RIVM Report 861020004/2003

Cosmic radiation during air travel:
trends in exposure of aircrews and
airline passengers

RO Blaauboer

This investigation has been performed by order and for the account of the board of the
RIVM, within the framework of project 610230, ‘Radiation dose/risk in the Netherlands’
(2002) and is published within the framework of project 861020, ‘Beleidsondersteuning
Straling’, milestone ‘Diversen’ of the Directorate for chemical, waste, radiation protection of
the Directorate General of the Environment of the Ministry of VROM

RIVM, P.O. Box 1, 3720 BA Bilthoven, telephone: 31 - 30 - 274 91 11; telefax: 31 - 30 - 27429 71



page 2 of 96 RIVM report 861020004

Abstract

An unfavourable effect of flying is the enhanced exposure of both passengers and aircrew to
cosmic radiation at high altitudes. This calls for research to obtain a clear picture of the
radiation exposure of both groups.

On the basis of a detailed survey on passengers arriving at or departing from Amsterdam
Schiphol Airport in the 1988-1997 period, estimates of individual effective dose for specific
destinations and the collective dose for all passengers travelling through Amsterdam Schiphol
Airport in the Netherlands were calculated. A computer model was used to calculate plausible
flight profiles for various types of aircraft and flying distances. This was followed by
calculations using the CARI model, which is also in use with the US FAA (Federal Aviation
Association), to determine the dose for each flight profile.

Most of the flights were regional European flights, resulting in individual effective doses of
1-15 pSv. Individual effective doses from intercontinental flights to North America and the
Far East were mostly found in the range of 30-60 uSv per flight. These values may vary up to
+15 % due to the solar cycle. The individual effective dose on a one-way flight averaged over
all flights was approximately 18 uSv. A group consisting of 4000 frequent flyers may receive
doses above 1 mSv a™', while within the special group of couriers individual effective doses
of 10 mSv a’l are possible. For aircrews, a dose range of 1.5-5.7 mSv a”' was determined for
1000 block hours of flying. In the Netherlands the average annual dose to non-flying
individuals from all sources of ionising radiation was 2.5 mSv a”', while the average annual
dose from cosmic radiation in particular was 0.28 mSv a™".

The collective dose for passengers flying through Schiphol increased from 230 to 600 manSv
from 1988 to 2002. The collective dose for aircrews comprises about 6% of this dose. If a

moderate growth in air transport of 4% per year is assumed, the collective dose will reach
1100 manSv in 2015.

* Flying time in block hours is defined here as the time between removing the blocks from the aircraft and
placing them again at the destination
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Preface

In the context of the radiation exposure analysis of the Dutch population, a study was
conducted to analyse the doses resulting from aviation that a population is exposed to. This
study was largely commissioned by the RIVM Board of Directors and finalised in the context
of the analysis of the radiation dose received by the Dutch population for the account of the
Directorate for Chemicals, Waste and Radiation Protection under the Directorate General of
the Environment of the Ministry of VROM as part of the BEST project.
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Samenvatting

Vliegverkeer heeft nog steeds iets avontuurlijks en trekt dan ook veel aandacht. Toch is de
wijze van vervoer inmiddels vrij gewoon met een totaal aantal jaarlijks vervoerde passagiers
van meer dan een miljard wereldwijd.

Een belangrijk negatief effect op de beeldvorming hebben ongevallen. Echter, de kans op
ongevallen neemt, gezien het tamelijk constante aantal slachtoffers enerzijds en de geweldige
toename in het vliegverkeer anderzijds, nog steeds af. Een ander negatief gevolg van
vliegverkeer is de blootstelling van mensen aan een verhoogde dosis kosmische straling, door
de grote hoogte. Het dosistempo kan op een vlieghoogte van tien kilometer een factor 100 of
meer hoger zijn dan op zeeniveau.

Enkele jaren geleden is door de Europese Commissie een richtlijn uitgevaardigd waarin ook
voor de stralingsbescherming van vliegend personeel eisen zijn gesteld in de vorm van
dosislimieten. Om een goed beeld te verkrijgen van de stralingsbelasting die deze groep
ontvangt, maar ook voor een beter inzicht in de dosis voor het nog steeds groeiende aantal
passagiers, is dit onderzoek uitgevoerd.

Op basis van een gedetailleerd overzicht van passagiers naar luchthaven van bestemming of
afkomst is voor de periode 1988-1997 de individuele dosis voor specifieke reisbestemmingen
en de collectieve dosis voor alle passagiers berekend, althans voor zover die de luchthaven
Schiphol hebben aangedaan. Hiervoor is gebruik gemaakt van een vluchtprofiel model dat
voor verschillende vliegtuigtypen en te vliegen afstanden een meest waarschijnlijk hoogte-
tijd profiel oplevert. Met het CARI model, dat in de Verenigde Staten onder gezag van de
FAA (Federal Aviation Association) wordt toegepast, is vervolgens voor die vluchtprofielen
de dosis berekend.

Door het feit dat de meeste passagiers die Schiphol aandoen binnen Europa blijven, wordt de
dosisverdeling deels bepaald door een ‘laag’ dosisbereik voor continentale vluchten van,
athankelijk van de afstand, 1-15 pSv per vlucht (enkele reis) en deels door een ‘hoog’
dosisbereik van circa 30-60 pSv per vlucht voor intercontinentale vluchten naar Noord-
Amerika en het Verre Oosten. Onder invloed van de elfjarige zonnecyclus kan deze dosis per
vlucht, athankelijk van de bestemming, nog tot £15 % variéren. De gemiddelde individuele
dosis per enkele reis is bepaald op circa 18 pSv.

Een groeiende groep van vooral zakenmensen maakt veelvuldig gebruik van het vliegtuig.
Circa 80.000 mensen, uit Nederland afkomstig, maakt jaarlijks meer dan tien retourvluchten
en circa 4000 van hen ontvangen daarbij jaarlijks een dosis boven de 1 mSv. Binnen de
speciale groep van koeriers zijn daarbij individuele jaardoses tot 10 mSv mogelijk.

Ook voor bemanningsleden is een dosisinterval vastgesteld. Bij een vliegtijd van
1000 blokuren" per jaar is dit 1,5 — 5,7 mSv. De individuele dosis is hierbij functie van de
werkelijk gevlogen trajecten (de hoogste waarden voor Noord-Atlantische trajecten en de
laagste voor regionale Europese vliuchten) en het werkelijke aantal vlieguren.

¥ Vliegtijd in blokuren is hier gedefinieerd als de tijd tussen het moment dat de blokken voor de vliegtuigwielen
worden weggehaald totdat deze op de bestemming weer worden geplaatst
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In Nederland bedragen de gemiddelde jaarlijkse doses voor niet-vliegende inwoners als
gevolg van alle bronnen van ioniserende straling en kosmische straling in het bijzonder
respectievelijk 2,5 and 0,28 mSv a™.

De collectieve dosis voor passagiers via Schiphol is in de onderzochte periode van circa 230
tot 550 mensSv toegenomen. Bij een verwachte lichte groei van 4% per jaar zal dit verder
toenemen tot 1100 mensSv in 2015. Uit recente gegevens volgt al een verdere toename tot
600 mensSv in 2002. Hiermee ligt het extra sterfterisico door kosmische straling in 2002 op
een vergelijkbare hoogte als dat door ongevallen.
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Summary

Still considered to be an adventuresome activity, aviation receives a lot of publicity, even
though it has become a fairly common form of travel for over a billion passengers annually
throughout the world.

Accidents in aviation generate a negative image. However, if we consider the fairly constant
annual number of fatalities and the enormous growth in passenger transport, the chance of
becoming involved in an accident is still declining. Another unfavourable effect of flying is
the enhanced exposure of passengers and crew to cosmic radiation at high altitudes. The dose
rate at an altitude of ten kilometres may mean a factor of 100 or higher than at sea level.

Several years ago the European Commission issued a radiation protection directive, which
included the setting of dose limits for aircrews. This research was performed to obtain a clear
picture of the radiation exposure of this group in particular, but also of the large and still
growing number of passengers in general.

