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PREFACE

PREFACE

In this thesis we describe our investigation of the data produced during a regular

operation of the National Radioactivity Monitoring network (NRM/LMR), which

was primarily intended and installed for the management of nuc1ear emergency

situations. This work formed a major part of the NRM data-analysis project which
has been and will continue to be conducted on behalf of and for the account of the

Directorate General of the National Institute of Public Health and the Environment.

Although both authors contributed to the project and the thesis as a whole,

each had his own preference and responsibility, leading to chapters in the thesis

being. divided among the authors, as outlined below:

R. C. G.M. Smetsers:

R.o. Blaauboer:
Chapters 1, 2, 5, 6 and 9

Chapters 3, 4, 7, 8 and Appendices 1 and 2

This emphasis may be found again in the order of appearance of theauthors' names

in the header of each chapter. Both authors contributed equally to the remainder of
the document.
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GENERAL INTRODUCfION

1 GENERAL INTRODUCTION

1.1 Introduction

RCGM SMETSERS - RO BLAAUBOER

This thesis reports the evaluation of the natural background of ionising radiation and

radioactivity in the Dutch outdoor environment. Natural radiation, either of
terrestrial or cosmogenic origin, has been present ever since the earth was· created

and has accompanied humankind throughout evolution. However, the human race

was unaware of its existence until a century ago, when Henri Becquerel in 1896

demonstrated a new kind of radiation being emitted from uranium ore. The impact

of his discovery tumed out to be enormous, with implications far beyond the area of

science and technology alone. It is now weU-known that exposure to ionising

radiation can cause detrimental health effects, including the development of cáncer.

The general public is weU aware of this feature, but in spite of the fact that nature

itself is by far the dominant contributor of exposure of humans to ionising radiation,

concern is almost exclusively directed at (non-medical) applications of nuclear

technology. The accident at the nuclear power plant at Chernobyl on April 26, 1986

intensified the anxiety about the artificial use of radioactivity and stimulated the

development of sophisticated warning systems for nuclear accidents aU over Europe.

In the Netherlands this resulted, for example, in an automated network for the

surveillance of outdoor radiation levels, the National Radioactivity Monitoring

network (NRM). In the six years that have passed since the NRM came into

operation, no major nuclear incident has occurred. However, as this thesis will

demonstrate, the millions of data coUected have aUowed us to examine the Dutch

natural radiation background on a level of detail that has been unprecedented.

The natural background radiation is not, as one may think, at a stable level. It

represents aU the radiation from various sources, of which the actual impact IS

influenced by aU kinds of environmental parameters. Figure 1.1a illustrates the

typical temporal variations in the intensity of 'long-range' ionising radiation (e.g. 'Y

and secondary cosmic rays) observed at ground level. As these variations are already

notable, the concentration of natural radionuclides in outdoor air (predominantly

222Rn and its short-lived decay products) shows an even more dynamic character

(Figure 1.1b). On a relatively short time-scale the outdoor concentration of 222Rn

1



VARIATIONS IN OUTDOOR RADIATION LEVELS IN THE NETHERLANDS CHAPTER 1

(progeny) may vary between virtually zero and levels that match or even exceed the

average indoor concentration of 222Rn (progeny) in the Netherlands (approximately

12 Bq'm-3 EEDC, see Chapters 2 and 3). The study, of which the results are

presented here, aimed at a quantitative description of the temporal and spatial

variations in the outdoor radiation environment and an understanding of the

mechanisms responsible for it. Much, but not all the necessary information could be

obtained from analysing the network data, or from other data sets available. In

addition models were developed to supplement missing information or to support the

examination of more complex processes.

Chapter 1, the general introduction, provides the background to the context of this

work. The next section presents an overview of the developments that took place

since the discovery of ionising radiation and natural radioactivity. The third section

summarises the latest developments in radiation research and related policies in the

Netherlands and pictures the atmosphere in which this study was carried out. Motive

and objectives are worked out in the last section of this chapter, which also presents

a further reading guide.
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Figure 1.1 Hourly averaged NRM data, showing v.ariations in the outdoor external

radiation level (a) and the concentration of 222Rn progeny in outdoor air (b).
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GENERAL INTRODUCTION RCGM SMETSERS - RO BLAAUBOER

1.2 The discovery of ionising radiation and its consequences

The early years

It has been a hundred years since the discovery of X-rays by Röntgen (1895) and

natura I radioactivity by Becquerel (1896). These events, which had an enormous

impact right from the beginning, have changed the world drastically. More

radioactive substances were discovered soon afterwards; these inc1uded radium and

polonium, discoverëd by the Curies (1898). Around the turn of the century three

different kinds of radiation, a-, (3- and ')'-rays, were already recognised. In the same

period some kind of radioactive gas was found emanating from thorium and radium.

These were later to be identified as isotopes of the noble gas radon, 22°Rn (thoron)

from thorium and 222Rn (radon) from radium. All these amazing discoveries marked

the start of. modern physics. Rutherford and Geiger, after carrying out a large

number of scattering experiments with a-beams, proposed the first nuc1ear atomic

model (1911). Two years later, Niels Bohr refined this model by incorporating the

principles of the quantisation of nature as previously suggested by Planck and

Einstein. The analysis of the characteristic X-ray spectra of several materials led

Mosely in the same year to the discovery of the atomic number as a fundamental

identifier of the elements. In 1919, Rutherford announced the first artificial

transformation from one element to another and shortly afterwards he postulated the

existence of the two nuc1eons, the proton and the neutron. Proof of the existence of

the proton was given by Rutherford himself, but another 12 years passed before the

actual discovery of the neutron by Chadwick in 1932. By thattime the new theory of

quantum mechanics had already been fully developed.

Meanwhile, measurements performed by Wulf on the Eifel Tower (1910), and

Hess, during several balloon ascents in the two following years, had proven the

existence of some kind of extraterrestrial radiation. The study of cosmic rays, as

they were called by Millikan in 1925, was intensified after the development of the

Geiger-Müller radiation counter in the late twenties. Bothe en Kolhöster, using

GM counters for their experiments, found out that cosmic rays were charged

partic1es instead of high-energy electromagnetic waves, as was previously thought.

Consequently, the intensity of cosmic rays should vary with latitude due to the

existence of the earth magnetic field. A worldwide survey, led by Compton, yielded

3



VARIATIONS IN OUTDOOR RADIATION LEVELS IN THE NETHERLANDS CHAPTER 1

the experimental evidence of this effect which convinced most physicists of the

charged particle nature of cosmic radiation. Interaction of primary cosmic particles

(mainly protons) with the earth's atmosphere creates large and complex reaction

chains, called cosmic-ray showers. The study of these showers led to the discovery

of several new subatomic particles, such as the positron (Anderson, 1932) and the

muon or JL-meson (Anderson et al., 1936).

At first, the discovery of X-rays, radioactivity and cosmic rays contributed

mainly to progress in physics, but it advanced medical science too. Ionising radiation

was soon perceived to present a health hazard. On the other hand, one realised that

this phenomenon could also assist in the diagnosis and therapy of apatient. Various

medical applications were developed, but not all were beneficial. The expanding use

of radiation for medical purposes led as early as the 1920s to international

recommendations on radiation safety [e.g. ICRP27]. These guidelines, initially in

support of the use of X-rays for medical applications, formed the base for the

modern framework on radiation protection (see Chapter 2).
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Figure 1.2 Annual averaged concentrations of long-lived (artificial) gross-,B-activity in air

(at location De Bilt) showing the consequences of atmospheric nuclear-arms testing and the

Chernobyl accident on linear (bars) and logarithmic scales (white) (Source: CCRX).
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GENERAL INTRODUcrION

The 'Nuc/ear Age'

RCGM SMETSERS - RO BLAAUBOER

The discovery by Einstein in 1907 of the relation between mass and energy promised

important technical applications for transformation of elements, this potential became

reality with· the discovery of nuclear fission in 1938. Four years later, the first
controlled nuclear chain reaction was established as an intermediate result of the

Manhattan project. The aim was, however, not the production of energy but of

plutonium, needed for the manufacture of the atomic bomb. Two nuclear explosions,

now 50 years ago, ended World War II and marked the start of an enormous nuclear

arms race. The fall-out from the hundreds of test explosions that followed created

extensive environmental pollution, which peaked in 1963 when a Partial Test Ban

Treaty was signed by most nations developing nuclear arms to put an end to

atmospheric weapon tests. This did indeed lower the discharge of artificial

radioactivity into the environment (see Figure 1.2). In these years the global

pollution with artificial radionuclides such as 137Cs anq 90Sr stimulated the efforts

put into radioecology and other forms of environmental radiation research.

Utilisation of nuclear energy for civil purposes started in the mid-fifties, when

several, merely experimental, nuclear fission reactors were constructed. Commercial

exploitation increased sharply from 1970 on, raising the global nuclear power

capacity in the next 15 years from approximately 10 to 250 GW(e). However,

regular emissions from nuclear facilities (sometimes considerable in the early years),

a large series of smaller and larger nuclear accidents (some of them kept secret for a

long period of time) and fundamental problems with the handling of nuclear waste

undermined the general trust in the benefits of the 'Nuclear Age'. Unfamiliaritywith

the nature and hazards of ionising radiation by the general public may have enhanced

the feeling of uncomfortableness with this phenomenon that can neither be seen,

heard, feIt or smelt. The seventies and eighties brought rising strong opposition to

the use of both military and civil applications of nuclear energy. Initially, this

commotion did not obstruct the actual growth in this field too much but did bring

about an improvement in safety procedures and sharpened regulation and contro!.

Regular emissions from nuclear facilities (nuclear fuel-reprocessing plants, for

instance) decreased sharply in the last decades. The anti-nuclear movement also

stimulated the demand for more radiation research and the further development of a

consistent radiation protection framework (see Chapter 2). The accident with the

5



VARIXI10NS IN OUTDOOR RADIPJION LEVELS IN THE NETHERLANDS CHAPTER 1

American power plant at Three Miles [sland in 1979 had already struck asenous

blow to the nuclear industry; however, the disaster with the Chernobyl reactor in
1986 marked the turning point and put an end to the rapid increase in the
commercial use of nuclear power. At the same time the end of the cold war

decreased the need for further military applications, leading to another reduction in
nuclear activities.

Two trends, i.e. (1) more regulation and (2) the reduction of (future) nuclear

activities, have lowered the relative importance of artificial radioactivity as a source
for radiation exposure, at least in the Western world. Today, regular emissions from

the nuclear industry are strictly limited and add only marginally to the population's
radiation dose. To put facts in perspective, in the Netherlands and many other

Western countries the collective radiation dose from the nuclear industry is one
order of magnitude smaller than the collective radiation dose received from the

considerable number of medical applications that are now used for both diagnostic

and therapeutic purposes. Moreover, important new applications, such as nuclear
fusion, are not anticipated for the near future.

What is left is a potential threat of large-scale accidents with current or

decommissioned nuclear material. Enhanced safety requirements may have lowered

the risk of such accidents, at least in the West, but history has shown that one single
calamity can have an enormous impact. The cross-border consequences of the
Chernobyl disaster and the various nuclear accidents with aircraft, satellites and

submarines in the past decades have made clear that national precautions are no
guarantee for not getting involved through accidents elsewhere. The Goiania event,

where a stolen therapeutic 137Cs source was accidentally opened, has shown that
even a limited accident can have an enormous impact when it occurs in an urban

environment [GOlP]. Many nations have therefore prepared their response to a
nuclear incident, wherever it may occur. For instance, many European countries that

had vividly experienced the consequences of the Chernobyl disaster, now have

automated emergency systems to provide an 'early warning' in the case of a major
radiological accident [Ra90a; Ra90b].

6



GENERAL INTRODUcrION

A renewed interest in natural radioactivity

RCGM SMETSERS - RO BLAAUBOER

In the past 20 years, when most people were mainly concemed with the (potential)

radiation hazards from the nuclear industry, the scientific community took a new

interest in natural radiation sources, stimulated by the realisation that nature is, by

far, the dominating contributor to the total collective radiation exposure of the

world's population. Most of the focus was on radon and its short-lived decay

products which represent a potential threat to health. The earliest record of health

problems related to radon (progeny) sterns from three centuries before the discovery

of the radioactive gas, when it was found out that miners in the 'Schneeberg' area in

Eastem Europe were at a very high mortality risk. Most of the present knowledge

on the health effects of high-level radon exposure has also been derived from studies

on' underground miners [e.g. Lu94; Da95; Lu95]. Much attention is now paid to the

risks of prolonged exposure to low levels, e.g. the exposure of the general

population to radon in dwellings ('indoor radon') [NCRP84; ICRP87a; Ja88; Na88;

BEIR88; Pe92; Lu95].

