great circle. AVIDOS is regularly updated with neutron monitor records to reflect
changes in solar activity. AVIDOS is further described by Latocha, et al. (Latocha, 2009). Dose
determination of the aircraft crew with AVIDOS is carried out with uncertainties less than + 30% and
in accordance with the laboratory standard EN ISO IEC 17025, which is valid worldwide due to the
accreditation of the Austrian accreditation body as a member of the International Laboratory
Accreditation Cooperation (ILAC).

SOLARDOS is a module for real-time assessment of radiation exposure at aviation altitudes due to
strong solar energetic particles that lead to enhanced radiation levels on ground (GLE). This module
together with AVIDOS forms the software package AVIDOS 2.0. The estimation of GLE radiation
exposure has few steps. In the first step, a solar proton spectrum is assessed. This is done based on a
wide literature study and data from a single neutron monitor station. AVIDOS 2.0 calculates a soft
spectrum with lower maximum proton energies and a hard one with higher maximum proton
energies for an isotropic incidence scenario. The spectra are propagated through the atmosphere
using Mote Carlo numerical simulations results performed with Geant4 (Agostinelli et al., 2003;
Allison et al., 2006) application PLANETOCOSMICS (http://cosray.unibe.ch). For ambient dose
equivalent and effective dose rates, the ICRP-60 conversion coefficients (Pelliccioni, 2000) are used.
In this way, the minimum and the maximum expected dose rates are assessed. In real-time mode,
the whole procedure is automatically triggered by a GLE-alert system and during a GLE event, the
calculations are done every 5 minutes. A more detailed description is published elsewhere (Latocha,
2016).

An internet version of AVIDOS 2.0 is provided to the public via the ESA Space Weather Portal
(http://swe.ssa.esa.int/web/guest/avidos-federated). It is an educational online software and may
not be used for radiation dosimetry services. The software has four modes that differ in complexity.
In the public mode, simplified calculations are conducted based only on departure, destination and
the date/time of the flight. In aircrew mode, one can change cruising altitude and flight duration. In
waypoint mode, one can upload a detailed flight profile. Finally, science mode allows for an analysis
of radiation dose dependency on different solar proton spectra and flight paths. In 2021, a new
version 3.0 of AVIDOS with web technology and improved graphical user interface will be released.
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A1.2 EPCARD.Net and GEANT4 — GLE module

A widely used program for monitoring of the effective dose of aircrews is the European Program
package for the Calculation of Aviation Route Doses? (EPCARD). This code was developed at the
Helmholtz Zentrum Miinchen (former GSF) by (Schraube et al., 2002) together with scientists from
the University of Siegen, Germany, and further improved by (Mares et al., 2009) as EPCARD.Net?.
EPCARD.Net is a completely new object-oriented code which can be run without recompilation on
many state-of-the-art operating systems such as Microsoft® Windows NT/2K/XP/Vista/Win7/Win8
/Win10 (using .Net® or Mono® runtime platform) or “UNIX kernel type” operating systems like Linux,
Mac OS X or Solaris (using the Mono® runtime platform). The so called “XML-EPCARD application” for
input and output guarantees errorless data exchange. It can be implemented in a broad spectrum
of usage scenarios like a WEB service, an Operating System scripts component, or as a single
standalone application with intuitive Graphic User Interface. All legal requirements for the
determination of effective dose along any flight route are fulfilled by this program package. In 2010,
EPCARD.Net ver. 5.4.3 Professional was approved for official use for dose assessment of radiation
exposure due to secondary cosmic radiation at aviation altitudes by the German Aviation Authority
(LBA) and the National Metrology Institute, Physikalisch-Technische Bundesanstalt (PTB).