On the basis of a detailed survey on passenger streams arriving at or departing from
Amsterdam Schiphol Airport in the 1988-1997 period, individual doses for specific
destinations and the collective dose for all passengers travelling through Schiphol were
calculated. A computer model was used to calculate plausible flight profiles for various types
of aircraft and flying distances. This was followed by calculations using the CARI model,
which is also in use with the US FAA (Federal Aviation Association), to determine the dose
for each flight profile.

Because most of the passengers flying through Schiphol travel to or from another European
airport, the dose distribution is partly determined by a ‘low’ dose range for continental flights
of 1-15 uSv per one-way flight, depending on the distance. In addition there is a ‘high’ dose
range of some 30-60 uSv per flight for intercontinental flights to North America and the Far
East. Under the influence of the eleven-year solar cycle these doses per flight may vary up to
+15 %, depending on the destination. The average individual dose per one-way flight is
approximately 18 pSv.

A growing number of mainly business people fall into the category of frequent flyer.
Approximately 80,000 of them, living in the Netherlands, take more than ten flights a year.
An estimated 4000 may receive individual doses above 1 mSv a’'. Individual doses of
10 mSv a™' are possible within the special group of couriers.

A dose range was also determined for aircrews. Assuming 1000 block hours* of flying time,
this range is 1.5 — 5.7 mSv per year. The individual dose is, of course, a function of the actual
routes flown (highest for most of the trans-Atlantic flights and lowest for regional flights
within Europe) and the actual number of block hours flown.

In the Netherlands the average annual dose to non-flying individuals from all sources of
ionising radiation is 2.5 mSv a™'; average annual dose from cosmic radiation in particular is
0.28 mSva™.

* Flying time in block hours is defined here as the time between removing the blocks from the aircraft and
placing them again at the destination.
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The collective dose for passengers flying through Schiphol increased from 230 to 550 manSv
during the period investigated. Assuming a moderate growth in air transport of 4% per year,
the collective dose will reach 1100 manSv in 2015.

Recent calculations have already revealed a further increase to 600 manSv in 2002. As a
consequence, the additional fatality risk from exposure to cosmic radiation in 2002 has
become comparable to the fatality risk due to accidents.
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1. Introduction

1.1 Problem definition

In recent years interest has arisen on the subject of the radiation dose due to air travel,
especially with reference to air crews [1, 2, 3, 4, 5, 6]. This interest may be explained by the
use of aircraft types that fly more efficiently at higher altitudes, but also by changes in policy,
for instance, European regulations [7, 8, 9] and their applications in national laws [10]. For
instance, a dose of 1 mSva™ brings aircrews under radiation protection law and makes
monitoring of individual doses mandatory. In the United States the emphasis is placed on
informing aircrews, specifically pregnant crew members [11, 12]. The often marginal profits
that are achieved in the industry are at odds with a temporary transfer of pregnant crew
members to ground-based posts. New regulations therefore might affect working conditions.
One other reason for the new interest in air travel is the reevaluation of the contribution made
by the neutron component to the dose, giving this component more importance than assumed
until recently [13, 14, 15].

In earlier work doses to aircrew and members of the general population were often estimated
from much information on averages, for instance, flying distance and speed, dose rates at
cruising altitudes, number of people departing or arriving at a national airport or even total
number of people flying internationally [16]. A dose estimate was also given for the
Netherlands [17] at the end of the 1980s.

Nowadays, more specific statistics on air travel are available and software that makes
calculation of doses possible for every route imaginable is also readily obtainable. It is
therefore now possible to make better estimates on doses received by both crew members and
members of the general population.

1.2 Objectives

When estimating the dose at flight level several aspects are of importance or at least of
interest. For describing the situation in the Netherlands the most important questions to be
answered include:

e where do the passengers go?

are there specific categories of (business) people ‘at risk’?

what is the dose rate at specific flight levels or specific locations on the ground?

what sort of doses should be expected?

can a dose distribution be given for the population as a whole or for specific sub groups?
what is the trend in dose rates (i.e. if it exists)?

and how may the trend be compared to earlier assessments?

how does the ‘cosmic dose risk’ compare with the risk of accidents?

how many people living in the Netherlands actually travel by air and

how often do they fly (included are the general population, crews and other categories of
professionals like couriers)?

The aim of this research was to answer all or most of these questions and, based on the
results, to obtain a clear understanding of the doses to which people are exposed.
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1.3 An introduction to cosmic rays

The cosmic rays we experience on earth are the result of reactions of charged particles from
space with various elements in the earth’s atmosphere. These particles come predominantly
from outside our solar system and possibly even from outside our star system. This so-called
galactic component, possibly produced by supernovas, is quite constant in time. Besides
galactic rays there is a contribution of far less energetic particles originating from the sun.
This component is far more subject to variation and is most intense during so-called Solar
Particle Events (SPE). The solar activity exhibits a cycle of 11 years. During this cycle the
solar wind changes and the related magnetic field presses against the magnetic field of the
earth, thereby modulating the contributions of galactic origin. These galactic particles are
slightly more deflected from the earth, which has the unexpected result that during the solar
maximum the dose due to cosmic rays on earth is lower than average and vice versa.

The number of particles that do enter the atmosphere, especially protons, a-particles and
electrons, depend on magnetic latitude, since the magnetic field lines along which these
particles move, converge on the magnetic poles of the earth. Furthermore, because the
particles are slowed down by the atmosphere, altitude (or more accurately atmospheric
pressure) is also of importance.

It is especially the high-energy particles that produce other particles during constant
interactions in the atmosphere, for instance, neutrons, protons, pions and so-called heavy
particles. Examples of the heavy particles are *H (tritium), 'Be, '*C and **Na, also called
cosmogenic radionuclides. These radionuclides eventually give rise to inhalation and
ingestion doses.

Particles from the sun are not energetic enough to play an important role at sea level, but at
higher (flight) altitudes the SPEs may be the source of significant doses. However, the
occurrence of these SPEs usually last less than a few hours and substantial SPEs only occur
once every so many years.

At sea level the dose rate is determined by muons that are formed in the upper atmosphere.
Most of the heavier particles, except a relatively small contribution from neutrons and
cosmogenic radionuclides, have then disappeared through interactions. Opposite, at flight
altitudes, i.e. 10 kilometres above sea level, the dose rate is determined by neutrons, protons,
electrons and photons.
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2. Methods and data

An important part of the research was the collection of information, particularly statistics on
aircraft movements, numbers of passengers travelling through Schiphol Airport, flight data
and airport location data. These data are further discussed in the following sections. Based on
these data flight levels were modelled for different aircraft types using a method by Oksanen
[18] and calculations performed with the dose model CARI, version 6 [12]. These results,
along with the most important input data, are included in Appendix 5.

2.1 Passengers and destinations

To estimate the contribution to the collective effective dose of a flight to or from a specific
location on earth, the number of passengers travelling on the flights have to be known. In the
Netherlands the majority of all international flights, transporting some 40 million passengers
in the 12 months previous to September 2001, connect to Schiphol Amsterdam Airport.
Because of the size of the country there are not so many national flights (a few per cent) and
aircraft do not reach flight altitudes that are of major importance for dose rates from cosmic
radiation. Therefore all flights to and from other airports in the Netherlands, except for the
connecting flights to Schiphol, are not further considered in this report.

Northeast-Asia Oceania
3,3% 0,3%
Southeast-Asia
4,0%

West-Asia
3,6%

South-America
2,1%

Central-America
2%

North-America
15%

Europe
66%

Figure 1  Departure from and arrival of passengers at Schiphol airport in 1997 [19].

Detailed information on departures and arrivals for 1988 through 1997 is available [19]
through the Statistics Netherlands (CBS). Destination and departure points were compiled,
along with the numbers of passengers. All destinations with at least 2000 passengers arriving
and departing in a single year during this period were also included, resulting in a list of
about 180 destinations for 1988, increasing to almost 240 in 1997, accounting for some 99%
of all passengers. The ‘largest size’ destination has for a number of years been London
Heathrow, with about 2 million passengers. As can be seen in Figure I, most of the
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passengers passing through Schiphol Airport arrive from or are transferring to another
European airport. This subdivides the passengers into one large group, on European flights,
with relatively low doses, and a smaller group on intercontinental flights, associated with
higher doses.