Policy makers have picked up the interest of the scientific community in

natural radioactivity, although policies and regulations can only apply to human

activities and not to uncontrollable (i.e. pure natural) radiation sources. In some

areas, however, (partial) regulation is possible. For instance, indoor radon is an

environmental issue where some regulation, for example on construction of

dwellings, is possible. Other examples where control can be exercised are found in

the phosphate ore and fertilizer industry where industrial processes lead to

unintended enhancement of natural radioactivity levels in either products or waste.

Exposure to cosmic radiation, especially applicable to airplane crews, is another

topic of recent interest where a human activity, i.e. (supersonic) air transport,

affects the human exposure to a natural radiation source.

7



VARIXfIONS IN OUTDOOR RADIXfION LEVELS IN THE NETHERLANDS

1.3 Radiation research and related policies in the Netherlands

Developments in the sixties and seventies

CHAPTER 1

A growing concern in the Netherlands for environmental pollution from artificial

radioactivity, due to the rapid worldwide increase in military and civil applications

of nuc1ear power in the early 1960s led in 1963 to the founding of the CCRa, the

Coordinating Committee for the monitoring of Radioactive substances. The CCRa

initiated a national monitoring programme to gain insight into the pollution of the

Dutch environment by artificial radionuc1ides from abroad. This programme

inc1uded, for instance, daily surveillance of the air compartment, a joint task of the

National Institute of Public Health and Environment (RIVM) and the Royal
Netherlands Meteorological Institute (KNMI) (see Figure 1.2 for some results), and

the periodic analysis of wet deposition and surface water. In 1974 the CCRa adapted

its name and field of interest to CCRX, the Coordinating Committee for the
monitoring of Radioactive and Xenobiotic substances. This committee still

coordinates the national effoct on the monitoring of artificial radionuclides in the
outdoor environment.

In the meantime a nuc1ear programme also developed in the Netherlands.

Several small experimental reactors were constructed, as weIl as a large ultra

centrifuge facilityfor the enrichment of uranium. Commercial exploitation of nuc1ear

energy started in 1969 when a modest 55 MW(e) nuc1ear power plant was put into

operation in Dodewaard. Four years later the 452 MW(e) power plant at Borssele

followed. Regular emissions of these facilities were and still are restricted to certain

limits, as stated in permissions granted under the Dutch Nuc1ear Energy Act.

Several nuc1ear facilities were constructed near the Dutch border, the most

important ones being the fast breeder reactor at Kalkar (D), which was never

completed, the Emsland 1270 MW(e) reactor at Lingen (D) and the Belgium nuc1ear

power plant at Doel, with four reactors in the range from 400 to 1010 MW(e). All

these developments led then to a large focus on artificial radioactivity. This trend is,

for instance, c1early visible in the efforts put into radioecology at that time in the

Netherlands. Radioecology concentrated on the dispersion of artificial radionuc1ides

in the biosphere and the deve10pment of countermeasures for contaminated areas.

8



GENERAL INTRODUCfION

Developments in the last 15 years

RCGM SMETSERS - RO BLAAUBOER

In the 1980s two national research programmes were carried out in support of the

development of a new Dutch policy on the protection of the public and workers from

ionising radiation. The efforts were now very much directed to natura I radiation

sources but concentrated in time on e1ements which could be (partly) regulated. The

first of these projects, SAWORA (1982-1986), was' an inventory of the natura I
background in the Netherlands, inc1uding a national survey of (1) 'free-field'

extemal radiation levels, conducted by RIVM and ECN [Do84; Do85], and (2) of

time-averaged concentrations of both indoor and outdoor radon, conducted by KVI

[Pu86; Pu87; Pu88]. Figure 1.3 shows the results obtained for the outdoor

environment. SAWORA was followed by RENA (1987-1990) [RENA90; RENA92].

The latter project was more focused on how to control the exposure to natural

radioactivity; a major part of the programme conducted by KVI [e.g A188; A194a]

aimed at sources and transport of indoor radon. Enhanced' levels of natura I
radioactivity due to the emissions of the so-called non-nuc1ear industry formed

another subject of interest [e.g. Pe88].
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Figure 1.3 Radiation maps of the Netherlands obtained from the SAWORA and RENA

programmes. Left: 'free-field' external radiation levels [Do84; Do85]. Right: annual

averaged concentrations of outdoor 222Rn [Pu86; Pu87; Pu88; RENA90].
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VARIiXfIONS IN OUTDOOR RADIiXfION LEVELS IN THE NETHERLANDS CHAPTER 1

In 1989, a new environmental policy plan, Premises for Risk Management, was

issued by the Ministry of Housing, Physical Planning and Environment (VROM).

This introduced a general concept of risk assessment applied to all kinds of

environmental hazards related to human practices. Key elements were the maximum

acceptable mortality risk to human beings, set at 10-5 per year for the combination

of major accidents (external safety), and the exposure to substances and radiation;

the maximum acceptable level for each activity or substance had been set at 10-6 per

year [VROM89a]. Two years later this risk philosophy was elaborated for the area

of ionising radiation and resulted in the policy document Radiation Protection and

Risk Management [VROM91]. The results of the so-called SI'RAVE study were also

presented in 1991 , yielding an inventory of radiation sources, doses and dose

distributions in the Netherlands [BI91; Va91]. The STRAVE study clearly showed

that the collective radiation dose in the Netherlands is mainly received from

uncontrollable (e.g. cosmic rays) and partly controllabie natural radiation sources

(e.g. radon in dwellings). Moreover, most of the 'controllabie' part of the radiation

. dose comes from medical applications, which fall beyond the scope of environmental

protection policies. This finding, which is typical for most Western countries,

imp lies that application of the general risk policy to radiation protection may lead to

situations where permissible radiation levels related to human practices are

considerably lower than the natural background radiation already present. This fact,

that does not hold for most chemical pollutants, such as cadmium or dioxins, caused

some opposition to the introduction of this new risk policy to radiation protection.

On the other hand, it should be realised that a general concept of risk management

has the advantage that the impact of a variety of environmental issues can be

compared, which allows the Government to harmonise its approach towards them.

As a compromise, and also to stay in line with international recommendations on

radiation safety, it was recently decided to raise the risk limits for radiological

practices by a factor of 2.5 [BsK96] (see also Chapter 2).

In the policy document Radiation Protection and Risk Management, three

categories of (partly) controllabie radiation sources are distinguished. For two of

them, 'functional applications of radioactivity' and 'non-nuclear industries', the

general risk limits, as given above, have been adopted. The third category, 'sources

connected with dwellings', is only partly controllabie, preventing the general risk

limits being applied. Much effort has been put lately into studies related to this latter

10



GENERAL INTRODUCfION RCGM SMETSERS - RO BLAAUBOER

category, specifically 'indoor radon' [e.g. AI94a]. Sources, emissions, dispersion

and risks pertaining to radon (progeny) were recently evaluated in the so-called

Integrated Criteria Document Radon [Va93]. Studies examining the possible

reduction of exposure to indoor radon in dwellings were carried out within the

national research programme STRATEGO (1992-1994) [e.g. B193]. The results of

these studies were used to formulate a policy document on the regulation of indoor

radon [VROM94], which aims at a gradual reduction of the average concentration of

222Rn in new-made dwellings to 20 Bq·m-3 in the next 20 years. The average 222Rn

concentration in the present population of dwellings is approximately 30 Bq' m-3

[Pu86; B193].

Emergency planning and response after 'Chernobyl'

The research programmes and policies mentioned above apply only to normal

situations, which are fairly weIl controllabie. An emergency situation, however,

demands a different approach. Contingency plans to support the local authorities in

the case of a nuc1ear accident on or near Dutch territory were already operational in

the 1970s. The cross-border impact of the Chemobyl nuc1ear accident in 1986,

however, was reason enough for the Dutch Govemment to improve both the national

organisation for nuc1ear emergency planning and the technical infrastructure

necessary for the collection and presentation of radiological information. The first

resulted in the National Plan for Nuclear Emergency Planning and Response (EPR)

issued in 1989, where the roles playec:l by the various govemment and research

institutes are set down [VROM89b; Da90]. The second resulted in a series of

technical facilities, enabling a quick assessment of radiation doses during an event.

The RIVM plays a comprehensive role in the EPR [Pr91; SmIP]. Special

attention is given to the assessment of radiation doses in the early phase of an

accident, both by measurement and predictive modelling [Li90; Pr94]. To perform

these tasks, RIVM operates a number of technical facilities, inc1uding the National

Radioactivity Monitoring network (NRM), a nationwide automated network for

continuous surveillance of the outdoor radiation environment [Sm90; Sm94a]. A

verified warning from the NRM, operational since 1990, may activate the EPR. The

NRM as the main source of the data for this study, will be described in detail in

Chapter 5.
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1.4 Thesis outline

Main objectives

CHAPTER 1

The aim of this study was to analyse the spatial and temporal variations observed in
the natural outdoor radiation environment in the Netherlands and to examine the

processes and mechanisms responsible for it. This study, restricted to the exposure

pathways ' external radiation' and ' inhalation' , therefore will evaluate the following

two items: (1) the intensity of 'long-range' ionising radiation, i.e. secondary cosmic

rays and 'Y-rays from the decay of natural radionuclides, at ground level, and (2) the

concentration of natural radioactivity, predominantly 222Rn and its progeny, in air.

As such, this· study is a logical follow-up to the outdoor part of the SAWORA

programme and is complementary to the research carried out within the RENA and
STRATEGO frameworks.

Natural radiation sources and processes have been studied extensively since

their discovery [e.g. Bl59; K182; C08?; Ei8?; UN93]. The knowledge on these

matters has improved continuously during the last century, not only because of new

theoretical insights but also because the newly available technical achievements

allowed for more refined investigations. Radiation research was boosted, for

instance, in the late twenties after the invention of the Geiger-Müller counter. The

last extensive national radiation surveys in the Netherlands, performed some ten

years ago, yielded valuable information, including geographical information on both

external radiation levels and outdoor radon concentrations (see Figure 1.3).

However, these surveys produced either time-averaged or momentary data, neither

of them suited to studying the dynamics of natural processes, such as the dispersion

of radon in the environment. Much information on the dynamics of the natural

radiation background is available in the literature, but most results are based on a

limited set of data obtained at one location [e.g. Ta82; Mi83; We90; P091; Na92;

Hö94]. Moreover, many results from abroad were obtained under different

environmental circumstances and may not be valid for the situation in the

Netherlands [e.g. St84]. So, the information available before this study was not

sufficient to supply a complete and representative picture of the temporal and spatial

variations in the Dutch natural background radiation. However, the development of

the National Radioactivity Monitoring network for nuclear emergency response

12
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provided an OPPOrtunity to do this. The availability of millions of monitoring data

showing a high resolution in space and time, lured us into a detailed study the Dutch
natura 1 radiation environment. Another technical achievement of the last decade was

the development of Geographical Information Systems (GIS), which allowed us to

add a new level of detail in the spatial analysis of radiation data.

These opportunities, and. the bare fact that nature is by far the dominant source

of the ionising radiation responsible for the exposure of the world's population

should be reason enough to justify this. study. There is, however, more. As was

explained in the previous section, Dutch policies on environmental issues are at

present based on a general concept of risk assessment. Risk limits apply to all kinds

of human-induced hazards, ionising radiation inc1uded. From a political point of

view, approaching environmental problems from the concept of risk management has

great advantages. In practice, however, the identification of risks related to human

activities may be very difficult. This is especially true for the area of radiation

protection due to the existence of comparatively high and varying natural

background levels. Sometimes nuc1ide-specific measuring methods can be applied to

distinguish between human and natural sources, but these are expensive and work

only in cases where artificial radionuc1ides are involved. The Dutch policies on

radiation protection explicitly consider the risks from exposure to elevated levels of

natural radioactivity, of which assessment may lead to even more complicated

practical problems. So there is a growing demand for tools to support the proper
identification of the human factor in radiation levels.

This demand not only holds for normal situations. Based on experiences so far,

one can expect that even a relatively small radiological incident, resulting in an

insignificant radiation dose for the population, will generate great public and thus

political concern. In such cases both the authorities and the public will ask for a

precise assessment of what caused the accident. Improved knowledge on variations

in the natural radiation background, as provided by this study, may decrease the

uncertainty in risk assessment applied to human-induced activities.