The basis for the calculation of effective dose, £ and ambient dose equivalent, #%10), in EPCARD.Net
are secondary particle spectra of neutrons, protons, photons, electrons and positrons, muons, and
pions, calculated by (Roesler, 1998, 2002) and (Heinrich, 1999) with FLUKA Monte Carlo code (Ferrari,
2005) at various depths down to sea level for all possible physical circumstances of solar activity and
geomagnetic shielding conditions. The primary galactic spectra used in the FLUKA calculations, as
well as the modulation potential describing solar activity, and the related impact on the GCR
intensity and spectral distribution near Earth ware based on the theory of Badhwar and O’'Neill
(Badhwar et al., 1994, 1996). This model was designed to derive the solar potential from the Climax
Neutron Monitor and it was revised by O'Neill (O'Neill, 2006, 2010). These secondary particle spectra
were recently inter-compared and shown to be consistent with new results of Pioch (Pioch, 2012).
He has used proton and helium spectra from (Burger et al., 2000) and the model for the heliopsheric
modulation developed by (Usoskin et al., 2005, 2011) to calculate secondary particle fluxes, and the
corresponding dose quantities with GEANT4 v. 9.3 (Agostinelli et al., 2003; Allison et al., 2006) and
the G4NDL data library v. 3.13 (GEANT4, 20093, 2009b). A similar procedure was used in case of GLE42
using a differential intensity of solar protons as defined by (Smart et al., 1991) and used for this
EURADOS inter-comparison. Based on secondary cosmic ray particle spectra calculated with
GEANT4, and applying minutely flight profiles calculated with EPCARD.Net, including time, altitude,
geographic position, and the related vertical effective cutoff rigidity the dose quantities were
estimated. Merging EPCARD.Net with GEANT4 calculations provides the basis for a GLE module in
EPCARD.Net package. Deriving the intensity-time profile of a GLE as well as the maximum amplitude
from near real-time Neutron Monitor databases (e.g. NMDB*), and assuming an isotropic flux of solar
protons near Earth allows, in most cases, conservative dose estimation soon after the event, which is
favored for radiation protection purposes. However, additional investigations and calculations for
different GLEs are required in order to fully develop a GLE module for EPCARD.Net which may be
routinely applied in aircrew dosimetry.

2 https://www.helmholtz-muenchen.de/epcard

3 https://www.helmholtz-muenchen.de/epcardnet

4 http://www.nmdb.eu
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A1.3 FDOScalc

FDOScalc is based on a mathematical model which provides a fit to the complete dataset of ambient
dose equivalent rates measured by PTB. The dataset includes 892 data points measured between
1997 and 1999 with an ionization counter and a modified rem counter (Schrewe, 2000), and 1537
data points measured with a tissue-equivalent proportional counter (TEPC) system between 2003
and 2006 (Wissmann, 2006). The model includes all relevant influencing parameters, such as altitude,
vertical cutoff rigidity, and neutron monitor rate. The goal was to have a simple-to-use, functional
description of the dose rate distribution for different flight altitudes, geographical locations, and
levels of solar activity. Since the problem was approached with Bayesian statistical methods, tools
were available to investigate and compare various competing mathematical models that could be
used to describe the data; it was also possible to evaluate an uncertainty for each dose rate value
calculated with the final model function. In references (Schrewe, 2000; Wissmann, 2006), it was
shown that relatively simple relations can be used to describe the measured dose rate as a function
of the altitude, geomagnetic latitude, and fluence rate of secondary neutrons at ground level. Since
the neutron monitor rate is a direct measure of the fluence rate of primary cosmic ray particles
entering into the atmosphere, it can be used to evaluate the change in the dose rate at flight
altitudes due to changes in solar activity. The neutron monitor at Oulu, Finland, was selected for
monitoring the secondary neutron fluence rate at ground level. The geomagnetic latitude is not the
best parameter to describe the influence of the Earth's magnetic field. A better parameter is the
vertical cutoff rigidity, 7, which describes the minimum rigidity required for a charged particle to
enter the magnetic field and to reach a certain altitude. It was shown in references (Schrewe, 2000;
Wissmann, 2006) that the measured data, when normalized to a common altitude of FL350,
smoothly follow a simple function of vertical cutoff rigidity r,

~(re /)"

Hposeac = Ho + H, €

. . A d
Heposcac = Ho +H, € (1
where Ho Ho and H1 H1 are assumed to be constant and ¢ d are fitting parameters. In
FDOScalc, a more general expression in which the coefficients are described by a Taylor expansion
was used. A detailed analysis using tools of Bayesian data analysis showed that not all expansion
coefficients are necessary to describe the data. This approach prevents over- or under-
parameterization of the mathematical model. The final equations used in FDOScalc are (Wissmann,
2010):
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Hl = Qg +b10(NNM - NI?IM)+C10(NNM - Nl?IM)Z +
[all +b11(NNM - N|(\)1M)+C11(NNM - Nl(\)lM)z](h_ho)

where Ais the altitude, M is the count rate of the neutron monitor in Oulu, and a«, b, and G« are
fitting parameters. The exponent "0” indicates the reference values. The validity of this function is
restricted to the data range of the fitted data. Therefore, only calculations for Oulu neutron monitor
count rates M between 5700 counts/min and 6500 counts/min and flight levels between FL230
and FL415 are allowed.
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A14 WASAVIES | JISCARD EX

For GCR calculations, JISCARD EX (Yasuda, 2011, http://www.jiscard.jp/ ) coupled with a PHITS-based
analytical code PARMA (Sato, 2008) is used, while calculations for SEP are done with WASAVIES
(Kataoka, 2014; Sato, 2014).