Although the total number of passengers increased considerably (see Appendix 5), the slices
of the pie (percentages) in Figure I did not expand during the 10-year period recorded (1988-
1997). Because specific destination information was not (yet) available in the research period
for 1998 to the present, figures were scaled using the total growth in passenger numbers.

Information from the CPB (Netherlands Bureau for Economic Policy Analysis) [20] and the
ICAO (Intenational Civil Aviation Organization) [21] was used for figures on aviation
growth for the near future. The number of Dutch residents included in the group of
passengers is discussed in section 3.3.2.

2.2  Aircraft movements

The total flight duration is an important parameter for obtaining the right flight profile (i.e.
flight levels, flight duration, aircraft type, possible stopovers etc., see section 2.5). For
instance, the required amount of fuel based on factors such as flight duration (depending on
distance, weather and traffic) is calculated, and the optimal flight levels or vertical profile are
planned for the type of aircraft concerned. Total flying times used here are taken from the
KLM World Timetable [22]. For the destinations not serviced by KLM, information is taken
from several other sources and timetables, for example, sources from Schiphol Airport itself
[23, 24, 25, 26]. Flight times with references are included in Appendix 5, Table 5.

2.3  Detailed flight data

It is fairly difficult to obtain straightforward information on flight profiles. Pilots make use of
different flying altitudes instead of cruising speed at one altitude only. The airplanes flying
east make use of other flight levels than those flying west. For short distances pilots will
more often fly at lower altitudes than for intercontinental flights. Different countries have
different requirements on routes flown in their airspace. Furthermore, every type of aircraft
has its optimum flying altitude, depending on weight and fuel consumption, which, in turn,
again depends on distance flown. Weather conditions may have an impact on the flight
profiles, just as wars fought down below. All these parameters lead to flight profiles that may
differ considerably, even for trips to the same destination.

We can conclude here then that some reasonable choice will have to be made on how to
define the flight profile from airport A to airport B. See section 2.5 for a method of flight
level modelling as a function of distance and type of aircraft.

2.4 Detailed location data

Besides information on distance of the trip and type of aircraft, airport location data is needed
for a proper calculation of the effective dose using the CARI model (see section 2.6). These
data, collected from various sources [27, 28, 29] include airport code (using IATA or ICAO
coding), geographical coordinates and height above sea level. The location data have been
included in Appendix 5, Table 5.



RIVM report 861020004 page 15 of 96

2.5 Flight level modelling

As mentioned earlier, it is fairly difficult to obtain straightforward information on flight
profiles for all kinds of reasons. However, Oksanen [18] introduced a way to model these
flight profiles for a number of aircraft types (i.e. DC9, DC10, MD11 and MDS8O0, all
McDonnell Douglas planes, and the Airbus A300). He made fits to the optimum flight levels
using information from the so-called aircraft performance manuals, confining himself to the
aircraft types used by Finnair in the mid-1990s. These aircraft types were/are used on the
following routes:

DC9 : short regional flights

MD80 : medium distances in Europe
A300 : long distances in Europe

DC10 and MD11 : long distances (intercontinental)

Inspection of manufacturer information on other aircraft types has led to the conclusion that
as far as range and flight level profiles are concerned, the DC9 can be compared with the
Fokker 50/70, the MD80 with a Boeing 737 and the DC10 with the Boeing 747-400. See
Figure 2 for some examples of flight level modelling. Appendix 4 further explains and
illustrates the fits as given by Oksanen.
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Figure 2 Examples of some results of flight level modelling for four
aircraft types and some typical examples of flight duration. For
comparison flight levels are presented in kilometres and feet,
although in aviation only ‘feet’ is used.

Flight profiles were fitted using this method for the various flying times to all evaluated
destinations (see section 2.2). For all these destinations the following aircraft types and
relative flying times were assumed:
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- up to 90 minutes - DC9

- from 90 up to 180 minutes - MD80

- from 180 up to 300 minutes - A300

- more than 300 minutes - DC10
The part of the flight not on a certain flight level is supposed to have taken place on the
ground, i.e. taxiing along the runway or taking off and landing. For flights with a stop
somewhere, the aircraft is selected for total flying time, excluding the time during stop(s). For
instance, the flight Amsterdam Schiphol to Abu Dhabi International takes 7 hours and 25
minutes (excluding the stop at Dubai); therefore the aircraft type selected is a DC10. The
separate trajectories: Amsterdam Schiphol to Dubai International, and Dubai International to
Abu Dhabi International, take 6 hours and 40 minutes and 45 minutes, respectively.
Nevertheless for both trajectories a DC10 is assumed. A possible consequence is that during
short stretches, the DC10 will not gain as much altitude as a smaller plane might, and that
starting and landing are, in effect, connected with ‘ground level’. This then becomes a low
flight level that is not further evaluated in the dose rate calculations. An example of such a
flight is the one to Larnaca (Cyprus) in 4 hours and 10 minutes and the connecting flight with
the same plane to Paphos (Cyprus) in 20 minutes.
In contrast, the flight from Amsterdam to Tampa (Florida) International has a stopover in
Newark before flying on to Tampa. In this case the aircraft type selected for the second
stretch is connected with the flying time of this stretch. This means selecting a DC10 for
Amsterdam — Newark and an MD80 for Newark — Tampa.

2.6 Dose calculation

The CARI computer model’® was used for calculating the effective dose due to galactic
radiation, the major component of cosmic radiation on earth. This model, in use by pilots and
other crew members through the Federal Aviation Administration (US-FAA), is available for
calculations [30].

Applying the model, it is possible to calculate the effective dose for an individual during all
imaginable types of air travel, if so desired for any specific month of the year. Monthly
calculations are possible because of the availability of the heliocentric potential, as input
papameter, on a monthly basis (see Figure 3). The heliocentric potential is an interplanetary
magnetic field index functioning as a measure of the solar activity. Although some variation
occurs throughout the year, a yearly averaged value for the heliocentric potential is adequate
for the modelling purposes (yearly dose and monthly data on air travel not readily available)
described here. See entry for an input file description for the CARI model below:

Format Example (Amsterdam-Edinburgh with an MD80)
Label 1 (max.20 characters) AMS-Edinburgh
Date mm/yyyy (if mm=00 then yearly averaged) 00/1997

Airport of departure (ICAO code) EHAM

Airport of arrival (ICAO code) EGPH

Number of flight levels 3

Minutes to first flight level 24

Flight level 1 (in feet), flight duration (min.) 33000, 6

Flight level 2 (in feet), flight duration (min.) 35000, 23

Flight level 3 (in feet), flight duration (min.) 37000, 17
Minutes from last flight level 24

Label 2 ..... AMS-Gothenborg

% The CARI version 6 model, 15 December 2000
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Figure 3 Heliocentric potential during about the past 40 years. Monthly as well as yearly
averaged values are given [30]. The solar cycle of 11 years is clearly visible.

See Appendix 5, Table 5, for ICAO codes and total flying time and Appendix 4 for the
calculated flight level profile. Because the number of passengers for every destination is
available on a yearly basis, the yearly averaged heliocentric potential is selected (in the above
example, for the year 1997). Because of the various steps in flight level during the trip, a
flight from airport A to B is not symmetric in time for the return trip. At the same time the
dose rate along the route is not constant. For this reason, the dose was calculated for both the
outward flight and the return trip, and then averaged. Doses during taxiing, take-off and
landing (the 24 minutes in the example above) are not evaluated. This is because they
contribute only marginally (when plane is almost at cruising altitude) to the total flight dose.
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3. Results

Since the research was geared to dose-rate distributions for various specific groups of
exposed individuals (passengers, crews, so-called frequent flyers like couriers) the results of
the calculations have also been differentiated. After a general introduction to cosmic rays
(section 3.1), we will differentiate between dose rates for different destinations (section 3.2).
This will be followed by an account of the consequences this has for the individual doses to
aircrew, passengers and, more specifically, to frequent flyers (section 3.3) and the collective
doses of these groups (section 3.4).