The Dutch network for nUc1ear emergencies is fairly advanced but there are

more monitoring networks in Europe, some of them showing comparable levels of

sophistication [Ra90a; Ra90b]. In spite of the massive amount of data collected, only

a few countries provide aggregated data reports on a regular basis [e.g. Aa92; A192;

BfG92]. Results of a comprehensive analysis of network data, analogous to the one

13
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presented here, could not be found in the literature.

Reading guide

CHAPTER 1

The first three chapters of this thesis are rather introductory: Chapter 1 provides the

background in which this study was initiated and explains motives and objectives.
Applied quantities and units selected from the perspective of radiation protection are

explained in Chapter 2. Chapter 3 presents a general overview of source-dependent
radiation doses in the Netherlands and dose distributions among the Dutch
population.

From Chapter 4 onwards the work concentrates on the outdoor radiation

environment in the Netherlands. Chapter 4 starts with a description of aH relevant

sources and processes contributing to the (natural) background and causing its

variations in space and time. Chapter 5 discusses the National Radioactivity
Monitoring network, evaluates the possibilities (and limits) of the NRM for the

present purpose andhighlights some applications of the results of this .study.

An analysis of ambient dose-rate data, evaluated in Chapter 6, aims at a

complete and coherent evaluation of aH relevant sources and processes contributing
to (variations in) outdoor extemal radiation levels. The main goals were to provide

simple (phenomenological) expressions for the assessment of the temporal and spatial

variations in the natural background, inc1udingbest estimates and uncertainty ranges
for the applied parameters, and for the probability that certain radiation levels occur.
Some applications of the results are demonstrated.

Chapter 7 presents the results of an analysis of natural airborne radioactivity

data. The aim was to examine the dynamic behaviour of 222Rnand short-lived decay
products in the Dutch outdoor environment and to reveal the influence of various

meteorological parameters. The activity concentration of 222Rn progeny in the

outdoor environment is determined by a complex process of exhalation, horizontal

and vertical dispersion, radioactive decay, attachment to aerosols and deposition on

the ground surface of attached and unattached decay products. Many parameters are
involved in the assessment of the concentration of 222Rn (progeny) on a certain spot

and its variations in time. This process is modeHed in Chapter 8.
The final conc1usions of this study are summarised in Chapter 9, which

inc1udes recommendations for further research.

14
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2 QUANTITIES AND UNITS IN RADIATION
PROTECTION

2.1 Introduction

The interaction of ionising radiation with living tissue may lead to cellular damage,

specifically damage to the molecular DNA structure. Sometimes the damage induced

will not be adequately repaired, preventing the cell from surviving or reproducing.

Other cells may survive in an altered form (transformation) which may lead, in due

time, to cancer or to genetic damage to subsequent generations. Since different kinds

of ionising radiation such as neutrons, a- and tJ-partic1es and y- and X-rays differ in

their physical properties, they also differ in their biological harmfulness. Not only is

the amount of energy transferred from the impinging partic1e to the biological tissue

(absorbed dose) an important parameter, but also the density of ions created along

the track of the ionising charged (secondary) partic1es. Examples of partic1es

creating high-density ion tracks are a-partic1es and neutrons. Electrons, muons, y
and X-rays create low-density ion tracks.

Two different kinds of biological effects can be distinguished; deterministic

and stochastic. Deterministic effects are the result of cell death in such proportions
that the organ or tissue function is lost. Therefore deterministic effects are not

manifest when organisms are exposed to low radiation levels. However, above a

certain threshold the severity of a deterministic effect increases sharply with an
increasing dose. Stochastic effects, on the other hand, are related to modified cells.

The probability that a cancer will develop increases with the increasing dose,

probably without threshold [ICRP91] ..

The three most relevant pathways for radiation exposure are external

(ir)radiation, inhalation and ingestion. Long-range radiation, such as y-rays,

dominates the external radiation dose. The distance between source and receptor can

in practice be large: y-rays with photon energies in the order of 1 MeV, as emitted

by naturally occurring radionuc1ides like 214Bi, can pass through hundreds of metres

of air (see Chapter 4). However, this is even small compared to the penetration rate

of high-energy relativistic partic1es from outer space whose reaction products

(secondary cosmic rays) contribute significantly to the external radiation level

present in the earth's atmosphere, even at sea level (see Chapters 4, 5 and 6).
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Inhalation and ingestion doses result from the intake of radionuc1ides, either by

breathing contaminated air or by consuming contaminated food. Especially a
emitters are harmful here. tt should be emphasised though that, in the case of

internal contamination, the radiological significance of the radionuc1ide in question is

not only determined by its physical properties, such as half-life, radiation type and.

energy, but also by its chemical properties, as these determine the metabolic

behaviour of the radionuc1ide in the human body. The effective half-life, defined as

the time it takes to reduce the activity of a given kind of radionuc1ide in the body to

half its original value, takes both the physical and biological half-lives into account.

Soon after the discovery of X-rays and natural radioactivity, now one century

ago, it was realised that these new radiation types may be harmful. There' is

therefore a relatively long history of radiation protection, based on principles which

gained solid international support. Leading organisations in this field are the

International Commission on Radiological Protection (ICRP), established in 19281,

and the International Commission on Radiation Units and Measurements (ICRU),

whieh goes baek to 1925 [AI95]. A summary of the latest reeommendations of the

ICRP, inc1uding a brief deseription of eommonly used ICRP definitions and

guidelines for dose assessment [ICRP91], follows in the next seetion (2.2).

However, the most fundamental quantities expressing the harmful effeets of ionising

radiation eannot be measured direetly. Seetion 2.3 deseribes therefore the most

relevant dosimetrie quantities determining the dose from external radiation sourees,

as defined by the ICRU [ICRU80; ICRU85; ICRU88; ICRU92; ICRU93]. Naturally

oeeurring radon isotopes and their short-lived deeay produets represent. the

dominating souree for exposure of the human population to ionising radiation

[UN93]. Seetion 2.4 diseusses the speeifie quantities, units and definitions used for

the assessment of the radiation dose following exposure to radon (progeny).

1 Under the name International X-ray and Radium Protection Committee
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2.2 Basic concepts of radiation protection

RCGM SMETSERS - RO BLAAUBOER

The fundamental quantity in radiation protection is the absorbed dose, D, defined as

the (mean) energy (1) absorbed per unit mass (kg) [ICRU80; ICRP91]. The special

unit for this quantity is the gray (Gy = J. kg-I). As mentioned earlier, the probability

of stochastic éffects depends not only on the absorbed dose but also on the radiation

type. The equivalent dose in a tissue or organ, RT, brings the radiation weighting

factor, WR' into account, and is defined as [ICRP91]

(2.1)

where DT,R is the absorbed do se averaged over tissue or organ T, due to radiation

type R. Dose quantities which include some kind of biological weighting are usually

expressed by the special radiation protection unit sievert (Sv = J. kg-I). The value of

wR is related to the linear energy transfer (LET), a measure of the density of

ionisation along the track of an ionising particle, and equal to unity for photons,

electrons and muons of all energies. For a-particles, fission fragments and heavy

nuclei, wR is equal to 20. For protons (> 2 MeV) the ICRP has adopted a value of

5. The wR value for neutrons varies between 5 and 20, depending on the energy of

the incident particle [ICRP91].

The relationship between the probability of stochastic effects and equivalent

dose is also found to depend on the organ or tissue irradiated. The effective dose, E

(Sv), takes this relationship into account by introducing the so-called tissue weighting

factor, WT' so

E (2.2)

The (normalised) tissue weighting factor is a measure for the risk that alethal cancer

will be developed in the exposed organ; the value depends on current knowledge and

may be adjusted with time. At present, adopted wT values are 0.01 (skin, bone
surface), 0.05 (bladder, breast, liver, oesophagus, thyroid), 0.12 (red bone marrow,

colon, lung, stomach), 0.20 (gonads) and 0.05 for the remainder [ICRP91].
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Several subsidiary quantities are deduced from the quantities given above. The

committed (equivalent or effective) dose is defined as the time integral of the dose

following an intake into the body of a radioactive material. The collective

(equivalent or effective) dose is the product of the (average) dose received by

individual members of an exposed population times the number of people involved,

and is expressed in man sievert. Various biological models are used to calculate the

equivalent or effective dose following the intake of radioactive materiais. There are

modeis, for instance, for the deposition of radionuclides in therespiratory track [e.g.

Ja93] and the uptake of radionuclides via the gastro-intestinal channel [e.g. Bi92],

which produced a vast number of dose-conversion coeffidents to convert the intake

of radionuclides via various pàthways to the associated equivalent or effective dose

[e.g. No85;. He85; Ph91]. These models are still under development and new sets of

dose-conversion coefficients, based on refined biokinetic modeis, are currently being

established. Further discussion is, however, beyond the scope of this chapter.

The effective dose, E (Sv), previously caIled the effective dose equivalent, Heff (Sv),
has become the most commonly used quantity for expressing the (possible) harm of·

radiation exposure to man. It should be noted, however, that both equivalent and

effective dose are radiologicalprotection quantities to estimate the probability of

stochastic effects : use of these quantities becomes less meaningful when

deterministic effects are expected (absorbed doses in the order of several grays or

more). It is further emphasised that the ICRP model for radiological protection is a
simplified approximation of rèality. The model assumes a linear· do se-effect relation

for stoch~stic effects without threshold and ignores the probable infiuence of dose
rate. These items are still subjèct to much scientific debate. As the limitations of the

model are weIl recognized by the ICRP, theCommission has defined a nominal

fatality probability coeffident to estimate the probability of a fatal cancer per unit

effective dose, of which the value depends on dose level, dose-rate level and target

group (workers, adults, children etc.). The present ICRP value for the whole

population is 5.0 x 10-2 Sv-1 (low doses and dose °rates). The recommended nominal

probability coefficient expressing the risk for severe hereditaryo effects for the whole

population is 1.3 X 10-2 Sv-1 [ICRP91].
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The ICRP has further developed a broad conceptual framework of radiological

protection and recommends limits for the effective and equivalent doses for some

tissues and organs (lens of the eye, skin, hands and feet), both for workers and for

the general population. The present (average) annual effective do se limit applied to

the population is 1 mSv·a-1 [ICRP91], which is equivalent to a recommended risk

limit for radiological 'practices' of .5:0x 10-5 fatalities (= lethal cancers) per year.

A few years ago the Dutch Government introduced a general concept of risk

management, to be used for all kinds of human-induced hazards [VROM89a],

inc1uding ionising radiation [VROM91]. The maximum allowed individual mortality

risk limit for exposure to a single source was set here at 1x 10-6 per year.

Moreover, the Government has adopted a value of 2.5 x 10-2 Sv-1 for the nominal

lethal cancer probability coefficient for the population. In this way the maximum

allowed risk limit applied in the- Netherlands to a single radiological source (i.e. 

practice ) would be equivalent to a maximum allowed individual effective dose limit

of 0.04 mSv·a-l. It was, however, recently decided to follow the advice of the

European Commission (in accordance with the latest ICRP recommendations) in

applying a cumulative dose limit for members of the public of 1 mSv'a-1

(corresponding to a cumulative risk limit of 2.5 x 10-5 per year). The dose limit per

source in the Netherlands has been fixed at 0.1 mSv'a-1 (2.5 x 10-6 per year) under

the assumption that members of the public may be simultaneously exposed to 10

different radiation sources [BsK96].

Radiological risk limits are not applied to pure natural sourees of radiation that

are considered impossible to control (e.g. cosmic radiation). The contribution of

such sources to the individual effective dose may be large, however, and can easily

exceed this level (see Chapter 3). For instance, the effective dose due to cosmic

radiation in the Netherlands equals 0.2 mSv'a-1 (assuming a residence time of 80%

indoors and 20 % outdoors) and is thus two times as high [BI91].

The radiological quantities introduced in this section turned out to be very useful in

radiation protection. However, equivalent and effective doses cannot be measured

directly. Therefore operational quantities of particular interest in the measurement of

external radiation fields have been defined. The next section will give a summary of

these quantities, for as far as they are relevant for the work presented in this
document.
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2.3 Dosimetrie quantities related to extern al radiation fields

CHAPTER 2

Various processes of photon interactions with matter, predominantly the

photoelectric effect, compton scattering and pair production, yield free electrons

with a high kinetic energy. This kinetic energy is transferred to the surrounding

material by collisions, creating excitations and electron-ion pairs. The energy

transfer is thus à two-stage process. The quantity kerma (kinetic energy released in

matter) refers to what happens in the first stage of this process, i.e. the transfer of

energy from the uncharged indirectly ionising 'particle' (e.g. a photon) to the

charged directly ionising particle (a high-energy electron). In this work we make use

of the quantity air kerma, Kair (Gy = J'kg-l), which is defined as the sum of thè

kinetic energies of all the charged ionising particles liberated by the uncharged

ionising particle per unit air mass [ICRU80]. The absorbed dose, D, which is

defined as the (mean) energy absorbed per unit mass, refers to the second stage of

the process, i.e. the transfer of energy from the high-energy electron to the medium.