WASAVIES (Warning System for Aviation Exposure to Solar Energetic Particles) is a physics-based

forward model for predicting the time profile of radiation dose for aircrews. As of 2015, the basic flow

of the model is to:

1 detect GLE by a GLE-Alarm system based on the count rates of several neutron monitors
(Kuwabara, 2006),

2  evaluate the appropriate mean free path and the injection profile of the event, using the count
rates of several neutron monitors,

3 predict the energy and time dependences of the SEP fluxes outside magnetosphere by solving
the focused transport equation using the above parameters (Kubo, 2015),

4 normalize the calculated SEP fluxes using the GOES proton data,

5 determine the SEP fluxes at the top of the atmosphere up to 86 km in altitude, using the
proton trace model in the magnetosphere (Kataoka, 2014),

6 calculate the SEP fluxes on flight routes using the database of the air-shower simulation for
mono-energetic proton incidences performed by PHITS (Sato, 2014), and

7  convert the calculated fluxes to the effective doses using the dose conversion coefficients
given in ICRP publication 116.

It takes approximately 2.5 hours to evaluate the mean free path and the injection profile (step 2) after
the detection of GLEs, and thus, the current WASAVIES cannot predict doses during the peak of GLEs.
Therefore, the developers are trying to reduce the time for the evaluation. The automatic calculation
and broadcast system is also under development in the framework of Project for Solar-Terrestrial
Environment Prediction — PSTEP (http://www.pstep.jp) in Japan.

A15 PCAIRE

The Predictive Code for Alrcrew Radiation Exposure, known as PCAIRE, is a semi-empirical model to
calculate radiation exposure for commercial aircrew and frequent flyers (available online at
www.pcaire.com), with one of the world’s largest repositories of measured global flights spanning a
range of geomagnetic latitudes from -40° to 85° (Lewis, 2001). These flight data have been collected
on commercial and military aircrafts by PCAIRE in cooperation with the Royal Military College of
Canada, since 1997, with 15-30 instrumented flights flown each year (Lewis, 2002; Lewis, 2004).

A tissue-equivalent proportional counter (TEPC) is used to collect ambient dose equivalent data at
one-minute intervals. All data are correlated with the specific altitude and global position and then
averaged over five-minute intervals using a standard smoothing technique. An altitude correction
function has been developed to account for the effect of altitude. In addition, a theoretical analysis
scales the data to account for the smaller effect of varying solar modulation (for a given date). The
heliocentric potential and altitude correction functions are then used to normalize all of the data.
The final result is a single correlation of all dose rate data versus vertical cutoff rigidity. This
relationship allows the dose rate for any global position, altitude and date to be interpolated. PCAIRE
provides a total ambient dose equivalent, /*10), estimate by integrating this dose rate function over
a given flight path, accounting for altitude and heliocentric potential effects.
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PCAIRE requires user input for the flight duration time, altitudes and time flown at these altitudes,
departure and destination locations and the date of the flight. The code provides a rapid route-dose
output in total ambient dose equivalent and/or effective dose (using either a FLUKA or LUIN
conversion function). PCAIRE maintains complete crew profiles and can associate individuals with
flights flown, allowing exposure to be reported on a per-crew basis; likewise, PCAIRE can report a
per-flight exposure which can be exported in a format acceptable to HR systems. PCAIRE can be run
on corporate servers, via the internet, on an iPhone or on a laptop.

To estimate the additional contributions from Solar Energetic Particles (SEPs), a special model was
developed using a Monte-Carlo radiation transport code, MCNPX. The model transports an
extrapolated particle spectrum based on satellite measurements through the atmosphere using the
MCNPX analysis. This code produces the estimated flux at a specific altitude where radiation dose
conversion coefficients are applied to convert the particle flux into effective and ambient dose-
equivalent rates. A cut-off rigidity model accounts for the shielding effects of the Earth’s magnetic
field.