In section 3.5 the trends and variations in dose rates and collective dose as a result of the
solar cycle and increase in air transport are further illustrated and, finally, in section 3.6,
results are compared with other methods and measurements.

3.1 Doses from cosmic rays

The cosmic rays we experience on earth are initiated by charged particles from space. They
are captured in the magnetic field around the earth. The number of particles that do enter the
atmosphere, especially protons, a-particles and electrons, therefore depend on magnetic
latitude. Highest concentrations are found at the (magnetic) poles as may be seen from the
higher than average dose rates at the poles in Figure 4, since the magnetic field lines along
which these particles move, converge on the magnetic poles of the earth. Furthermore,
because they are slowed down by the atmosphere (also altitude) or more accurately,
atmospheric pressure is of importance (Figure 5).

effective
dose rate
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Figure 4 Effective dose rate as calculated with CARI-v6 for a typical flight altitude of 39,000 feet
(about 11.9 km) in 1997 for different geographic latitudes and longitudes. By
comparison, the dose rate at sea level amounts to about 40 nSv h''.
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Figure 5 Effective dose rate as calculated with CARI-v6 for
different altitudes above sea level at Bilthoven, a
small town in the centre of the Netherlands, for the
years 1990 and 1997. These two years represent the
respective solar maximum and minimum during a
recent solar cycle.

As mentioned earlier, the dose rate at sea level is determined by muons that are formed in the
upper atmosphere. Most of the heavier particles have then disappeared through interactions.
However, at flight altitudes, that is at 10 kilometres above sea level, dose rate is determined
by neutrons, protons, electrons and photons. This radiation spectrum is so much different
from the one on earth that convenient personal dosimeters to monitor aircrews have not yet
become available, although these are under development [5, 31, 32, 33, 34, 35, 36, 37, 38, 39,
40]. However, effective doses may be calculated using one of several software packages
available.

3.2 Dose rates and destinations

As one of the larger airports in the world, Schiphol is frequented by a large number of airlines
that serve several hundred destinations worldwide. For all these destinations effective doses
were calculated for a one-way trip, i.e. averaged over the outbound and return flights for
1988-1997. Results of these calculations can be found in Appendix 5.
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Figure 6  Distribution of average effective dose rates over all destinations (not all
flights!) reached from Schiphol Amsterdam Airport. The years shown
are for maximum (1990) and minimum (1997) solar activity during the
previous solar cycle. Dose rate intervals is 200 nSv h'.

In Figure 6 effective dose rates are summarised for all destinations for two ‘extreme’ years
during solar maxima and minima. Because most of the destinations are in Europe (within a
few flying hours), climbing and descending are relatively important. Climbing and
descending together take roughly one hour and only the flying time on cruising altitude
determines the overall dose (see Figure 5). Therefore, average dose rates on short distances
will be highly affected by climbing and descending. Regional flights of up to one hour give
dose rates up to 2 pSv h™. Dose rates for continental flights of up to four hours are in the
range 2 — 3.5 uSv h™' in 1990 and 2.4 — 4.5 uSv h™' in 1997, and intercontinental flights range
from 2 — 4.3 pSv h™' in 1990 to 2.4 — 5.7 uSv h™' in 1997. These last two ranges depend
heavily on the hemisphere the destination is in. For instance, calculated average dose rate for
the almost 20-hour flight from Amsterdam to Sydney (Australia) is 2.8 pSv h™' for 1997,
while this is 5.6 puSv h' for the less-than-12-hour flight from Amsterdam to Calgary
(Canada). All flights that pass the equator encounter a ‘low’ dose rate area (see Figure 4).
Dose rates at high altitudes for supersonic flights (18 km) were in the range, 10 — 12 uSv h™!
during measurements from 1976-1983 and 1988-1990 [16]. However, by way of
compensation, flights are shorter than at conventional altitudes (10-12 km) and aircrews
generally fly fewer hours. Furthermore, supersonic flights are not scheduled at Schiphol and
therefore will not be further considered.

Most of the reasoning above also holds for the total dose during flights (Figure 7). Regional
flights (less than one hour) result in individual doses of 2 puSv at the most. For continental
flights of up to four hours effective doses per one-way trip are 2 — 11 uSv for 1990 and
2.5 - 14 uSv for 1997. Doses for intercontinental flights range from 10 — 68 uSv for 1990 and
12 — 84 uSv for 1997.
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Figure 7 Distribution of average effective dose per one-way trip for all destinations
(not all flights!) reached from Schiphol Amsterdam Airport. The years shown
are for maximum (1990) and minimum (1997) solar activity during the
previous solar cycle. Dose intervals is 5 uSv.

3.3 Individual doses

The exposed population may be split into the professionally exposed group (aircrews) and
passengers. The focus on aircrews is important because they receive relatively high doses,
and because EU and national directives have been developed especially for this group. In the
large numbers of passengers some specific sub-groups may be found that are of importance
for radiation protection purposes.

3.3.1 Aircrew

For members of an aircrew, that is pilots, flight engineers and cabin crew, there are two
important parameters: the number of flying hours or block™ hours per year and the specific
flight schedules. It is clear that for local or regional flights, doses will not be as high as for
intercontinental flights. Even average dose rates are lower because of the relative weight of
climbing and landing in the total flying time. See also under section 3.2.

For local flights inside the Netherlands dose rates of less than 2 puSv per (block)hour have
been calculated. Generally, for flights within Europe, dose rates of approximately 3 pSv h™'
are calculated, although this may be somewhat higher for northerly locations like Helsinki or
St. Petersburg (see Figure 4). See also section 3.2 and Appendix 5, Table 6, for specific
locations. Responsible for relatively high dose rates and doses are the flights to destinations
in North America and East Asia (i.e. the upper parts of Figure 6 and Figure 7).

** Flight time in block hours is defined as the time after the blocks are removed from the aircraft until they are in
place again at the destination.
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Assuming yearly flight hours to be 1000 block hours for aircrews of commercial airlines, a
dose range of 2 — 5.7 mSv a can be calculated as the individual dose in 1997 (extreme
ranges in Figure 6), depending on the routes flown from and to Amsterdam. However, it
should be noted that 1997 was a year with a solar minimum. For 2002 this dose will range
from about 1.5 — 4.7 mSv for the same number of block hours. See also section 3.4.1. This
effect of the solar cycle is illustrated in Figure 8§ where the effective dose of a one-way flight
from Amsterdam to Houston (Texas) is presented for a number of years.

Although dose rates are lowest during a solar maximum, SPEs may give rise to high dose
rates during a flight. As mentioned earlier, these dose rates may reach several mSv per hour!
However, they are generally not that active. For high altitude flights, for instance, with the
Concorde, these dose rates may be of some significance. For astronauts these doses pose a
problem outside the earth’s atmosphere, especially if the objective is flying to Mars on a two-
year mission.
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Figure 8  Effective dose for a one-way flight from Amsterdam to Houston
and the other way around. The large differences between years
are due to the solar cycle. The differences seen in between the
different flight directions are caused by fuel consumption,
generally making it more efficient for an aircraft to climb until the
landing stage is set in. If the plane flies northward (in this case,
Amsterdam) it will encounter higher dose rates at the end of the
Jjourney than when it goes southward (Houston).

The actual dose received by airline personnel depends, of course, on the actual number of
hours flown. This may be regulated by law and is different for pilots from different countries.
Furthermore, aircrews flying on private (business) jets might receive doses that are somewhat
higher because they are sometimes assigned flight levels above those of the commercial
airlines. The more individually specific dose is calculated in the Netherlands for each flight
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using the computer generated flight plan and CARI-6M"". This information is linked with the
names of the crewmembers and has been stored in the national dose register, NDRIS, for
occupationally exposed workers since October 2001.

3.3.2 Passengers

From the transport of passengers to the various destinations (Figure 1), it is clear that many
of the commercial flights in question are within Europe. Most of these flights take place over
short distances and are in a temperate (dose-rate) region; this means that flight doses will be
relatively low.

Figure 9 and Table I present the distribution of doses among all passengers. A significant
percentage (ca. 70%) of all passengers, especially those travelling to European destinations,
receives effective doses per flight of less than 15 pSv. Some 20% of them received doses in
1997 in the range of 40 — 60 uSv per flight.