This transfer takes place along a track which may be of considerable length,

implying that kerma and absorbed dose do not spatially overlap. Especially at the

boundary between two different media (air and concrete, for instance) kerma and

absorbed dose are not the same: in the 'built-up region' the condition of charged

particle (or electronic) equilibrium is violated [J083]. Further, part of the kinetic

energy may be transferred back to radiation in the second stage of the process

('bremsstrahlung'). This energy is included in the kerma, but not in the absorbed

dose. Bremsstrahlung becomes important for energies above 3 Me V. The dosimetric

quantities kerma and absorbed dose are thus equal when charged particle equilibrium

is present and the production of bremsstrahlung is negligible [J083]. This condition

is generally met in the case of 'Y-radiation in air originating from natural
radionuclides.

The quantities kerma and absorbed dose are recommended now-a-days to

characterize the impact of strongly penetrating radiation fields (e.g. 'Y-rays) on

matter. As such, they supersede the quantity exposure, X, defined as the absolute

value of the total charge (one sign only) of the electron-ion pairs produced per unit

air mass [ICRU80]. The appropriate SI unit for exposure is C' kg-1 but the traditional

unit is röntgen (R): 1 R = 2.58 X 10-4 C' kg-i. Exposure is only defined in air for

photon energies between 5 keV and 3 MeV. It was found out that on average
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33.85 eV is required to produce one electron-ion pair in dry air [J083]. This links

the quantity exposure to the quantity air kenna (or absorbed dose): an exposure of 1

R corresponds with a kerma· in air of 8.73 mGy. In time, the quantity exposure and

its derived quantity exposure rate, X, will cease to be used but the read-out of many

commonly used instruments for the measurement of environmental radiation is still

in (JL)R- h-1.

The quantities mentioned above are both well-defined and measurable but do

not take into account the specific properties of tissue. To characterise the (potential)

irradiation of individuals for the purpose of radiation protection, the International

Commission on Radiation Units and Measurements has introduced several specific

quantities for the determination of doses resulting from external radiation sources

[e.g. ICRU93]. The quantity ambient dose equivalent at 10 mm depth, H*(10) , is

recommended for area monitoring. This quantity, further abbreviated to ambient

dose equivalent or simply ambient dose, is defined as the equivalent dose that would

be produced by the corresponding expanded and aligned field in the so-called ICRU

sphere at a dep th of 10 mm on the radius opposing the direction of the aligned field

[ICRU93] (see Figure 2.1). The IC RU sphere is a 30-cm diameter, tissue-equivalent

sphere with a density of 1 g·cm-3 and a mass composition of 76.2 % oxygen, 11.1 %

carbon, 10.1 % hydrogen and 2.6% nitrogen [ICRU93]. The ambient dose equivalent

is expressed in sieverts (Sv). Environmental radiation fields are not uni-directional

but will rather be rotation-invariant or isotropic (see also Chapter 4). Proper

measurement of H* (10) requires the radiation field to be uniform over the

dimensions of the instrument and the instrument to have an isotropic response.

Figure 2.1 The ambient dose

equivalent, H*(lO), is defiped as the

(equivalent) dose determined at point A,

located at a depth of 10 mm in the

ICRU sphere facing the uni-directional
radiation field.

Radiation field
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The introduction of this operational quantity was, for environmental radiation

protection, clearly an improvement; however, the relation between the ambient dose

equivalent and the effective dose is still complex, depending not only on photon

energy but also on the age of the target person and the direction or symmetry of the

radiation field. The relations between the quantities air kerma, Kair' ambient dose

equivalent, H~(10) and effective dose, E, are illustrated in Figure 2.2. Here, the left

graph compares the (measured) ambient dose equivalent and the (calculated)

effective dose received by adults for various irradiation geometries, whereas the

right graph shows the age dependence of the effective dose for rotation-invariant

irradiation [ICRU88; Ya94]. The ambient dose equivalent is relatively high at

photon energies in the range of 50-100 keV but drops sharply, moving towards zero

as energies decrease. Above 500 keV the differences between H*(10), Kair and any
E decrease with increasing energy. It is filfther noted that the ambient dose

equivalent overestimates the effective dose received by a person at any photon

energy for aU ages and irradiation geometries. The level of underestimation is the

lowest for an anterior-posterior uni-directional radiation field and lowers with

dècreasing age.
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Figure 2.2 Ambient dose equivalent, H* (10), (solid line) [ICRU88] and (calculated)

effective dose (symbols) [Ya94] per unit air kerma, as a nmction of photon energy. The left

graph shows the effective dose received by adults for various irradiation geometries (AP:

Anterior-Posterior; PA: Posterior-Anterior, RLAT: Right Lateral; ROT: Rotation-Invariant;

ISO: Isotrapie incidence). The right graph shows the age dependenee of the effective dose

for a rotation-invariant irradiation geometry.
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For typical ')'-spectra of natura I radionuc1ides an ambient dose equivalent, H* (10), of

1 mSv corresponds to an etfective dose for adults, E, of approximately 0.6 mSv,

assuming a rotation-invariant radiation field. FinaUy, it should be mentioned that the

properties of ambient dose rate are not weU established for very high energies (e.g.

Ge V), which could be relevant for the dose assessment due to high-energy cosmie
rays [ICRP87b].

Z~N

206Pb

stabie

210pO

138d

210Bi

5.0d

238U

Figure 2.3 Decay series of primordial 238U, with the half-life of the radionuclides in the

second part e26Ra_206Pb) of the chain. Long arrows (down-Ieft) are indicators for a-decay,

short arrows (up-Ieft) for {3-decay.
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2.4 Exposure to radon and short-lived decay produets

CHAPTER 2

Radon and its short-lived decay products form a major issue in the exposure of man

to natural sources of radioactivity. The radon isotopes, 22°Rn (thoron) and 222Rn,

which belong to the respective primordial decay series of 232Th and 238U, are noble

gases which exhale from the top soil and building materials into the air. Thoron

decays via a series of four short-lived decay products to 208Pb, which is stable. The

decay series of 222Rn, shown in Figure 2.3, ends with the stable lead isotope, 206Pb.

However, as far as airborne 222Rn progeny is considered, the isotope 210Pb, with a

'half-life of 22.3 years, is usually considered the meta-stable end product. All

intermediate decay products are heavy metals, which tend to attach to aerosols or to

plate out onto surface areas. The airborne radon progeny is thus, in general, not in

secular equilibrium with its parent (see Chapters 4, 5, 7 and 8 for more details).

Both radon isotopes and their progeny form a significant environmental

problem, of which the 222Rn series is the major one [UN93]. Because the work

presented here concentrates on the outdoor environment, only properties of 222Rn

and progeny are outlined. The thoron series does contribute to the natural

background, but this contribution is rather stable with time; the short half-life of

22°Rn (56 s) limits the amount of dispersion. The main relevant physical properties

, of ,222Rn and its short-lived decay products are summarised in Table 2.1. All

parameters referring to one particular nuclide of this decay series will, from now on,

be labelled with index i; i=O e22Rn), 1 e18po), 2 e14Pb), 3 e14Bi) and 4 e14po).

Inhalation is, by far, the most important pathway for exposure to radon progeny.

The radiation dose due to the inhalation of 222Rn and progeny is mainly caused by

the energetic a-particles emitted by the short-lived decay products, 218po and 214po.

The inhalation dose due to 222Rn itself is of less concern because virtually all the

inhaled atoms of this nobel gas are also exhaled. Hence, the total amount of a
energy that will be delivered to the lung area by the inhaled and deposited decay

products of 222Rn, the so-called potential a-energy, is of primary concern in

assessing the radiation dose. The tracheo-bronchial area of the lung is the most

sensitive area. The deposition of attached decay products throughout the respiratory

tract is a function of the particle-size distribution of the carrier aerosol. The activity

median aerodynamic diameter (AMAD) of attached products has a typical value of a,
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Table 2.1 Radioactive decay data of 222Rn and short-lived decay produets [KoS1]

Nucl.

TI/2À· DecayEaE{3 1Eiyield) 2I
(s·1)

(a,{3;y)(MeV)(keV)(keV)

0

222Rn3.82 d2.10 x 10-6a5.49-
3

-
3

1

218po3.05 m3.79X10-3a6.0033

2

214Pb26.8 m4.31 x 10-4
j3,"{

-3
219352(0.37), 295(0.19)

3

214Bi 19.9 m5.81 X 10-4
j3,"{

-
3

632609(0.46), 1764(0.16),

1120(0.15)
4

214po164 J.'s
4.23XI03a7.69-3

-
3

1

Weighted average energy2 Most important values, i.e. with an enérgy > 20 keV and yield > 0.103 Not applicable

few hundred nanometres [Ch91]: Inhalation of unattached decay products, with an

AMAD of the order of 1 nm, is significantly more hazardous. These products are

more reactive and also have a larger penetration depth.

Based on these considerations, the following radon-specific quantitIes were

developed to characterise the impact of any combination of 222Rn and progeny being

present in the air [e.g. Na88]. Consider an arbitrary mix ?f 222Rn and short -lived

decay products with air activity concentrations denoted by ai (i=0,1,2,3,4). In most

circumstances ai appears to decrease with increasing i due to deposition and plate-out

of the non-gaseous decay products of 222Rn. Only 214po (i=4), having a very short

half life of 164 j1s, will have the same air activity concentration as its parent, 214Bi

(i=3) (see Chapters 4 and 5). So, in general, we have ao > al > a2 ::> a3 = a4·

Such an arbitrary mix represents a potential alpha-energy concentration, PAEC

(J·m-3), given by
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PAEC (2.3)

The (hypothetical) case ai=l Bq'm-3 (i=1,2,3,4) corresponds with a PAEC of 5.55
nJ ~ .·m .

The equilibrium-equivalent decay product concentration, EEDC (Bq·m-3), is defined

as that 222Rn concentration, which, in secular equilibrium with aH short-lived decay

products (i.e. EEDC=a'o=a'j=a'2=a'3=a'4)' represents the same potential (X

energy as the mixture actually present (i.e. the one with aO>aj>a2>a3=a4). The
EEDC is thus ca1culatt~das follows:

EEDC =

E
«4 1 1

+ a - + a E (- +-)
2 À 3 «4 À À2 3 4

"" 0.1065' al + 0.515 . a2 + 0.379 . a3 (2.4)

The equilibrium factor, Er is now defined as the quotient of the EEDC and the
activity concentration of 22 Rn:

E =
p

EEDC
(2.5)

If necessary, the quantities PAEC and EEDC can be ca1culated for the attac~ed and

theunáttached fraction of the "mixture of 222Rn and progeny under consideration.

The unattached or free fraction, fp' is then defined2 as

2 Some authors define the unattached fraction per nu~lide but this is not used here
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PEACjree

PAECatt + PAECjree

= EEDC free

EEDC att + EEDC jree

(2.6)

The attached fraction, defined analogously, equals l-!p. Both the equilibrium factor
and the unattached fraction depend heavily on the environmental conditions and are

thus a function of time. Values tor Ep in the outdoor environment generally range
between 0.4 and 1; for the Netherlands a typical value of 0.7 has been adopted

[Va93]. The unattached fraction, fp' is outdoors of the order of a few percent [e.g.
Kn88; UN93].

Knowledge of the health effects of radon progeny is derived mainly from studies of

lung cancer in workers in underground mInes [e.g_ Lu95]. All 'miners' studies have

unambiguously shown that prolonged exposure (i.e. 1-20 working. years) to high

concentrations of radon progeny (say > 5 kBq·in-3) leads to an excessively high

number of fatal lung cancers. Dose-response relations are, however, not simple and ..

depend amongst other factors on age, exposure rate and smoking behaviour

[BEIR88; Lu94]. Furtherrnore, extrapolation of these results to situations where

humans are exposed to 10-1000 times lower radon levels (e.g. in dwellings) has

several limitations. Based on present knowledge, the risk coeJficient. for exposure to

222Rn progeny (average conditions) is estirnated at 0.14 ± 0.05 mSv·a-1 per Bq-m-3

(EEDC)' [Va93]. Results from large-scale epidemiological studies presently in

progress and from the development of more sophisticated models to describe the

biological effects of the deposition of radon progeny in the lung may lead, in due

time, to a better understanding of the health effects following low-level radon

exposure and a change in risk factor.
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3 RADIATION SOURCES, DOSES AND DOSE
DISTRIBUTIONS IN THE NETHERLANDS

3.1 Introduction

This chapter gives an overview of the radiation levels and exposure of the population

in the Netherlands to sources of ionising radiation. Considering the subject of this

thesis, in which the NRM is used for research on the origin of natural radiation

levels, special emphasis is placed on sources of ionising radiation leading to a dose

to the population in the outdoor environment, i.e. exposure to radionuclides in the

air and external radiation from radionuc1ides, or cosmic rays, in air and in, or on
soil.