Comparisons were made between the SEP model predictions and actual flight measurements taken
with various types of instruments used to measure the mixed radiationfield during Ground Level
Enhancements 60 and 65. An anisotropy analysis that uses neutron monitor responses and the pitch
angle distribution of energetic solar particles was used to identify particle anisotropy for a solar event
in December 2006.

A1.6 PANDOCA

The PANDOCA (Professional AviatioN DOse CAlculator) code was developed at the German
Aerospace Center (DLR) at the Institute of Aerospace Medicine. Different versions of the model exist
which are capable of calculating the effective dose after recommendations given in ICRP, Report 60
and ICRP Report 103, respectively. The version used in this comparison is described below. It
calculates the effective dose after ICRP, Report 60. The most recent version, approved for the dose
assessment of aircrew in Germany provides the effective dose following recommendations given in
ICRP, Report 103. The impact of the corresponding updated weighting factors on the model was
investigated and published in Mejer and Matthia, (2019).

The radiation exposure is calculated using the GEANT4 version 4.9.1 Monte Carlo code (Agostinelli,
2003) in combination with the model of the atmosphere (Picone, 2002) and the magnetic field of the
Earth (Maus, 2005) provided by the PLANETOCOSMICS tool (http://cosray.unibe.ch). Galactic cosmic
hydrogen and helium are considered as primary particles in the energy range from 100 MeV to 1.5
TeV (hydrogen) and 100 MeV to 850 GeV (helium). The primary particle energy spectra as described
by Matthia et al. (2013) are used. The GEANT4 interface to the JAM/JQMD model by Koi et al. (Koi,
2003) is used to calculate the helium transport at energies larger than 10 GeV/n. The resulting energy
spectra of secondary protons, neutrons, photons, electrons, positrons, muons and pions at a given
altitude are converted to effective dose and ambient dose equivalent using fluence-to-dose
conversion factors (http://inf.infn.it).

The geomagnetic shielding effect was taken into account using the effective vertical cutoff rigidity
calculated with PLANETOCOSMICS on a two-times-three degree grid in geographic latitude and
longitude. The calculations of effective cutoff rigidity are based on the IGRF model of the
geomagnetic field for 2005. In order to account for geomagnetic shielding, the geographic location
is then converted to cutoff rigidity and the corresponding cutoff energy by interpolating between
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the calculated values on the coordinate grid. For a given flight profile, the model provides the
effective dose rate dF/dt and the ambient dose equivalent d4#%10)/d¢ at each waypoint and the
resulting flight-integrated values of £and A*10). Details about the PANDOCA model are published
in Matthia et al. (2014).

In case of a ground level enhancement, data from the neutron monitor network is used to derive the
temporal evolution of the primary spectrum of the solar energetic particles. Using asymptotic
viewing directions of the different neutron monitor stations, the angular distribution of the event is
described. Typically, data of about 30 neutron monitor stations is used for this analysis. For the
calculation of the radiation exposure on a specific flight route, the asymptotic viewing direction at
each waypoint is calculated, the primary energy spectrum is derived and the dose rates at the given
location are calculated. The procedure is described in detail in Matthia et al. (2009 a,b). During solar
events without sufficient information from ground based neutron monitors, data from satellite (e.g.
GOES) measurements is used.

A1.7 PLANETOCOSMICS - Bern Model

With the Bern model, the radiation dose rates in the Earth's atmosphere due to solar and galactic
cosmic radiation are computed in individual steps:

In a first step the near-Earth galactic and solar cosmic radiation flux outside the geomagnetosphere
must be determined. The galactic cosmic ray spectrum is described by the heliocentric potential as
based on the work of Gleeson and Axford (Gleeson, 1968b), Garcia-Munoz et al. (Garcia-Munoz,
1975), and Caballero-Lopez and Moraal (Caballero-Lopez and Moraal, 2004). The characteristics of
the solar cosmic ray flux are determined based on the the measurements of the worldwide network
of neutron monitors during the SEP. Neutron monitors are sensitive in the energy range ~500 MeV
to ~20 GeV, which includes the majority of the high-energy solar cosmic rays. As neutron monitors
are positioned on different geomagnetic latitudes, they have different cutoff energies and are
therefore sensitive to different energy ranges. Due to their longitudinal spread, the neutron monitors
of the worldwide network differ also in the acquisition directions of primary cosmic rays, i.e.
information on the anisotropy of the solar cosmic ray flux can be determined. From the recordings
of the worldwide network of neutron monitors, the characteristics of the solar proton flux near Earth
during a SPE can be determined by using the method developed by Smart et al. (1971) and
Debrunner and Lockwood (1980). With this method the count rate increases of the neutron monitors
are simulated by using reasonable assumptions of the specific solar cosmic ray flux, the pitch angle
distribution, and the apparent source position near Earth. With a trial and error procedure, the SEP
characteristics can be determined by minimizing the difference between the calculated and the
observed neutron monitor increases for the set of selected neutron monitor data. With this model it
is therefore possible to determine the spectral shape, amplitude, and anisotropy of the solar cosmic
ray flux near Earth in the energy range ~500 MeV to ~ 15 GeV. For energies below 500 MeV cosmic
ray fluxes near Earth are evaluated from direct measurements of space based detectors.

In a second step the vertical cutoff rigidities, i.e. the minimum rigidity needed so that a cosmic
radiation particle can reach the top of the atmosphere in the vertical direction, are computed at the
grid points of a 5° X 5° network in geographic coordinates. Here, the Earth’s magnetic field is
described by the IGRF model for the internal field and by the Tsyganenko89 magnetic field model
for the magnetic field caused by variable external sources subject to the dynamic interactions of the
solar wind with the geomagnetosphere. For these computations the software suite
PLANETOCOSMICS (Desorgher 2005; Desorgher, 2006) is used. PLANETOCOSMICS is based on the
Geant4 software, a platform for simulating passage of particles through matter using Monte Carlo
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methods (https://geant4.web.cern.ch). The PLANETOCOSMICS application allows to simulate the
propagation of charged particles in the planetary magnetic field, and/or the hadronic and
electromagnetic interactions of cosmic radiation with the environment of Earth, Mars, or Mercury,
including the planet's atmosphere and soil. Possible outputs of the program are the fluence rate of
particles at user-defined altitudes or the energy deposited by atmospheric shower particles in the
atmosphere. Applications of the PLANETOCOSMICS code include albedo fluence rate estimates,
solar particle fluence rate studies, computation of the ionization rate in the atmosphere by cosmic
radiation, and the study of energetic electron precipitation events at high latitudes.

The cutoff rigidities and the near-Earth cosmic radiation fluence rate are the basis for the third step,
computing the cosmic radiation fluence rate at the top of the Earth’s atmosphere for the 5° X 5° grid.
In the fourth step, the secondary cosmic radiation fluence rate in the atmosphere at specified
altitudes is processed at each grid point. Finally, the radiation dose rates are calculated for selected
atmospheric depths at the specified locations from the secondary particle fluence rate, using the
fluence-to-dose conversion factors based on FLUKA calculations by Pelliccioni (Pelliccioni, 2000). The
Bern model is non-commercial and is only used for scientific purposes.

A18 QARM

The QinetiQ Atmospheric Radiation Model (QARM) (Lei, 2004; Dyer, 2007) employs atmospheric
response functions generated by Monte Carlo radiation transport codes, in conjunction with cosmic
radiation and solar particle spectra and computed particle cutoff rigidities, to generate the radiation
field in the atmosphere at any given location and time. In the current version (available through the
website http://garm.space.ginetiq.com), the solar-modulated cosmic radiation spectra for both
protons and alpha particles are generated from the Badhwar and O’Neill model (O’Neill, 2006), while
the solar particle spectra are calculated from ground level neutron monitor data in conjunction with
spacecraft data as described in (Dyer, 2003a; Dyer, 2003b). In the current version the response
functions are calculated for both protons and alpha particles using the MCNPX code
(http://mcnpx.lanl.gov). The radiation along a flight path may be calculated using either a nominal
great circle route or actual flight coordinates. Both directionality and all significant particle species
are modelled and the outputs can be used to estimate integral properties of the environment such
as ambient dose equivalent to aircrew, using the conversion coefficients of Pelliccioni (Pelliccioni,
2000), and rates of single event effects (SEEs) in avionics, using either measured input cross-sections
for neutrons and protons or Weibull fits to such data. The geomagnetic cutoff rigidity can be
computed using the latest model of the magnetic field, including both internal and external source
terms from the International Geomagnetic Reference Field (IGRF) and the Tsyganenko model
respectively. Hence, allowance can be made for both long-term variations and short-term
disturbances during geomagnetic storms.