% passenger flights

dose range (uSv)

95-100

Figure 9 Dose distributions over all passenger flights (one-way) between 1988 and 1997 from and
to Schiphol Amsterdam Airport. Most of the passengers will also make a return trip and
thereby double their dose.

These relatively high doses hold primarily for passengers flying to or from North America
and East Asia. As best seen in the figure, there is a shift to lower doses during a period of
maximum solar activity (around 1990).

Apart from the passengers flying through Amsterdam, there is, of course, also a group of
Dutch residents flying to other destinations from other airports of departure. For instance,
they might take the train to Brussels and get onto a flight there or they might travel within
another country or between countries using local air transport that does not connect to
Amsterdam. If they have no connecting flights to or from Amsterdam, these people do not

" CARI-6M is equal to CARI v6, but, additionally, can split a flight into separate legs that deviate from a great
circle route



RIVM report 861020004 page 25 of 96

show up in the statistics given here. Collective doses from air transport for the Dutch
population are therefore underestimated. However, how large the underestimation is, is
difficult to determine.

Besides passengers that travel only once a year (still the largest group of passengers), a
growing number of people are making more frequent use of airlines. From information about
Schiphol for 1999 [41], 35% of the passengers travelling through Amsterdam were shown to
live in the Netherlands. Further results on frequency of flying are presented in 7able 2.

Table 1 Dose distribution (%) over all passenger flights (one way) between 1988 and 1997 to
and from Schiphol Amsterdam Airport (see also Figure 9); The average dose for a round
trip is shown in the bottom row (rounded off to the nearest integer).

Doserange 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997
(1Sv)

0-5 335 353 359 360 329 325 316 312 314 315
5-10 255 30.6 307 289 245 238 243 242 238 243
10-15 13.3 6.1 5.5 58 136 138 140 132 131 132
15-20 1.2 1.5 1.2 1.3 1.3 0.9 0.8 1.0 0.9 0.9
20-25 0.5 1.3 1.2 1.7 1.1 1.5 1.7 1.8 2.0 1.9
25-30 2.3 1.5 1.3 1.6 2.1 2.2 2.2 2.3 2.2 2.1
30-35 20 106 111 111 4.8 46 47 3.9 2.5 2.4
35-40 8.0 6.9 6.6 7.1 9.1 2.8 2.0 2.3 3.2 2.9
40-45 6.3 5.3 5.7 5.6 4.8 8.7 8.2 7.4 5.4 5.2
45-50 46 0.7 0.2 0.3 3.6 5.4 5.9 6.5 8.1 8.2
50-55 2.2 0.4 0.3 0.3 1.8 3.1 2.4 3.9 48 4.8
55-60 0.3 0.3 0.3 1.7 1.8 2.0 2.1
60-65 0.1 0.1 04 0.3 04 0.4 0.2
65-70 0.1 0.1 0.1 0.1 0.1 0.1 0.1
70-75

75-80 0.1 0.2 0.1

80-85 0.1 0.1 0.2 0.1
Average dose

in round trip 31 28 27 28 31 33 33 35 36 35
(USv)

Table 2 Survey results on frequency of flying at Schiphol airport in 1999 [41] and assumed
numbers of flights by frequent flyers in 1997

Number of trips in People surveyed Assumed number of ~ Number of Dutch in
previous 12 months (%) flights per year group(”

First flight 17 1 923,000
1 — 3 flights 34 3 Ca. 615,000
4 — 10 flights 26 7 Ca. 202,000
More than 10 flights 23 15 Ca. 83,000
Total 100 Ca. 1,823,000

(1) 35% of all travellers were living in the Netherlands; frequency of flying of this subgroup is assumed comparable to that
of all passengers.

Although most of the Dutch passengers encountered at Schiphol airport are flying more
frequently, their total number is still lower than that of the passengers taking one trip. No
information was available on the destinations of frequent flyers, but every month a return trip
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from Amsterdam to a city in North America is surely not an extreme case. In Figure 10 it can
be seen that these frequent flyers may easily receive annual doses of more than 1 mSv
(expected range 0.15-1.5 mSv a' and on average 0.5 mSv a™'). See Appendix 5, Table 6, for
specific cities. Most of these 83,000 (Dutch) frequent flyers probably stay within Europe for
their business, as is the case for all passengers. In Germany, with five times as many
inhabitants as the Netherlands, some 20,000 persons are expected to receive annual doses
exceeding 1 mSv [16]. Although very uncertain, this would imply that some 4000 (Dutch)
frequent flyers would exceed the 1 mSv per year.

However, most of the (more) frequent flyers (more than one return flight) will still receive
annual doses below 1 mSv. The number of frequent flyers from abroad (more than 10 flights
annually) is more difficult to determine, because they surely will not always travel to
Amsterdam. Therefore their total number will be somewhere between 150,000 (all flights
through Amsterdam) and 2.3 million (just one flight to Amsterdam). With the increase of air
travel, the group of business travellers, not under dosimetric control, will also increase. The
European Commission has recognised this problem and recommended that although air
couriers and other exceptionally frequent flyers are not mentioned in Article 42 of the Basic
Safety Standards [7], ‘employers of such individuals should make arrangements for
determining doses similar to those made by airlines for their staft” [42].

Australia
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C-America
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C-Africa
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N-Africa
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N-Europe 1997

m 1990

region of destination or departure

E-Europe
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0 10 20 30 40 50 60
average individual effective dose per flight (uSv)

Figure 10  Average individual effective dose for a one-way flight from Amsterdam to airports in
various regions of the world for the years 1990 (solar maximum) and 1997 (solar
minimum)

In the Netherlands annual doses to individuals from all sources of ionising radiation, i.e.
natural radiation sources like radon and cosmic radiation, but also medical applications are on
average about 2.5 mSv a”' [17, 43]. The average annual effective dose from cosmic radiation
at ground level is approximately 0.28 mSv a™.
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3.3.3 Couriers

Within the group of frequent flyers there is a special subgroup of so-called couriers. This
category, still in its infancy, consists of individuals delivering special parcels across the
world. It is quite possible for these couriers to fly 1200 hours or more annually, which is far
more than most aircrews fly. Average annual effective doses for individuals from this group
are expected to be in the range of 6 — 10 mSv [16].

3.4 Collective doses

Collective dose is a way of comparing more generally the dose implications of various
exposures. For the occupationally exposed, this provides insight into the radiological effects
of their work, and for the general population, it offers the opportunity to compare the risks of
radiological exposures to those of various other agents.

3.4.1 Aircrew

Of all aircraft movements at Schiphol airport in 1999, about 45% were made by Dutch
carriers. The collective dose for crew members on these carriers (about 11,000) in 2002 was
estimated at 16 manSv [44]. The total collective dose for aircrews using the Amsterdam
airport can then be estimated at about 36 manSv for 2002 or some 6% of the collective dose
to passengers (see 3.5.2). Based on the number of passenger kilometres performed (3.7% of

the worldwide performance in 1997, see 3.4.2) this amounts to about 1000 manSv for
aircrews worldwide in 2002. UNSCEAR estimated 800 manSv for the year 2000 [16].
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Figure 11  Individual dose range for crew members for 1000 block hours; minimum, maximum and
average doses are shown in blue; the average dose, scaled from the ‘measured’ dose for
the year 2002, is shown in red. A block of 500 working hours would seem on average to
be in better agreement with this data.
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The collective dose to aircrews heavily depends, of course, on the number of crewmembers
on board, which differs per aircraft type, airline, distance etc. If we assume a direct linear
relationship between average numbers of passengers and aircrew members, then the 6%, as
mentioned, might be a reasonable percentage. Table 3 presents these estimated collective
doses for crew members for 1988-1997.

From the data in this table and the calculated minimum, maximum and average doses over all
the calculated destinations, it would seem that an average of 500 block hours is in better
agreement with the working hours of the crew members (see Figure 11) than the 1000 used in
the exemplifying calculations on the individual dose in section 3.3.1.