A fairly complete overview of the exposure of the Dutch population to sources

of ionising radiation is given by Blaauboer et al. [B191]. Most information in this

chapter is ba'Sed on this report. Similar overviews for the United Kingdom and the

United States, for example, are given by Hughes et al. [Hu89] and the NCRP

[NCRP87], respectively.

3.2 Averageradiation dose and dose range

We can distinguish three types of sources of ionising radiation. First, there are the

sources· of natural radiation, defined here as those sources of naturalorigin that,

without human interference, may result in a dose to the population. These sources

are often referred to as non~controllable, i.e. people have no influence on them. An

example is cosmic radiation. Secondly, there are the sources of enhanced natural

radiation. These àre sources of naturalorigin that, with human interference, may

result in a dose to the population, for example, using building materials like concrete

and brick, which containcertain radionuc1ides that may enhance exposure levels

indoors compared to outdoors.· The enhancement is due to human interference and

therefore part of the dose to humans from this type of source is controllabie. This,

however, does not mean these doses should be reduced by terminating some of the

common building practices, but specific measures, e.g. reducing radon exhalation,

could be taken. The third type of radiation source is artificial. Artificial sources of

radiation are defined here as those synthetic sources used for some kinds of
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functional applications resulting in a dose to the population. An example is X-ray

diagnostics.

Because the exposure to the different sources of radiation can be fairly

different, there are several ways to present the radiation dose that the population
recelVes:

o as individual doses,

o as a range or distribution of possible doses, where exceedance of. a

certain dose might be given as a percentage,

o as an average individual dose, which can be arrived at by dividing the

collective population dose by the number of people making up the

population

The first is, of course, the most detailed. Following individual doses is, however,

not feasible. An exception to this is formed by the group of radiation workers (e. g.

medical radiologists and workers at nuc1ear facilities), who carry dosimeter badges

by which their individual dose is, at least partially, registered.

The second approach gives a more aggregated type of information. Often, it is

possible ta point out the specific group of people exposed to aspecific source of

ionising radiation. Using a suitable model, it is sometimes even possible to estimate

the range of possible doses (minimum - maximum) and their distribution over the

exposed group. However, to pinpoint the exact dose of an individual is not as

feasible as in the first approach. An example is the exposure to 222Rn.

The third approach sometimes forms the only way of presenting the dose

received by an individual; however, it is also the one giving the least personal

information. An example is the exposure due to fallout from the nuc1ear weapon
tests in the sixties and seventies.

Because the most important sources, as far as their contribution to the dose of

the exposed population is concerned, have a more-or-Iess specified distribution over

the population, it is still possible to construct a probability distribution of the total

effectivedose received by individuals in the population.

3.3 Radiation dose due to natural radiation

The most important sources of natura I radiation are (1) cosmic, (2) terrestrial, i.e.

radiation due to the primordial radionuc1ides e32Th, 238U, 235U and 40K) in the
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earth's ernst, (3) the prirnordialradionuc1ides present in the human body due to

consumption of food and (4) 222Rn and 22°Rn and their progeny present in outdoor
aIr.

Cosmie radiation

Cosmic radiation, consisting of primary radiation (high-energy protons and (1

partic1es) and secondary radiation (neutrons, protons, muons), is partially screened

by the earth' s magnetic field and the

atmosphere [UN88] . Furthermore, several

(cosmogenic) radionuc1ides like 3H, 7Be,

14C and 22Na) are produced in the upper

atmosphere. The radiation dose due to

cosmie radiation (exc1uding the cosmogenic

radionuc1ides) is dependent on geomagnetic

latitude and altitude or, more accurately,

on atmospheric pressure. Since the

Netherlands spans only a few degrees

latitude and most of the country is situated

at sea level, with a rather constant

atmospheric pressure (on a yearly average),

there are only very small countrywide

differences in the yearly averaged effective
radiation dose due' to cosmie radiation in

outdoor air (approx. 0.3 mSv·a-1). Further

shielding occurs in the indoor environment

due to the building materials that absorb

part of the extemal radiation. The dose reduction varies from around 20 - 60 %

depending on the building material u~ed [Ju85]. The average shielding from building

materials is around 40% in the Netherlands, resulting in a rather constant effective

dose of 0.2 mSv:a-1 [Bl91]. The cosmogenic radionuc1ides result chiefly in an

ingestion dose to the population. The dominating radionuc1ide here is 14C, giving an

average individual ingestion dose of 12 I1Sv·a-1 [B191].
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Terrestrial radiation

CHAPTER 3

Terrestrial radiation from natura I sourees eonsists primarily of y-radiation from the

radionuclides 232Th and 238U (and to a lesser degree 235U) and their deeay produets,

a; well as from 40K. These radionuclides, with a long half-life, have been present in

the earth's ernst sinee the formation of the earth itself. Their eoneentration in soil

depends, however, on specifie eharaeteristies ofthat soil and the many different

types of soil result in a range of eoneentrations. These different eoneentrations,

together with shielding and seattering eharaeteristies of the speeifie soil, result in

different y-radiation levels in air. The soil map of - the -Netherlands ean thus be

eonverted to a terrestrial radiation map (see Chapter 6).

Compared to other eountries, eoneentrations of soil 232Th, 238U and 40K in the

Netherlands fall into rather _narrow ranges (Tabie 3..1). This is beeause of the

dominant eontribution of sedimentary materials to the soil in the Netherlands
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Figure 3.1 Distribution of ambient and effective dose rates due to

terrestrial radiation in the Netherlands [Do84].
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Table 3.1 Ranges of 232Th, 235U, 238U and 40K concentration in soil

in the Netherlands [Kö88] and typical concentration values [UN88]

Radionuclide RadioactivityTypical

concentration range

concentration

Bq'kg-1
Bq' kg-1

232Th

10-8025

235U

0-41.1

238U

5-10025

40K

100-700400

compared to granite-like rock soils in other countries. Higher concentrations do

occur, however, especially in some spots at the sea-land interface, where enrichment

of heavy minerals occurs [Me87]. Here,concentrations of radionuc1ides from the

232Th and 238U series can range up to several hundreds of Bq·kg-1.

Effective doses in the Netherlands due to extemal ')'-radiation from soil are in

the range of 0.06-0.38 mSv'a-1 in the outdoor environment (Figure 3.1), with an

average of about 0.2 mSv·a-l. In the indoor environment this dose will, however, be

reduced by 90 % due to shielding by building materials [Ju85].

Natural radionuclides in the body

Besides the cosmogenic radionuc1ides (14C etc.), sources of intemal radiation are the

primordial. radionuc1ides as they are present in· the soil. Through root up take crops

contain radionuc1ides from the 232Th, 235U and 238U series and 40K. The most

important radionuc1ides for the ingestion pathway and those based on average

concentrations in soil are 40K and 210Pb (from the 238U series). On average they

comprise more than 85% of the effective dose of 0.33 mSv'a-1 due to ingestion of

natural radionuc1ides (except 222Rn and 22°Rn and their progeny) [BI91] .

•
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Table 3.2 Exhalation rates for 222Rn from soH and concentration in outdoor air

in the Netherlands compared to reference values for 220Rn 1)

Radon ExhalationOutdoor range ofOutdoor averageAverageAverage
isotope

rate from soilconcentrationconcentrationEEDC2)effective

Bq'm-2's-1
(yearly averaged)..(yearly 'averaged)Bq·m-3dose rate3)

Bq·m-3

Bq·m-3 nSv'h-1

22°Rn

0.015-5.3 0.5-2050.214

[UN88]

[ICRP87a][Va93]

222Rn

2 x 10-4-0.03 1-103232

[Ac85; Ac88]

[Pu86][Pu86]

1)

2)

3)

Since 22°Rn was not surveyed, values from the literature are used as a reference
Concentrations given are for the radon isotopes; equilibrium equiva~ent decay product

concentration (EEDC) may be ca1culated using an equilibrium .factor of 0.04 tor 22°Rn

[ICRP87a] and 0.7 for 222Rn [UN88]

Using conversion coefficients of 0.14 mSv'a-1 per Bq·m-3 EEDC 222Rn and 0.6 mSv'a-1 per

Bq'm-3 EEC 22°Rn (Chapter 2 and [Va93])

220Rn and 222Rn and their progeny in outdoor air

Radon, in the form of the· isotopes 222Rnand 22°Rn and their short-lived progeny, is

the most important source of natura I radiation. The isotopes, 222Rn and 22°Rn,

originate from the 238U and 232Th series, respectively (Chapter 2). Because radon is

a noble gas, at least part of it can be emanated from the mother material and enter

the pore volume of the soi!. By diffusion and convection part of it can leave the soil

(exhale) before it enters the atmosphere upon decaying. See Table 3.2 for typical

exhalation rates and concentrations in outdoor air, and Chapter 4 for a more detailed

description of this transport proèess. Figure 3.2 gives the frequency distribution of

the outdoor 222Rn concentration averaged over one year, as determined by Put et al.

[Pu86] . In this chapter ihe dose estimate is based on these data taking the

equilibrium factor (see Equation 2.5) to be constant and equal to 0.7. In Chapter 7

we will discuss this in further detail by comparing the data with the ex-concentrations
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measure·a by the NRM detectors, which may be converted directly into EEDC. The

radon isotopes decay and give rise to short-lived decay products that easily attach to

aerosols and dust partic1es. These may be inhaled and result in aradiation dose to

the lungs through a-decay. The most important are the radionuc1ides 218po, 214Bi

and 214Pb, which originate from 222Rn and 212Bi and 212Pb, decay products of 22°Rn

(especially of importance in the indoor environment) (see Chapter 2).
As previously mentioned, radionuc1ides from the 232Th and 238U series occur

in soil in concentrations that vary according to soil type. This also holds for the

production of the radon isotopes and again for the exhalation rates from different

soils. Despite the fact that proof for this correiation was found [Pu88] over relatively

small areas, the direct correlation between soil type and specifically 222Rn

concentration in air is not so obvious if one considers the atmospheric transport of

222Rn. Air masses can be transported over. considerable distances and be mingled

with air masses with very different 222Rn concentrations, thereby completely losing

all correlation with aspecific soil type. In Chapters 4, 7 and 8 this problem will be
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Figure 3.2 Frequency distribution of the average 222Rn concentration In
outdoor air in the Netherlands in the period Jan 1983 - Jan 1984 [Pu86].
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addressed in more detail.

Using dose convers ion ~oefficients 0.14 ± 0.05 mSv·a-1 per Bq·m-3 EEDC

222Rn and 0.6 ± 0.2 'mSv'a-1 per Bq'm-3 EEDC 22°Rn (see Chapter 2 and [Va93]),

the average effective dose in the Netherlands due to exposure to 222Rn and 22°Rn

outdoors ~ill be approximately 0.4 mSv'a-l~ 13ecause people stay indoors most of

the time, this dose will be enhanced due to a build:..up of radon in dwellings.

3.4 Radiation dose due to enhanced natural radiation :

The most important sources of enhanced natural radiation in ·the Netherlands [Bl91]

are (1) processing industry (mainly phosphoric acid, fertilizers, iron and steel and

fossil-fuel combustion), (2) consumer products (e.g. ceramics, gas mantles), (3)

cosmic radiation during air travel (4) building materials and (5) part of the 22°Rn

and 222Rn and their progeny in indoor air.

Processing industry and fossil-fuel combustion

During phosphate-ore processing, part of the natural radioactivity contained by the

ore may be released into' the atmosphere or énds up in product or waste stream.