The successor to QARM is the Model of Atmospheric lonising Radiation Effects (MAIRE), which is
currently being updated to include solar energetic particle events, has been validated at high
altitudes using balloon-borne radiation detectors (Hands, 2017).

A19 SiGLE | SIEVERT

SIEVERT (Bottollier-Depois 2003, 2007) has been jointly developed by the French civil aviation
authority (DGAC), the Institute for Radiological Protection and Nuclear Safety (IRSN), the Paris
Observatory, the French Institute for Polar Research (IPEV) and Air France as operational adviser. This
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tool, which assists airlines in the application of French regulation, has been operational since
September 2001. SIEVERT is managed and operated by IRSN and receives support from SiGLE model
(Paris Observatory) in the case of a GLE.

SIEVERT provides two services: 1) a tool for calculating doses of cosmic radiation received during
flights according to the routes; the doses are made available to companies on a server restricted to
professionals; 2) a website for information on exposure to cosmic radiation, used to estimate the
dose received during a flight (www.sievert-system.org ).

The doses are evaluated, according to flight characteristics, from dosimetric data validated by IRSN.
The calculation of the dose received during a flight is based on numerical models which map dose
rates of cosmic radiation up to an altitude of 80,000 feet using the EPCARD software (Schraube, 2002)
distributed by the Helmholtz Zentrum. In SIEVERT, airspace is split into zones of altitude, longitude
and latitude to form a map made up of a mesh of 265,000 cells. A dose rate value is assigned to each
cell. The SIEVERT computer evaluates the time spent by the aircraft in each cell and deduces the dose
received. Maps are updated every month and, taking into account the trend of the solar cycle,
predictive maps can also be drawn up (up to 18 months).

SiGLE is developed and operated by Paris Observatory. It is a semi-empirical model (Lantos, 2003a;
Lantos, 2003b; Lantos, 2004; Lantos, 2006) which combines the few available measurements
obtained during GLE on board airplanes, with calculations based on particle transport codes for the
GLE number 42 (29 September 1989), to compute an estimate of the equivalent dose received by
aircrews during a GLE. From the Air France and British Airways Concorde measurements during GLE
42, alinear relationship between ground based neutron monitor GLE time profiles and dose rates at
60,000 feet in altitude is derived for different particle rigidity spectral exponents. The attenuation
factor, in relative scale, between the dose rate at 60,000 feet and the dose rate at the aircraft altitude
is deduced from theoretical calculations (O'Brien, 1998) and from the measurement on board a
Czech Airlines flight from Prague to New York (Spurny, 2001) during the GLE 60 (15 April 2001).
Finally, the relative variation of the dose rate with the geomagnetic latitude at subsonic altitudes is
estimated using results of dose rate calculations during GLE 42 by O’Brien and Sauer (O'Brien, 2000)
and Beck et al. (Beck, 1999) at the Greenwich meridian.

These data are combined in SiGLE to give an estimate of the dose rate at any location in the sky in
the course of the event. The rigidity spectrum exponent could be estimated from the ratio between
two specific neutron monitors with a good approximation if a more precise determination of the
exponent is not available in near real time (with NMDB for example). The reference monitor of SiGLE
is located in the Kerguelen Islands at Port-aux-Francais. This monitor, operated by IPEV, has a
nominal cutoff rigidity of 1.14 GV. Already four GLEs were taken into account in an operational way
(14/07/2000, 15/04/2001, 20/01/2005 and 13/12/2006) and corresponding doses included into the
SIEVERT maps.

Until 2016, the SiGLE model did not take into account the anisotropy of primary cosmic rays for
operations. Nevertheless, a simple approach considering this effect was included in the scientific
version, which was used for the intercomparison of the present report (GLE69) conducted in 2013.
The updated SiGLE model and its real time version SiGLE_RT (SiGLE_RT, 2018) use the full potential
of the worldwide network of neutron monitors to account for the North/South anisotropy of solar
particles.
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Appendix 2: Flight Data for GLE42

Flight No. 00863: San Francisco (KSFO) - Paris (LFPG)