3.4.2 Passengers

Although individual flight doses have not changed that much in recent years, apart from the
modulating effect of the solar cycle, the number of people taking one or more flights per year
increased almost exponentially. This can be illustrated by Table 3, showing a doubling in the
number of passengers in the period considered (1988-1997). The so-called total number of
passenger kilometres performed (passengers x kilometres flown by them - see also
Appendices 3 and 5, Table 8) amounted to 96 billion for 1997, which is about 3.7% of the
total number of passenger kilometres flown in the world for that year [45]. Based on this
percentage, the total collective dose worldwide due to air travel by passengers in 1997 can be
estimated at some 15,000 manSv.

Table 3 Calculated collective dose for all destinations included in Appendix 5, Table 9
and estimated collective doses for all passengers (including all destinations not
calculated as in Appendix 5 but scaled from calculated dose) and aircrews (6% of
collective dose for passengers). Numbers pertaining to aircrew are only
indicative and scaled to the total number of passengers transported.

year  Calculated No. pas- Collective dose Collective dose aircrews
collective dose sengers all passengers  (manSv) (no. crew
(manSv) Schiphol (manSv) members)

(x 1000)

1988 223 14,665 228 14 (8800)

1989 211 15,423 214 13 (9300)

1990 217 16,267 221 14 (9800)

1991 222 16,243 225 14 (9800)

1992 282 18,753 287 18 (11,300)

1993 337 20,777 340 21 (12,500)

1994 381 23,083 385 23 (13,900)

1995 426 24,861 433 26 (15,000)

1996 481 27,263 487 30 (16,400)

1997 539 31,021 548 33 (18,700)

From Figure 12 it is clear that, although most flights through Amsterdam are within Europe,
the major contribution to the collective dose is by flying to or from cities in North America.
The large increase between 1990 and 1997 (for all destinations) is determined by the increase
in passenger numbers and not that much by differences in the solar cycle.
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In recent years frequent flyers (more than 10 flights a year) determine 23% of the collective
dose. As mentioned previously, a number of these passengers will appear more than once in
the statistics. Especially the Dutch frequent flyers, because they start and end most of their
journeys at Schiphol airport, were probably members of a smaller group of some 83,000 in
1997 (see section 3.3.2) with a collective dose of about 45 manSv. Within this group only
some 4000 will have exceeded the 1 mSv individual dose, with a group dose of between 5
and 10 manSv.

% of passengers
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Figure 12 Collective effective dose received by passengers travelling through Schiphol Airport in
1990 (solar maximum) and 1997 (solar minimum). The largest contribution comes from
passengers flying to cities in North America.

3.4.3 Couriers

The collective dose for couriers is quite difficult to determine, because their numbers are
unknown, not to mention their destinations. Since their missions form a quite expensive
postal service, their total number will probably not be that large. Apart from this, although it
is certainly possible, it is not likely that couriers will travel their whole working lives. This
makes any measures based on radiation protection principles less pressing. The collective
dose for this subgroup of frequent flyers probably does not exceed the 1 manSv maintained in
the Netherlands.

3.5 Future dose trends

As may be apparent from the above, there are two major factors influencing the collective
dose of aircrews and passengers alike: the sun with its 11-year cycle and the number of
passengers.
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3.5.1 Solar cycle

As mentioned in section 3.1, the dose rate due to cosmic radiation at sea level is only
marginal compared with that at flight levels. The same holds for the dose rate variation as a
consequence of the solar cycle at sea level. In Figure 13 these variations are presented for a
period of more than 40 years. At 39,000 feet the effective dose rate may vary by several
thousands of nSv h™!, while this is only up to about four nSv h™' at sea level between months
of maximum and minimum solar activity. However, in years when dose rates are ‘low’, the
annual dose at sea level may be some 35 pSv less than in years of ‘high’ dose rates. To put

this into perspective, this dose is about the same as you would receive on an average return
flight.

8000
39,000 ft —»

7000

6000

5000

effective dose rate nSv h'

Figure 13 Monthly data on effective dose rate at sea and flight levels (39,000 feet) as
calculated for Bilthoven using CARIL Although both curves are fairly
similar, one must be careful to check the difference in magnitude as shown
on the y-axes.

A better view of these variations at flight levels is given in Figure 14. The collective dose per
million passenger trips is apparently correlated with the heliocentric potential, as given in
Figure 3. If the distribution of passenger flights around the world going from or to
Amsterdam does not change (or, in other words, if the relative growth in passenger numbers
is equal over the years for all destinations), this linear fit is then a useful conversion
coefficient for use in calculating expected collective doses from the past and for the near
future. However, this only applies if the total number of passengers arriving and departing
from Amsterdam are known. This linear fit may be different for other airports depending on
their geographic locations and the network of connections.
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Figure 14  Collective effective dose per million passenger trips (one way)
for the period investigated and a linear fit to these data.
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The linear fit for Schiphol from Figure 14 is:

1200

collective dose per million passenger trips = 20.2 — 0.006 x heliocentric potential (MV)

From Figure 15 it can be seen that the distribution — although not constant — over destinations
of the last few years in all major regions has not deviated much from that in 1991.
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Cumulative distribution of flights to different parts of the world from Schiphol Airport in

1991-2001[46, 47].
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In 1995-1997 the contribution from flights in Europe is somewhat less than in other years, so
that these years are expected to show somewhat higher collective doses per million passenger
trips. This is in agreement with the doses found in Figure 14.

3.5.2 The growth in passenger numbers

The growth in passenger numbers was high in the years leading up to 2001. Growth rates at
Schiphol Airport of 7-11% were usual in the nineties. Even the relapse in global air traffic
after the events of September 2001 (attack in the USA of 11 September) only resulted in a
zero growth of passenger numbers in 2001. The consequences of even more recent crises, like
the Iraq war and the outbreak of SARS, can not yet be assessed fully.

Besides the temporary relapses due to relatively large crises in the world it is still not
extraordinary to expect a return to at least a moderate growth in passenger transport of some
4% (see Figure 16). In 1998 the project organisers expected this to be a ‘low’ scenario for the
future Dutch Aviation Infrastructure (TNLI in Dutch) [48]. The 4% is also used in scenario
descriptions of the Netherlands Bureau for Economic Policy Analysis (CPB) [20, 49], even
after September 2001.
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Figure 16  Collective dose for passengers flying through Schiphol. Doses up to 2002 are based on
actual passenger numbers, average annual heliocentric potentials and calculated
collective dose according to the linear fit from section 3.5.1. The data for 2003 and
further into the future are based on an annual 4% growth in passenger numbers and
heliocentric potentials equal to 11 years previous.

In 2000 the International Civil Aviation Organisation (ICAO) even expected a somewhat
higher growth rate for Europe [50].

It can be seen in Figure 16 that even for an annual growth rate of 4%, the collective dose will
double in the period 1997-2015.
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3.6 Validation of dose calculation

As mentioned in section 3.1, it is not that simple to make valid measurements of the dose
from cosmic radiation. However, more and more measurements are becoming available. In
section 3.6.1 these are compared to the calculations made with the CARI model used for this
report.

There are also other models and procedures to estimate the dose from cosmic radiation. These
are highlighted in section 3.6.2.

3.6.1 Comparison with measurements

Various types of detectors for the measurement of cosmic radiation have been investigated.
These can be divided in active and passive detectors [51]:

Active detectors

e GM-counters for detection of photons, protons, electrons and muons

Scintillation counters for detection of photons, protons, electrons and muons

Ionisation chambers for detection of photons, protons, electrons and muons
Tissue-equivalent proportional counters (TEPC) for detection of all radiation types [4, 32]
Rem counters mainly for detecting neutrons [33]

Passive detectors

e Thermoluminescent detectors (TLD), for instance LiF [34, 52] for low-LET ionising
radiation

Photoluminescent detectors for low-LET ionising radiation

Bubble detectors for neutrons below 20 MeV [53]

Polycarbonate detectors for a-particles and heavier particles, neutrons of 1-50 MeV
PADC/CR39 detectors for neutrons, protons and heavy ions

Bismuth detectors for high-energy neutrons and protons (> 50 MeV)

Stacks of thin films of cellulose nitrate detectors LR-115 for heavy ions and high-7Z and
high-energy particles (HZE)

Sometimes a combination of dosimeters is needed to get a clear picture of the dose received,
for instance, TLD and bubble detectors [3].