Especially the fertiliser industry produces large quantities of sludge that are enriched

with natural radionuc1ides from the 232Th and 238U series. The most important

radionuc1ides here are the long-lived decay products 210Pb and 21Opo [Bl91]

originating from 238u. After emissions of these wet process plants, primarily to

surface water, these radionuc1ides are accumulated by marine organisms. Ingestion

of seafood products (especially mussels) therefore constitutes the major exposure

pathway. Of secondary importance is inhalation in the vicinity of some industrial

plants. The average effective dose is in the range of 17-27 /LSv·a-1 for exposure to

discharges from the total mineral processing industry. Most of this is a consequence

'of the ingestion pathway. Only in the close proximity of the (thermal processing)

phosphate industry (distance of a few kilometers) do maximum inhalation doses of

50 /LSv·a-1 due to 21Opo and 210Pb occur [Kö85; Pe88]. Exposure to atmospheric
releases from fossil-fuel combustion (e.g. coal-fired power plants) contributes' only

about 1 /LSv·a-1 to the average effective dose of which the most is through the
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ingestion pathway. A maximum dose of some 10 ,uSv·a-1 is estimated in the close

vicinity of a power plant, with a contribution of only 0.5 ,uSv·a-1 through inhalation
and even less due to extemal irradiation.

Qnly at sites with sludgeponds or landfills r may there be. a significantly
enhanced background radiation level due to enrichment of the radionuclides in the

232Th and 238U series [M094a]. As a consequence there mayalso be an enhanced
exhalation of radon.

Consumer produets

Some consumer products intentionally or unintentionally contain natural

radioactivity. Examples are: special camera lenses (radionuclides from the thorium

and uranium series for a high refracting index), watches e26Ra-painted diais),

smoke detectors e26Ra to ionise the air), ceramics (238U for color and shine),

welding rods e32Th) and gas ·mantles used for camping lights e32Th for brightness

of the flame r~ost of these consumer products only give rise to extemal radiation

of the body .. In some cases, however, such as gas mantles, material may be

detached, resulting in exposure through inhalation or. even ingestion. In the user

group of these gas mantles (campers, soldiers, railway maintenance personnel) , this

may result in an average effective dose of 0.1 mSv'a~l [Hu85].

However, the average effect~ve dose from consumer products, including those

whère artificial radionuclides are incorporated, is not more than approximately 10

,uSv·a-1:

Cosmie radiation during air travel

During air travel people are situated at altitudes above normal. The aforementioned
cosmic radiation is more intense at these altitudes. The effective dose rate at

altitudes of 11-12 km above sea level is ca. 5 ,uSv'h-1 at moderate latitudes. The

people most affected are the aircrews (several thousand people in the Netherlands

alone) and possibly some bus~ness travellers. The average effective dose for crew

members has been estimated to be in the order of 2-3 mSv·a-1. Por the general

public, the effective dose .per (average) flight is about 20 ,uSv·a-l. Regular air..
passengers could, of course, receive proportionally higher doses.

37



VARIXfIONS IN aUTDaaR RADIXfIaN LEVELS IN THE NETHERLANDS

Building materials

CHAPTER 3

Building .materiais, like minerals .or cQal, Qriginate fram the earth's crnst and thus
cantain radiQnuclides frQm the uranium and tharium series, and 4oK. These

radiQnuclides give rise tQ extemal radiatiQn. Radan is alsQ exhaled tQ the indQQr

environment (see' belaw). The extemal î'-radiatian is resPQnsible fQr an effective

dQse rate .of ca. 43 nSv'h-1 .or abaut 0.38 mSv·a-1 [BI91]. MareQver, in the vicinity

.of buildings (cQncrete and brick) and Qn paved roads there is Qften an ènhanced

extemal irradiation due ta natural radiQactivity, but its cQntributian tQ the 222Rn

cQncentratian irithe outdoor environment is minar campared ta the situatian indoors

[AI94a]. Building materials can have an effect Qn the measurement when mQnitaring

thè environment:,with, fQr example, the NRM.

220Rn and 222Rn and their progeny in indoor air

RadQn infiltrates buildings from the SQil undemeath thrQugh slits and cracks in the

basement fiQor, thrQugh exhalatian fram building materials and thraugh ventilatiQn

with QutdQar air. Natural-gas and dQmestic (ground)water supplies are Qnly minar

cQntributQrs ta the 222Rn-Ievel. Due tQ relatively law ventilatiQn rates in buildings

build-up .of radQn Qccurs. Average indQQr CQncentratians (in living roQms) .of 29

Bq·m-3 222Rn, .or abQut 12 Bq·m-3 EEDC(222Rn), was measured ([Pu86] and

Table 3.3). Using the dQse cQnversian cQefficients (Chapter 2), the average effective

dQse in the Netherlands due tQ eXPQsure tQ 222Rn and 22°Rn indQQrs was estimated at

approximately 1.8 mSv·a-1 [Va93]. This number tends tQ increase due ta the mare

air-tight Qutside walls af dwellings built in the last 20 years ar sa and the increased

üse .of cQncrete, which has a higher 222Rn exhalatiQn rate than, far instance, waQd

Qr-bricks. ,Recent ca1culatiQns shaw that since 1986 the average 222Rn cQncentratiQn

has -increased by approximately 0.5 Bq·m-3 EEDC [BI93]. This WQuld increase the

average effective dQse due ta 222Rn and its progeny indQQrs' with anather 55-70

JLSv·a-l.

The dQse distributian is similar tQ the distributian af yearly averaged 222Rn

cQncentratiQns and has a lQgnQrmal shape with a rather thin .tail upwards ta higher

values. Fram Table 3.3 the indoor effective dase (fQr a 24-hQur stay indQQrs) can be
ca1culated at 0.06-0.6 mSv·a-1 due tQ 22°Rn and 0.4-7.8 mSv·a-1 due tQ 222Rn.
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Table 3.3 Exhalation rates for radon from building materials and radon

concentration in indoor air in the Netherlands [Va93]

Radon

isotope

22°Rn

Exhalation ratel) Indoor range ofIndoor annual--from building
concentration3)averaged

material 2)
(yearly averaged)concentration

(Bq·m-2·s-1)
(Bq·m-3j(Bq·m-3)

< 10-3 - 1.7 X 10-1

0.1 - 1 EEDC 4)0.5 EEDC 4)

[ICRP87a]

[ICRP8'7a; UN88]

< 10-5 - 1.7 X 10-3

8 - 14029

1)

2)

3)

4)

3.5

Statie situations, i.e. LlP=O (no pressure gradient), otherwise exhalation rates might be up to
a factor of 10 higher [A194a]

Exhalation rate of 220Rn is set at a factor of 100 higher than that of 222Rn according to
[Fo84]

Concentrations given are for the radon isotopes; _equilibrium equivalent decay product

concentrations (EEDC) may be calculated using an equilibrium factor (Ep=0~4 for 222Rn)

[Pu86]; values for 220Rn (EpCZ2°Rn) = 0.02-0.1) can be derived [ICRP87a] and for 220Rn
EEDC values are reported

This value is in agreement with data measured by Hogeweg [Ho86]

Radiation dose due to artificial radiation sourees

Important categories of artificial radiation sources are (1) medical applications (X

ray d~agnostics, nuc1ear medicine, radiotherapy) and (2) various different sources
such as nuc1ear installations, radioactive waste disposal sites and also fallout from

nuc1ear weapon testing and Chemobyl-like accidents.

Medical applications

In contrast to most sources of natural radioactivity the exposure to medical

applications of radiation or radioactivity are well-defined. The group of people

exposed is continuously changing .. Also, the effective doses depend largely on the
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various types of diagnostics. Por example, doses thiough X-ray diagnostic

procedures range from only a few I1SV to several· dozens of mSv. In nuclear

diagnostics the range is also large, but the average dose is a factor of 10 higher than

in X-ray diagnostics. In the Netherlands the average effective dose per head due to

X-ray and nuclear diagnostics was estimated to be 0.40 mSv'a-1 for the year 1988

[BI91]. In radiotherapy doses are far higher and often very locally deposited. But

here the problem of· cancer induction due to radiation is of minor concern and

therefore not incoI1?orated in the total dose to the population (see below).

Sourees discharging to the environment

There are several artificial sources of radiation which discharge into the

environment. Examples are nuclear facilities (e.g. power plants, uranium enrichment

plants, nuclear research reactors) and radioactive waste disposal sites. Some

instruments used in industry and research cause a dose due to ionising radiatio:çl (e.g.

radiography, particle accelerators, electron microscopes), but these give only a non

zero dose at locations very near the source. The highest doses are received in a

select group of personnel, the radiological workers. Sometimes very high dose rates

can be measured for short periods of time (especially with radiographic

applications), even influencing NRM stations (see Chapter 5). Average doses to the

populaiion are only of the order of 1 I1Sv·a-l.
In the Netherlands, doses due to (regular) discharges from nuclear facilities are

dominated by discharges from facilities in other countries into the rivers Rhine and

Meuse and indirectly to the North Sea (Sellafield (UK), Cap' de.Ja Hague(P».
Maximum effective doses in the Netherlands due to all these sources consist of a few

I1Sv·a-l.Pallout after the nuclear weapon testing in the sixties and seventies, and the

Chernobyl accident, still result in an average effective dose of some 15' I1Sv·a-1,

where the greater part of the dose is caused by external irradiation of the body. This

latter do se is heavily. dependent on the amount of deposited radioàctivity, especially

137Cs. Because· of the varying geographical distribution of this radionuclide after the

Chernobyl accident, the dose also varies to some extent geographically. This has to

be taken into account in trying to link soil parameters to concentrations of radio

nuclides from the 232Th and 238U series, and these again to measured -y-radiation
do se rates.
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3.6 Total radiation dose to the population in the Netherlands

An overview of the average effective dose, or preferable collective dose to the

population, is given in Figure 3.3 [Bl91]. An indoor/outdoor residence ratio of

80%/20% was assumed. Furthermore, every possible dose mentioned in the figure

represents an average over the entire population, giving an average effective dose to

the individual of about 2.4 mSv'a-l for the year 1988. Figure 3.3 gives an insight

into the sources of radiation of importance in the exposure of the population.

Clearly, the natural radiation due to 222Rn and 22°Rn is the most important
contributor3 .

Another interesting aspect is the distribution of doses to the population. To

222Rnand 220Rn

(42 % )

radiation (8.6%)

Cosmie

Tèrrestrial

radiation (2.1 %)

Occupational

~osure (0.05%)
- Various radiation

sourees (2.0%)
Medical

applications (17%)

body, excl. radon (14%) ~ ~uc~~~~3e~~rgy
External ~ - / \.::

gamma radiation by Nuclear weapon Chernobyl

building materials (13%) tests (0.5%) (0.8%)

Figure 3.3 Contributions of aU sourees of ionising radiation to the average

etfective dose equivalent in the Netherlands in 1988 [Bl91].

3 The results presented here are based on the assumptions made in [Bi9l]. Following new

insights with respect ta the dose from exposure to 222Rn and 220Rn [e.g. Va93] an even larger
contribution from these radionuc1ides and their decay products is ca1culated (about 50% of the
total annual dose, see Figure 3.3).
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ca1culate the overall effective dose to an individual in the population one has to sum

all doses through all sources of ionising radiation for all people. To accomplish this

one needs to know the time spent indoors and outdoors and to what extent the..
individuals concemed were exposed to the various sources. This is not an easy
matter, since most exposures are not known on an individual basis. To work around

this problëm a technique was developed [BI91; Va91] to arrive at a distribution of

effective doses in the population, even though a connection with the individual is

missing.

Two important assumptions are made: (1) every individual spends 80 % of his

or her time indoors [UN88] and (2) exposures to the various sources of ionising

radiation are not correlated. This last assumption is somewhat questionable because

some exposures are expected to be correlated or have an inyerse effect, e.g. the

exposure to -y-radiation from building materiais' often varies inversely with the

10

8

---..
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o
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Figure 3.4 A distribution of the total radiation exposure over the Dutch
population in 1988 when no correlations are assumed between different sources

of ionising radiation [Bl91].
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exposure to radiation of cosmic and terrestrial origin. Some correlations may be of a

geographical nature: there are centres of industrial activity, for example, where the

exposure to several sources may be combined [Va90] . To first order these

assumptions should, however, be reasonable. After aU, the uncertainties in estimated

doses and even more in the subsequent risks are considerably larger [BI91].

A rather slinple sampling .approach was usecl to sample doses from aH
estimated and Ifstêci dose distributions. These were summed to find a dose for a

fictitious individual in the population. Using several thousand cases a distribution of

doses over the population was produced (Figure 3.4). A median etfective dose of 2.1

mSv' a-I can be ca1culated from the data in this figure. Some 83 % of the population
received an etfective dose in the range of 1.5-3.0 mSv'a-1 and some 5% received

doses exceeding 5 mSv·a-l.