00863;KSFO; LFPG;29/09/1989;10:20;29/09/1989;19:35;
00863;AER;000;00:00;373712N;1222230W;
00863;TOC;300;00:22;392236N;1195554W;
00863;INT;330;00:24;393154N;1193924wW;
00863;INT;370;01:09;440518N;1121236W;
00863;INT;370;01:28;454830N;1083730W;
00863;INT;370;02:34;522024N;0964242W;
00863;INT;370;03:14;562424N;0900000W;
00863;INT;370;04:03;603942N;0800000W;
00863;INT;390;05:15;650000N;0600000W;
00863;INT;390;06:10;660000N;0400000W;
00863;INT;390;07:07;630000N;0200000W;
00863;INT;390;08:13;555212N;0042648W;
00863;INT;250;08:52;502106N;0003830E;
00863;TOD;250;08:56;494724N;0011348E;
00863;AER;000;09:15;490036N; 0023254E;

Flight No. 00202: Chicago (KORD) - Beijing (ZBAA)

00202;KORD; ZBAA;29/09/1989;10:00;29/09/1989;23:11;
00202;AER;000;00:00;415800N;0875400wW;
00202;T0OC;290;00:18;431800N;0865100wW;
00202; INT;310;00:37;452400N;0845400wW;
00202; INT;330;01:11;494100N;0822400wW;
00202; INT;330;03:01;642400N;0800000wW;
00202; INT;350;05:04;801100N;0594800wW;
00202; INT;338;06:20;873100N;0300000E;
00202; INT;338;08:07;750100N;1001200E;
00202; INT;338;10:02;592600N;1043200E;
00202; INT;338;11:13;502000N;1062800E;
00202;INT;372;12:10;442700N;1131400E;
00202; INT;363;12:30;415000N;1130900E;
00202;TOD; 363;12:49;402300N;1152900E;
00202;AER;000;13:11;400500N;1163500E;
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Flight No. 00207: Sydney (YSSY) — Johannesburg (FAJS)

00207;YSSY;FAJS;29/09/1989;08:10;29/09/1989;21:55;
00207;AER; 000;00:
00207;TOC; 300;00:
00207;INT;300;00:
00207;INT;300;01:
00207;INT;310;02:
00207;INT;310;02:
00207;INT;310;02:
00207;INT;310;03:
00207;INT;310;03:
00207;INT;310;04:
00207;INT;310;04:
00207;INT;350;04:
00207;INT;350;05:
00207;INT;350;05:
00207;INT;350;05:
00207;INT;350;06:
00207;INT;350;06:
00207; INT; 350;06:
00207; INT; 350;07:
00207; INT; 350;08:
00207; INT;370;08:
00207; INT;370;09:
00207;INT;370;10:
00207;INT;370;12:

00207; INT; 390,12

00207;INT;390;12:

00207; INT; 350,12

00207;TOD; 350;13:
00207;AER;000;13:

00;335600S;1511000E;
18;3506005;1491200E;
57;374200S5;1444800E;
44;4200005;1400000E;
00;4342005;1381800E;
13;4500005;1370000E;
31;470000S;1350000E;
14;5200005;1300000E;
51;5600005;1250000E;
17;5800005;1200000E;
42;6000005;1150000E;
55;605400S;1115400E;
24;630000S;1050000E;
41;640000S;1000000E;
59;650000S;0950000E;
15;660000S;0900000E;
30;660000S;0850000E;
47;6500005;0800000E;
25;6300005;0700000E;
10;600000s;0600000E;
42;5718005;0544200E;
10;5500005;0500000E;
40;450000S;0430000E;
10;350000S;0350000E;

:30;3148005;0331800E;

34;3112005;0330000E;

:45;3024005;0321800E;

21;274800S;0294800E;
45;2608005;0281400E;
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The dashed lines shown in the figures do not represent an actual flight profile but are meant only to
guide the eye between the waypoints. The grey line depicts the amplitude of solar cosmic ray flux as
assumed for this inter-comparison exercise. Note that the way in which calculations are performed

between the waypoints depends on the individual codes.
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Figure 54: Flight altitude, vertical cutoff rigidity and SCR amplitude for Flight No.

00863 (29/09/1989): San Francisco - Paris
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Figure 55: Flight altitude, vertical cutoff rigidity and SCR amplitude for Flight No.

00202 (29/09/1989): Chicago - Beijing
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Figure 56: Flight altitude, vertical cutoff rigidity and SCR amplitude for Flight No.
00207 (29/09/1989): Sydney - Johannesburg
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Appendix 3: Flight Data for GLEG?