Although there are not many measurements of radiation dose on specific flights from or to
Amsterdam, some of the authors mentioned above compared theirs with doses calculated by
the CARI model.

Curzio et al. (2001) [6] found their measurements (TLD + rem counter, TEPC + stack
detectors) to be in good agreement with the doses calculated by CARI (within 10%) for
several long-haul flights. Lewis et al. (2002) [54] also found good agreement between their
long range TEPC measurements (short- and long-haul flights) and CARI-calculated doses.
Hajek et al. (2002) [52] found their TLD measurements to be somewhat higher (15% + 7%)
for a number of transatlantic flights from Cologne (Germany) to Winnipeg (Canada), El Paso
(Texas) and Washington than calculated doses from CARI.

3.6.2 Other models and methods

Besides CARI there are several other more or less complex computer codes to calculate the
dose rate at different altitudes and geomagnetic coordinates. Two often used codes are LUIN
and FLUKA. The LUIN code represents a deterministic treatment based on an analytical two-
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component solution of the Boltzmann transport equation. The FLUKA code is based on a
Monte Carlo simulation using the Badhwar environmental model for the given boundary
condition. Both codes yield atmospheric particle spectra, radiance, fluence rates and
ionisation intensities. These models are therefore quite versatile but also complex. This was
the reason for the development of the CARI and EPCARD (European Package for the
Calculation of Aviation Route Doses) [55] models derived from these more complex models.
These model results are in good agreement, although the EPCARD values tend to be
somewhat higher than the CARI results.

One other model, or actually a procedure, is PCAIRE (Predictive Code for Aircrew Radiation
Exposure) [56], a code based on experimental results (a large set of TEPC measurements
from all over the globe), making it possible to interpolate dose rates for every specific
location. PCAIRE results are also in good agreement with CARI and EPCARD results,
especially for locations and dates where information is available. It is of course logical that
interpolation will also raise less confidence for locations and times that are less dense in the
PCAIRE database.
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4. Conclusions and discussion

Because of the growth in aviation worldwide the number of people receiving elevated doses
of cosmic radiation have increased considerably. Since the implementation of the new
legislation, doses received by aircrews due to enhanced exposures to cosmic radiation have to
be collected and retained, similar to other occupationally exposed radiological workers.

Because simple measurements using personal dosimeters encountered problems due to the

radiation types and qualities that are different from those at sea level, several methods, codes

and more complex measurement procedures have been developed in the last 10-20 years to
fulfill this obligation. One of these codes, CARI, was used to calculate the dose, not only to
aircrew but also to passengers flying through Schiphol Amsterdam Airport.

Some interesting conclusions can be drawn from the detailed research on passenger transport

through Schiphol over a period of 10 years, as presented below.

e The total collective dose of all passengers that made use of Amsterdam airport in 1988
amounted to 230 manSv and in 1997 to about 550 manSv. Based on the number of
passenger kilometres, this dose is estimated to be 15,000 manSv worldwide for 1997.
Even based on an expected moderate annual growth rate of 4%, this dose will double
again in the next 12 years (up to 2015).

e Flight doses (single trip) are mostly in the range of 1-60 uSv and are, on average 18 puSv
per one-way trip. The high-end dose holds for intercontinental flights to or from North
America and East Asia, especially flights that follow a northerly course.

e Most of the Dutch passengers are still once-a-year flyers, but a growing number of
especially business people are becoming frequent flyers. An estimated number of 80,000
of them are Dutch and fly on more than 10 trips a year. Some 4000 of them are expected
to exceed an annual dose of 1 mSv. This could easily be accomplished by flying to the
United States every month.

e An even smaller group of so-called couriers may receive annual doses up to 10 mSv. Not
much is known about this group of ‘expensive postmen’.

e Members of an aircrew, the only ones affected by the new regulations, are expected to
receive annual doses in the range 1.5 — 5.7 mSv for 1000 block hours. The maximum and
minimum may shift somewhat - downwards and upwards - respectively, as a function of
the specific point of time during the solar cycle. From data in the first full year of
registration in NDRIS (2002), the average working hours are estimated to be half of those
given above.

e Although annual doses to passengers normally contribute only a few per cent to the
average effective dose from exposure to all sources of radiation of 2.5 mSv a™, this may
be somewhat different for aircrews and frequent flyers, whose annual ‘non-flying’
exposure may be doubled or tripled.

If the collective effective dose is multiplied by 0.05, yielding the fatality risk per Sievert [15],
the number of fatalities that will eventually result from this dose can be calculated. The
number of fatalities due to accidents with aircraft can be assessed from the Aviation Safety
Network [57]. Based on the number of flights passing through Schiphol Airport, the
proportion of fatalities occurring on average in the group of passengers flying through
Schiphol can then be estimated. As illustrated in Figure I7, at the end of the twentieth
century both numbers were in balance. The number of fatalities has either stayed constant or
decreased during the past decades, a sign that safety is tille improving, considering that the
total number of flights and number of passengers per flight have increased.
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We can now pose the question: Is flying safe or is it dangerous for the wrong reasons (danger
of cosmic radiation replacing danger of accidents)? Or is it all a matter of risk perception?

70 :

—e— accidents

—m— cosmic radiation |
60 ¢ —— yearly growth scenario - 4% (TNL1999)

—— yearly growth scenario - 5% (ICAO-2000)
50 ;

>

40

w
o

N
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o

passengers travelling through Schiphol

1965 1975 1985 1995 2005 2015

average number of expected deaths per year among

Figure 17 Average number of expected fatalities per year among passengers
travelling through Amsterdam Schiphol Airport. Data on accidents based
on Aviation Safety Network [57] and proportion of departures and
arrivals at Schiphol compared to the rest of the world. Data on cosmic
radiation are taken from the present report. Scenarios from TNLI and
ICAO were reported in 1999 and 2000 [48, 50].

Although future trends in aviation are still partly hanging in the clouds, we can expect a
moderate growth of some 4%. Furthermore, new aircraft types like the 737 Next Generation
series have higher cruising altitudes than the present aircraft. Due to crowded skies at
altitudes between 10 and 12 kilometres, airlines will try to get round the congestion by trying
to fly higher (less influence of the weather, more economical). Furthermore, (small) business
planes, often flying at altitudes above the commercial air routes, are becoming more and
more common.

On the other hand, besides the higher cosmic dose rates, flying at higher altitudes also
produces contrails that might negatively affect cloud formation and eventually enhance the
greenhouse effect [58]. Only time can tell what effect these arguments will have on the trends
already set in by aircraft builders and airlines.
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Appendix 1 Mailing list

1-30 Director of the Directorate for Chemicals, Waste and Radiation Protection, VROM

31 Deputy Director-General of Environmental Protection

32 Director-General RIVM

33 United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR), Vienna

34 A.M.T.I. Vermeulen, Ministry of Social Affairs and Employment, Directorate Work
Safety and Health, The Hague

35 Warehouse of Dutch Publications and Dutch bibliography

36 Director Environmental Risks and External Safety Division

37 Head of the Laboratory for Radiation Research

38 Author

39 SBC/Communication

40 Report Registry

41 Library RIVM

42 Library LSO

43-47 Internal ‘Bureau Rapportenbeheer’

48-60 Backup copies
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Appendix 2 Glossary

Air crew
Airport code

Average individual effective dose

Block hours

CARI

CBS

Collective (effective) dose
Contrail

Cosmogenic radionuclides
Couriers

CPB

Cruising altitude
EPCARD

FAA

Fatality risk

Flight level

Flight profile

FLUKA

Frequent flyer
Heliocentric potential

IATA
ICAO
Individual effective dose

KLM

pilots, flight engineers and cabin crew

every airport in the world is known by a code name;
usually IATA (3-letter) and ICAO (4-letter) codes are
used, for instance AMS or EHAM for Amsterdam
Schiphol

individual effective dose averaged over specific flights,
time periods or specific groups of exposed persons
flight time in block hours, defined here as the time after
the blocks in front of the wheels are removed from the
aircraft until they are in place again at the destination
‘package’ for the calculation of aviation route doses
from the Civil Aeromedical Institute, Federal Aviation
Administration, USA

Statistics Netherlands, Heerlen/Voorburg, NL
individual effective dose summed over the exposed
group of persons, expressed in manSv

condensation trail of an aircraft

radionuclides produced in the upper atmosphere as a
consequence of reactions between fast cosmic particles
and atmospheric constituents; for instance, HC from "N
express messengers travelling across the world to
deliver valuable packages or information

Netherlands Bureau for Economic Policy Analysis, The
Hague, The Netherlands

altitude at which the aircraft cruises, depends on aircraft
type, flying distance, traffic etc.