For aH individual cases several selections \yere made to give a few details on

what sources made up the total doses. The result is shown in Figure 3.5. The

< 1.5

--..
'7ca 1.5-2>Ë 2-2.5'--'Q) 2.5-3C)c:ca~ 3-3.5
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Figure 3.5 Contribution of various sources to the dose for several selected dose ranges for

peop le in the Netherlands. Values in parentheses give percentages of the population [Bl91].
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variations in the dose distribution are generally specified by the exposure to 222Rn

and 22°Rn, and by medical exposures, as expected. These conc1usions are

independent of the way the effective dose due to the radon isotopes is ca1culated.

3.7 Conclusions and discussion

The most important sources of ionising radiation to the population of the Netherlands
are:

1) outdoor and especially indoor 22°Rn and 222Rn,

2) medical applications, such as X-rays and nuc1ear medicine,

3) . - radionuc1ides of the 238U and 232Th series present in building materials
and soil,

4) natural radionuc1ides, of cosmogenic and terrestrial origin, thi'lt through

the food-chain are incorporated in our body and

5) cosmic radiation.

Prom these sources, that make out approximately 95 % of the annual average

effective dose of about 2.4 mSv'a-1 (or following [Va93], approx. 3 mSv·a-1), the

dominant sources of ionising radiation in the outdoor environment are: ..
1) the radionuc1ides of the 232Th and 238U series, and 4oK, consiïtuting the

terrestrial radiation component,

2) the decay of 22°Rn and 222Rn in surface air and

3) cosmic radiation.

These three components cause an average effective dose due to extemal irradiation

of about 0.5 mSv·a-1 and due to intemal irradiation after inhalation of radon decay

products of about 0.4 mSv·a-l. The effective dose through inhalation of radon decay

products is enhanced in the indoor environment. However, radiation levels in the ,.

outdoor environment still contribute significantly to the total effective dose received

by individuals.
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4 DESCRIPfION OF PROCESSES

4.1 Introduction

RO BLAAUBOER - RCGM SMETSERS

As mentioned in previous chapters, exposure of a human being in the outdoor

environment can take place through four major pathways: (i) extemal radiation from

(natural) radioactivity in soil or on the soil surface, (ii) extemal radiation originating

from decay products of mainly the 232Th and 238U series in the lower atmosphere,

(iii) intemal irradiation after inhalation of these decay products and (iv) extemal

radiation from secondary cosmic rays and cosmogenic radionuc1ides. Several of

these radionuc1ides will also be incorporated in the food chain (Chapter 3), but these
delayed exposures will not be further discussed here.

The various processes of importance in controlling the exposure from the

(series of) radionuc1ides and types of radiation considered may be broken down into

five separate groups: (i) the mechanisms causing the production and transport of

isotopes of radon leaving the soil into the surface air, (ii) the transport mechanisms

controlling the radon concentration in atmospheric air, (iii) the effect of soil and air

on radiation originating from radionuc1ides in soi! or on the soi! surface, (iv) the

effects of atmospheric air on radiation from radionuc~ides in the air and (v) the

mechanisms leading to cosmic radiation. These five topics also serve as a guideline

for this chapter. However, because radioactive decay of radon occurs both in soil

and in air,. this decay process is described separately.

4.2 . Radioactive decay of a radionuclide in a decay series

The fact that a given radioactive species decays according to an exponential law is

taken to be common knowiedge. However, radioactive decày in a radioactive series,

like the 238U series, is mathematically more complicated. Furthermore, concepts like

the growth of a radioactive decay product (or daughter) in the decay of the parent or

secularequilibrium are more readily explained byelaborating somewhat on this
decay process.
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Decay of a radioactive substance follows the simple differential equation:

dNI = -À. -NI-. I.dt

CHAPTER 4

(4.1)

where Nj is the number of atoms of species 1, Àj = ln(2)/[ 1;2' the matching decay

constant and T1;2 the radioactive half-life of the substance ...This equation has the
well-known solution ,."

(4.2)

If the decay product is also a radionuc1ide, as is the case in a decay series, this

product will be produced from the parent material and follow its own exponential

decay at the same time according to

(4.3)

where the first term on the right denotes the decay of the parent and thus the

production of the daughter and the second term,the decay of. the daughter.

Substituting (4.2) the linear differential equation for N2 becomes

dN2 -À. t
- + À. -N - À. 'N (O)e 1 = 0dt 2 2 1 1

(4:4)

By assuming a solution in the form N2(t) = p(t)-q(t), this equation may be solved,

yielding the equation for Nit):

(4.5)

Equation (4.5) presents the general solution in which thè decay product of a

radionuc1ide is also radioactive. For the nth radionuc1ide in such a series the general

solution is given by
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(4.6)

when the initial numbers of aU decay products is zero, except for the parent

radionuclide, NJO) = 0 (i = 2 ... n). The expressions in (4.6) are caUed the

.Bateman equations [BalO].

If the decay product or daughter is shorter lived than the parent nuclide (i.e. Î\]

< Î\2)' the activity of the daughter (Î\2N2) will reach an equilibrium with the activity

of the parent nuclide (Î\]N]). From Equation (4.5) it can be seen that this transient

equilibrium is represented by the ratio:

A2 (t)

Al (t) (4.7)

where the AJt) denotes the activities of the parent (1) and daughter (2) nuclides. In

the limiting case, where t is sufficiently large, the second term will become

negligible and the ratio of daughter to parent activity constant. If the half-life of the

daughter nuclide is much shorter than that of the parent nuclide (i.e. Î\] ~ Î\2)' it may

be seen from Equation (4.7) that in this same limiting case the activities of both

radionuclides will become equal. This condition is caUed secular equilibrium. This

equilibrium may be affected by several processes, as will be shown later.

47



VARIATIONS IN OUTDOOR RADIATION LEVELS IN THE NETHERLANDS CHAPTER 4

4.3 Production and transport of radon in soil

22°Rn and 222Rn are produced by the decay of the parent nuclei 224Ra and 226Ra,

respectively. Radium may be found in soil particles. Depending on the type of

mineral in the soil, it may be distributed either uniformily throughout the soil

particle or primarily at the particle surface [e.g. M094b]. After radioactive decay of

radium, the radon isotope will be trapped in the soil particle, unless some

mechanism is available to allow it- to escape (emanate) from the particle into
interstitial air.

Emanation

Diffusion of radon during its radioactive half-life in a solid-soil particle with a

diffusion coefficient of 10-13 m2's-1 [Na88] yields a diffusion length of about

2 x 10-4 m, which is relatively short when compared with a typical particle diameter

of 10-6 m (clay) to 10-4 m (marine sand). However, in the decay of radium the

radon atom recoils due to the emission of an a-particle. This recoil causes the radon

atom to migrate over a distance of 20-70 nm in common minerais, so it is possible

that it will enter the interstitial pores of the soil (Figure 4.1). llowever, the recoil

'hanging' water
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Figure 4.1 Emanation ~f radon atoms from solid soil particles. showing (A) recoil from one

particle into another, (B) ré~oil within one particle and (C) recoil into interstitial water.

48



DESCRIPTION OF PROCESSES RO BLAAUBOER - RCGM SMETSERS

distance in air is 63 /lm for 222Rn and 83 /lm for 22°Rn [Na88] , which is

comparable to or even larger than the soil particle size. This may cause the

radionuclide to penetrate a nearby soil particle. Through the 'cracks' produced in the

particle by the impact, the radionuclide might, in principle, diffuse back into the air

filled pores, but this is probably unimportant. If the interstitial pores contain water,

this could reduce the recoil distance to about 100 llffi. Due to the low solubility of

radon in water most of the radon will reach air-filled pores by diffusion. Emanation

is given to the name of this combination of processes that make the particle available

for transport. It .is r~presented by the emanating factor, 'YJ, which gives the ratio of

radon emanating from the· soit particles to the air and water-filled pores divided by

the total amount of radon produced.

Emanation is controlled by several variables. As previously mentioned, the

pore water may absorb the radon atoms recoiling from a soil particle. The water

content is therefore an important variable. A low water content (dry soil) will reduce

this absorbing effect and thereby increase the number of radionuclides recoiling into

other soil particles; thus reducing the emanation factor (Figure 4.2). Other important

variables are the distribution of the parent radionuclide in the soil material (of a

surface type or homogeneous) and the surface to volume ratio of the soil particles.

For instance, large·· particles have a relatively small emanation range or surface

compared with their volume (see Figure 4.1). Other authors [e.g. Na88] also suggest

processes like chemical eros ion and radiation damage (through decay of

radionuclides fromthe 232Th and 238U series), which might affect this surface to

volume ratio. Good examples of undamaged or newly formed materials are lava and

fly-ash. These materials have a very low emanation factor, 'YJ, of sometimes less than

0.01, whereas a typical range is 0.01-0.8.

Exhalation

In deep soil (from some 2 m downwards) the emanated radon gas will still be in

secular equilibrium with the parent radionuclide radium. In the upper soil layer the

interstitial radon concentration will decline due to net transport of soil gas into the

atmosphere, called exhalation. The exhalation rate, E (Bq'm-2's-1), of radon from

soil to the atmosphere is not only determined by the emanation factor and the radium
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content of the soil, but also by the temperature, atmospheric pressure, permeability,

moisture content and porosity of the soi!. Although, all these parameters affect the

two major transport mechanisms in soil, diffusive and convective transport, in this

thesis we only discuss diffusive transport, even though convective transport may be

fairly important, especially for radon transport into building structures.

The fiTst law of diffusion of radon-gas in soil is given as

JRn (z,t) = _ D acRn (z,t)
az

(4.8)

where JRn is the vertical Rn flux (Eq·m-2·s-1) across a horizontal section of the soil,

D (m2·s-1) the bulk diffusion coefficient for radon through soil and CRn (Bq'm-3) the

concentration óf radon in the interstitial soil gas. Equation (4.8), together with the

added terms of decay (-ÀCRn) and emanation from soil partic1es (production) of

radon ({3), gives the second law:

aCRn = 1. ~(D acRn) -CRnÀRn + f3at €aZ az

P soil

f3= 1] À Rn CRa -;-

(4.9)

where E is the porosity of the soil, defined as the ratio of volume fiUed with air and

water to the total volume of the soil, ÀRn the radon decày constant (2.1 X 10-6 s-l

for 222Rn and 1.24 X 10-2 s-l for 22°Rn), Psoil the soil bulk density (kg·m-3), TI the

emanation factor and CRa the activity concentration of the parent radionuc1ide

radium in the bulk material (Bq' kg-I). In a steady-state situation (àCR/àt=O) for a

homogeneous soil (D and (3 are constant) and under the assumption that the radon

concentration in the air above" the soil surfaceis zero (which is reasonabie if

compared with the soil gas concentration) , radon in the interstitial soil gas will be

distributed as a function of the depth z as
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with L
Rn
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(4.10)

where CRn( 00) is the equilibrium (interstitial) radon concentration in deep soil

(Bq·m-3), LRn the diffusion length of the radon isotope (m), depending on the decay

constant ÀRn and the effective diffusion coefficient De (=D/E) (m2's-t) of radon in

soi!. Assuming a typical effective diffusion coefficient of 10-6 m2·s-1, LRn = 70 cm

and 1 cm for 222Rn and 22°Rn, respectively. At sites where the soil consists of river

c1ay material, LRn represents only about 25 % of these values. In the case of 22°Rn a

concentration deviating from the equilibrium value may be expected in only the

upper few centimetres of soil, while for 222Rn this may be several metres, especially

in dry sandy soils. The short-lived decay products of radon will (in a steady state) be

in secular equilibrium with radon. Therefore they will have a similar concentration

profile in soi!.

The exhalation rate of radon from soil into the atmosphere (Bq·m-2·s-1) due to
diffusion follows from

(4.11)

i.e. the vertical radon flux in soil with the solution at the soil surface (see Equations'

(4.8), (4.9) and (4.10»:

(4.12)

The effective diffusion coefficient, De' is controlled by variables like the porosity

and water content of the soi!. A high water content of the soil pores increases the

emanation factor, but reduces the transport by diffusion because of the difference in

diffusion rate in water (ca. 1 x 10-9 m2·s-1) and air (1.2 x 10-5 m2·s-1)

(Figure 4.2). A maximum exhalation rate in several soils is reached for water
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contents at field capacity4. The small pores in soil are then filled with water, giving

a maximum absorbing effect for recoiling atoms (Figure 4.1), while the larger air

filled pores make diffusive transport through soil still rather rap id. In general, it can
be stated that the diffusion coefficient is of the order of 10-6 m2.ç1 for a soil with a

moderate moisture content (about 50% of the porosity) and that it decreases to about

2 x 10-10 m2's~1 for saturated soils (see Table 4.1). Experimentally, the effect of a

higher exhalation rate due to relatively low soil moisture have already been

confirmed [Gr94;' St84] .