Flight No. 00863: San Francisco (KSFO) - Paris (LFPG)

00863;KSFO; LFPG;20/01/2005;04:15;20/01/2005;13:30;
00863;AER;000;00:00;373712N;1222230W;
00863;TOC;300;00:22;392236N;1195554W;
00863;INT;330;00:24;393154N;1193924wW;
00863;INT;370;01:09;440518N;1121236W;
00863;INT;370;01:28;454830N;1083730W;
00863;INT;370;02:34;522024N;0964242W;
00863;INT;370;03:14;562424N;0900000W;
00863;INT;370;04:03;603942N;0800000W;
00863;INT;390;05:15;650000N;0600000W;
00863;INT;390;06:10;660000N;0400000W;
00863;INT;390;07:07;630000N;0200000W;
00863;INT;390;08:13;555212N;0042648W;
00863;INT;250;08:52;502106N;0003830E;
00863;TOD;250;08:56;494724N;0011348E;
00863;AER;000;09:15;490036N; 0023254E;

Flight No. 00202: Chicago (KORD) - Beijing (ZBAA)

00202;KORD; ZBAA;20/01/2005;05:30;20/01/2005;18:41;
00202;AER;000;00:00;415800N;0875400W;
00202;TOC;290;00:18;431800N;0865100W;
00202;INT;310;00:37;452400N;0845400W;
00202;INT;330;01:11;494100N;0822400W;
00202;INT;330;03:01;642400N;0800000wW;
00202;INT;350;05:04;801100N;0594800wW;
00202;INT;338;06:20;873100N;0300000E;
00202;INT;338;08:07;750100N;1001200E;
00202;INT;338;10:02;592600N;1043200E;
00202;INT;338;11:13;502000N;1062800E;
00202;INT;372;12:10;442700N;1131400E;
00202;INT;363;12:30;415000N;1130900E;
00202;TOD;363;12:49;402300N; 1152900E;
00202;AER;000;13:11;400500N;1163500E;
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Flight No. 00207: Sydney (YSSY) — Johannesburg (FAJS)

00207;YSSY;FAJS;20/01/2005;02:00;20/01/2005;15:45;
00207;AER; 000;00:
00207;TOC; 300;00:
00207;INT;300;00:
00207;INT;300;01:
00207;INT;310;02:
00207;INT;310;02:
00207;INT;310;02:
00207;INT;310;03:
00207;INT;310;03:
00207;INT;310;04:
00207;INT;310;04:
00207;INT;350;04:
00207;INT;350;05:
00207;INT;350;05:
00207;INT;350;05:
00207;INT;350;06:
00207;INT;350;06:
00207; INT; 350;06:
00207; INT; 350;07:
00207; INT; 350;08:
00207; INT;370;08:
00207; INT;370;09:
00207;INT;370;10:
00207;INT;370;12:

00207; INT; 390,12

00207;INT;390;12:

00207; INT; 350,12

00207;TOD; 350;13:
00207;AER;000;13:

00;335600S;1511000E;
18;3506005;1491200E;
57;374200S;1444800E;
44;4200005;1400000E;
00;4342005;1381800E;
13;4500005;1370000E;
31;470000S;1350000E;
14;5200005;1300000E;
51;5600005;1250000E;
17;580000S;1200000E;
42;6000005;1150000E;
55;605400S;1115400E;
24;630000S;1050000E;
41;640000S;1000000E;
59;650000S;0950000E;
15;660000S;0900000E;
30;660000S;0850000E;
47;6500005;0800000E;
25;6300005;0700000E;
10;600000s;0600000E;
42;5718005;0544200E;
10;5500005;0500000E;

40;4500005;0430000E;

10;3500005;0350000E;

:30;3148005;0331800E;

34;3112005;0330000E;

:45;3024005;0321800E;

21;274800S;0294800E;
45;2608005;0281400E;
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Figure 57: Flight altitude and vertical cutoff rigidity for Flight No. 00863 (20/01/2005):
San Francisco - Paris
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Figure 58: Flight altitude and vertical cutoff rigidity for Flight No. 00202 (20/01/2005):
Chicago - Beijing
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Figure 59: Flight altitude and vertical cutoff rigidity for Flight No. 00207 (20/01/2005):
Sydney - Johannesburg
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