European Package for the Calculation of Aviation Route
Doses

Federal Aviation Association, USA

the risk of mortality; in the case of ionising radiation an
effective dose of 1 Sv corresponds to a fatality risk of
about 5% [15]

altitude of flying, mostly in feet: FL350 means 35,000
feet altitude

the time, location and altitude information on a flight
from A to B

a code based on a Monte Carlo simulation for
calculation of the radiation field

passenger taking more than ten (return) flights a year
an interplanetary magnetic field index that is a measure
of the solar activity

International Air Transport Association

Intenational Civil Aviation Organization

individual dose averaged over the total body, expressed
in Sv (sievert)

Royal Dutch Airlines
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LUIN a code for the deterministic model for radiation transport
calculation in the atmosphere

NDRIS ‘Nationaal Dosisregistratie- en Informatiesysteem’, the

Passenger kilometre

PCAIRE

Radiation exposure
RIVM

Solar cycle

SPE

TEPC
TNLI

UNSCEAR

Dutch radiation dose registry for radiation workers
kilometres flown by a passenger (a measure of
transport), e.g. 30 people flying a 1000 km stretch
‘produce’ 30,000 passenger kilometres

Predictive Code for Aircrew Radiation Exposure, based
on experimental data

exposure of a person to (ionising) radiation

National Institute for Public Health and the
Environment, Bilthoven, The Netherlands

Activity cycle of the sun of about eleven years; during
low activity its status is called solar minimum and
during highest activity solar maximum

Solar Particle Event, an eruption of particles from the
sun that can even be measured on earth, although most
of the energy is absorbed in the upper atmosphere
Tissue-Equivalent Proportional Counters, dosimeter for
all radiation types

‘Toekomstige Nederlandse Luchtvaart Infrastructuur’,
the future Dutch aviation infrastructure

United Nations Scientific Committee on the Effects of
Atomic Radiation, Vienna, Austria



page 44 of 96 RIVM report 861020004

Appendix 3 Distance calculation

For a flight between locations A and B, the shortest distance along the surface of the globe is
represented by a so-called great circle path. If the geographic coordinates of both locations
are known, this distance may be calculated unambiguously by using the following equations
(for a perfectly round globe):

Ayp=2- arcsin[\/(sinz(Lat(B) ; Lai(4) )+ cos(Lat(A))- cos(Lat(B))- sin2(L0n(B) ; Lon(A4) D]

where

ayp 1S the angle between the lines through A and the centre of the globe and B and the
centre of the globe

Lat(A) is latitude of location A

Lat(B) is latitude of location B

Lon(A) is longitude of location A

Lon(B) is longitude of location B

When the angle a4p is given in radians, the distance L (in km) between the locations A and B
may be calculated simply by:

L=a, R

where
R 1s the radius of the earth, set at 6350 km
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Appendix 4 Flight level modelling

Table 4 Travel time or flight duration in hours at various flight levels for four different aircraft types, as a
function of total flight duration T (in so-called block hours) according to the method by Oksanen
[18]. The time remaining (after subtracting the various times at the different flight levels) is
assumed to be spent at ground level (i.e. during taxiing or take off and landing).

DC10 Flight level FL (feet)
Travel time T FL270 FL290 FL310 FL330 FL350 FL370 FL390
in hours
from to 27000 29000 31000 33000 35000 37000 39000
0 3.05 0.5%(T-0.733) 0.5x(T-0.733)
3.05 5.633 0.5%(T-3.05) 1.16+0.5x(T-3.05) 1.16
5.633 6.513 0.5x(T-5.633) 1.28+0.5x(T-5.633) 2.44 1.16
6.513 8.94 0.5x(T-6.513) 1.28+0.5x(T-6.513) 2,57 1.593 0.303
8.94 11.57 0.5x(T-8.94) 1.205+0.5x(T-8.94) 2485 2,57 1.593 0.303
11.57 -—- 0.5%(T-11.57) 1.3+0.5x(T-11.57) 2.505 2.485 2.57 1.593 0.303
A300 Flight level FL (feet)
Travel time T FL270 FL290 FL310 FL330 FL350 FL370 FL390
in hours
from to 27000 29000 31000 33000 35000 37000 39000
0 1.3 0.5x(T-0.68)  0.5x(T-0.68)
1.3 3.68 0.5x(T-1.3) 0.307+0.5x(T-1.3) 0.307
3.68 5.63 0.5x(T-3.68) 1.18+0.5x(T-3.68) 1.487 0.307
5.63 0.5x(T-5.63)  0.975+0.5x(T-5.63) 2.155 1.487 0.307
MD80 Flight level FL (feet)
Travel time T FL270 FL290 FL310 FL330 FL350 FL370  FL390
in hours
from to 27000 29000 31000 33000 35000 37000 39000
0 1.1 0.5%(T-0.8)
1.1 1.383 0.5x(T-0.8) 0.5x(T-0.8)
1.383 3.333 0.5x(T-1.383) 0.288+0.5x(T-1.383) 0.288
3.333 0.5x(T-3.333) 0.98+0.5x(T-3.333) 1.268 0.288
DCY9 Flight level FL (feet)
Travel time T FL270 FL290 FL310 FL330 FL350 FL370 FL390
in hours
from to 27000 29000 31000 33000 35000 37000 39000
0 1 0.133
1 1.68 0.5%(T-0.8) 0.5%(T-0.8)
1.68 0.5x(T-1.68)  0.439+0.5x(T-1.68) 0.439

Example (2 hour flight by DC9)

Travel time noted in the bottom row of the table (1.68 -). Because T=2, the travel time at the
different altitudes is: 0.16 hours at FL310, 0.599 hours at FL330 and 0.439 hours at FL350.
This leaves about 0.8 hours at ground level (taxiing, starting up to FL310 and landing from
FL350) divided into 0.4 hours at the beginning and 0.4 hours at the end of the flight.
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Appendix S Results

Page

Table 5 Location data of airports used in the calculations in this report. The 47

geographic coordinates are in decimal degrees latitude and longitude
(positive is north and east, resp., negative is south and west, resp.).
Elevation of runway is in feet above sea level. Flying time is time in so-
called block hours. Number of stops and/or transfers is indicated as well
as the total distance along the globe via great circle paths. All distances
are from Schiphol Amsterdam Airport, The Netherlands (Western
Europe), AMS/EHAM at 52.3 N, 4.75 E and at 11 feet below sea level.
Data are alphabetically arranged by country.

Table 6 Individual effective dose in uSv per flight averaged over outward and 57
return flights (to Amsterdam) for all destination airports used in the
calculations in this report. Data are given for 1988 up to and including
1997. Differences throughout the years are due to variations in the solar
cycle. Data are alphabetically arranged by country.

Table 7 Total numbers of passengers travelling from or arriving at Amsterdam 67
from all airports are used in the calculations in this report. Data are given
for 1988 up to and including 1997. Data are taken from CBS [19] and
give totals for arriving at and departing from the major, as far as dose is
concerned (about 99%), destinations. Data are alphabetically arranged by
country.

Table 8 Total numbers of passenger kilometres travelled by passengers through 77
Amsterdam Airport as calculated in this report. Data are given for 1988
up to and including 1997. Data are alphabetically arranged by country.

Table 9 Collective effective dose in manSv for all passengers flying on outward 87
and return flights (from/to Amsterdam) for all destination airports used in
the calculations in this report. Data are given for 1988 up to and including
1997. Data are alphabetically arranged by country.
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