Several meteorological variables are more-or-less important in controlling the

exhalation rate. Temperature seems to be important for only dry soils, possibly due

to the adsorption of radon to soil particles, which seems to decrease with rising

temperature [R091; St84]. During winter, frozen ground and/or a snow cover may

effectively serve as a (partial) barrier blocking the radon exhalation. Another

variabie is the atmospheric pressure. Especially changes in pressure affect the radon

concentration in soil. Equalisation of air pressure between the atmosphere and soil

gas causes radon to be sucked out or forced in as pressure falls or rises,

respectively. In certain cases this effect can double or halve the exhalation rate on a
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Figure 4.2 Schematic representation of the in11uence of water content on the emanation

factor (a) and effective diffusion coefficient (b).

4 Water has drained from saturated sÇ>illeaving the capillary (or 'hanging') water in the soi!
pores [Ku81]
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Table 4.1 Typical values for porosity, water content, effective bulk diffusion

coefficient and pa,rticle size of a few common soH types in the Netherlands
Soil description

porositylWaterEffective bulkParticle size4
content2

diffusionTypicalMass median
coefficient3 range

diameter

E

WDe

(m2·s-1)

(/-lm)(/-lm)

Active dune sand

0.450.164.2 X 10-650 - 420200

Windbome sand deposit

0.400.431.6 X 10-616 - 42090

Marine c1ay loam

0.500.665.9 X 10-7< 15050

River c1ay

0.550.896.3 X 10-8< 503

1

2

3

4

fraction of the soi! volume occupied by pores

moisture content at field catacity as a fraction of the pore volume [Ku81]
fitted function: De = 7x10- exp[-4(w - W'E2 + w5)] according to [Ro84]
[Lo90]

time-scale of several hours to days [CI74; Kr64; Sc84]. Rain, like snow, has a

capping effect on the radon in soi!. Especially the radon concentration in soil just

below the surface seems to be strongly increased after a rainfall [Kr64; Sc84].

4.4 Horizontal and vertical transport of radon in the atmosphere

Like any other gas released in the atmosphere, radon is transported horizontally with .....

the prevailing winds and vertically, within the mixing layer, by turbulent processes.

Because of the short half-life of 22°Rn this isotope will not be transported over large

distances, either horizontally or vertically. Qnly during strong vertical mixing will it

reach heights beyond a few metres [UN88] . However, 222Rn is dispersed on a

continental scale and up to 10 kin in the atmosphere. During summer-time as much

as 20 % of the 222Rn is transported to heights above 5.5 km, while 50 % is trans

ported above the boundary or mixing layer [Li84]. During this transport the decay

products will 'grow in', i.e. at high altitudes the decay products of 222Rn will be in

secular equilibrium with the parent radionuc1ide. However, at the soil surface the

decay product concentration cannot be deduced in a simple way, as will be shown.
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Vertical mixing

CHAPTER 4

If there is no horizontal gradient, the distribution of 222Rn and progeny may be

calculated analogous to equation (4.9)

ac. a (ac.)_I = _ K(Z)_I -C.X+c. IX 1
at az az 1 1 1- /-

i =0, ... ,4 . (C_I=O,À_I=O)

(4.13)

where K (z) is the vertical mixing coefficient (m2. s-l) and i denotes the radionuc1ides

222Rn and its short-lived decay produets 218po, 214Pb, 214Bi and 214po. If the

vertical-mixing coefficient is constant or a simple function of z these differential

equations may be solved analytically. However, vertical mixing is often not only

function of height above ground surface (it may change several orders of magnitude

in the mixing layer), but also of time [Be79]. Several studies were therefore directed

at numerical evaluation of these equations [Be79; Is66; Ja63]. Furthermore, the

decay products partially plate out to aerosols or other surfaces (trees, buildings) and

are deposited on the ground during rainfall events. All these processes, which are,

for instanee, a function of aerosol size distribution, concentration and rainout and

washout processes, add their own source and loss terms to the set of differential

equations (4.13). However, from measurements during a dry period [e.g. Be79;

Is66] it appears that upwards from 1 m above ground level the short-lived decay

products of 222Rn have an activity concentration that is at least half of that of the

parent radionuc1ide (i.e. the equilibrium factor, Ep ~ 0.5).

Boundary layer

Mixing or turbulent diffusion occurs primarily in the boundary or mixing layer,

which is characterised by a temperature inversion at the top. This inversion prevents

exchange with higher air masses, those in the so-called reservoir layer. When there

are turbulent conditions, for instanee, due to strong radiation from the sun on a

summer's day, this mixing layer may be typically 1 to 2 km high. However, during

stabie conditions the following night the surface air directly above the soil may stay

warm while the soil underneath cools through back radiation, developing a

temperature inversion very near the surface, thus inhibiting vertical mixing to a large
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extent. In the morning, if the sun warms the soil again, this invers ion may disappear

rather quickly, after which· 222Rn and its decay products will again be mixed over

greater vertical distances (Figure 4.3).

Horizontal transport

Atmospheric transport over larger distances may be calculated using air dispersion

modeis. In this study we simplified horizontal transport to linear transport with the

local wind speed. Horizontal dispersion by diffusion and turbulent mixing is

represented by a slow expansion of the 'c1oud' of exhalated 222Rn. See further

Chapter 8.

·Plate out of radon decay products: The Jacobi model

After decay of 222Rn (or 22°Rn for that matter) the decay products may be attached

to aerosols or other airborne partic1es (rate constant Àa) and then be deposited (rate

constant À/) or plate out quickly (rate constant À/) to surfaces (ground, canopy,

buildings) (see Figure 4.4). The first process depends on parameters like aerosol

density, distribution arid surface , and the turbulence of the air. Attachment to

latebeforeearlyafternoon evening
sunrisemorning

Il
Il Il 11

Î -.J::Ij a\~))ff)~ + I ~ area with

WRó1P?J ~ tempera tu re~t . inversion
-Temperature ~

Figure 4.3 Schematic representation of the development of a nighttime

temperature inversion near the ground inhibiting vertical transport; the early
morning sun lifts the stable air mass. '.
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particles is thought to be irreversible except tor 218po, the daughter of 222Rn. This

radionuclide may again detach itself (see Figure 4.4) from a particle with a

probability p 1 due to the recoil effect of the emitted a-particle during the decay to

214Pb, a process similar to the emanation of 222Rn from soil particles. Plate-out of

unattacl).ed atoms or clusters of atoms depends on the availability of surfaces. This

process therefore becomes more important for locations near ground surface or

indoars. In a quasi steady-state condition the mass-balance equations for the airborne

decay products of 222Rn may be derived from Figure 4.4 as follows:

E = À.oNo

À.oNo = (À.z+À.a+À./)NtÀ.aNt = (À.]+À.~)NtÀ. u À. a u u

~(4.14)-ZN] +Pz ZN] = (À.2 + À.a + À.d)N2

À.aN2u+(1-pz)À.]Nt = (À.2+À.~)N2aÀ.2N2u = (À.3 + À.a + À.~)N3uÀ.2N2a + À.aN3u = (À.3 + À.~)N3a

E. U

a

N1a: 21BpO l._~..
attached

N2a: 214Pb

attached

No: 222Rn

gaseous

/\0,.
N1u: 21BpO

unattached

••••••À,p, '/\,
.>\ ·V

._~..J N2u: 214Pb
unattached

d
o

~ ... 1
Àa

d

~ ... 2

Àa
d

Figure 4.4 Schematic representation of the Jacobi model for the transfer processes

between unattached (u),. attached (a) and deposited (d) decay produets of 222Rn.
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where E is the exhalation rate (in 222Rn atoms·s-1), N/tate, with i = 0... 3 (the

number of atoms of 222Rn, 218po, 214Pb and 214Bi respectively in unattached,

attached or deposited state), Àa the attachment rate constant (s-I), Ài the decay

constants of the decay products, À/ and À/ the deposition rates (s-l) of the

unattached and attached fractions, respectively, and Pj the recoil probability of

218po. The equations in (4.14) may be' easily reorganized to present them in units of

aètivity by substituting A/tate ÎAi for N/tate.

Three of the parameters in (4. 14}, Àa' À/ and À/, are unknown and vary with

environmental conditions. In Chapter 5 these processes are incorporated into a

description of tlfe measurements made with an airborne radioactivity monitor. See

[Na88] for a comprehensive review of these attachment and plate-out processes.

Rainout and washout of radon decay produets

The process of deposition of decay products of 222Rn may be split into dry and wet

deposition. As we stated earlier, the deposition rates of unattached and attached

decay products may vary with environmental conditions. Typical plate out and dry

deposition velocities are 8 m'h-1 and 0.08 m'h-1 for the unattached and attached

fractions, respectively. Typical concentrations in surface air of say 3 Bq·m-3 of

222Rn and its decay products will therefore resuit in deposition rates on the ground

of at most (when progeny is uqattached) some 24 Bq·m-2·h-1. Because of decay, the

average amounts of decay products, on the ground will be of the same order of

magnitude and stabilise when deposition rate and decay become equal. In the

example given these secular equilibrium concentrations will be about 2, 17 and

29 Bq·m-3 for 218po, 214Pb and 214Bi, respectively.

Wet deposition is often treated as being proportional to the amount of rain that

has fallen. Three processes are possible for 222Rn and its decay products: (i) radon

gas may dissolve in cloud droplets; after decay its decay products may then be

deposited on the ground during rainfall, (ii) decay products may be attached to

aerosols that serve as condensation nuclei for cloud drop lets or (iii) they may be

scavenged and swept from the air by falling rain drops. The fiTst and second

processes are often referred to as washout and the third rainout [Se85], although

these terms are usually confused.

The firstprocess depends on the solubility of 222Rn in water, which ranges
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from 0.51 Bq·m-3 per Bq'm-3 in air at O°C to 0.25 Bq'm-3 per Bq'm-3 in air at

20°C [C087]. Deposition of rain would therefore represent a deposition of less than

5 x 10-4 Bq·m-2 per mm of rainfall per Bq'm-3 in air.

The second process depends on the number of condensation nuclei in the air.

According to Seinfeld [Se85] a typical rain drop with a diameter of 1 mm may result

from the coalescence of 106 cloud drop lets of 10 !Lm. If each cloud droplet forms as

a result of water condensation on an aerosol particle, then each rain drop contains

106 particles. Assuming ca. 2 x 106rain drops per mm of rainfall (m-2) this results

in a deposition of ca. 2 X 1012 particles per mm of rainfall (m-2). The typical

number of aerosols in continental air is about (2-5) x 109 m-3 [Se85]. So, if all

short-lived decay products of 222Rn are attached to aerosols, which is fairly

reasonable for most cloud altitudes, every mm of rainfall would wash out 400-1000

Bq'm-2 per Bq'm-3 of each decay product in the air. For average concentrations of a

few Bq'm-3 at cloud altitudes of6everal hundred metres, at the most, this would

result in deposition rates of ca. 800-2000 Bq'm-2 for each decay product per mm of

rainfall. Because the formation of cloud droplets and the fall of rain itself also take

from at least several minutes to hours or days (clouds coming in from the ocean),

(part of) the decay products wil! have decayed before reaching the ground.

The third process, rainout, 'cleans' the air by collecting decay products during

the passage downwards. In first order this process is linear to the diameter of the

rain drops and the amount of rain falling [Se85]. Rain drops with a typical diameter
of 1 mm, have a cross section of 7r/4 mm2 and volume of 7r/6 mm3. A rainfall of 1

mm then equals some 2 X 106 drops m-2, with a total horizontal cross section of

1.5 m2. However, because most aerosols with decay products attached are rather

small (0.1-0.5 !Lm, [Ch91]), these particles follow the stream lines around a rain

drop. In other words, the collection efficiency for this size of particle I is only about

5 x 10-4 for 1-mm rain drops [Se85]. At a cloud altitude of 1000 m, this would

result in a deposition of about 1 Bq'm-2 per Bq'm-3 of decay product in air.

In conclusion, during rainfall considerable amounts (up to several kBq·m-2) of

decay product may be deposited on the ground due to washout of decay products

attached to condensation nuclei. The amount of decay product deposited will depend
on the aerosol concentration at the location of cloud formation and on the time

passed since the formation. In Chapters 6 and 7 some measurement results on decay

products of 222Rn will be discussed.
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4.5 Dose rate from (natural) radioactivity in soil or on the soil -surface

Introduction

An important contribution to the ambient dose rate is made by natura I radionuc1ides

present in soil e38U and 232Th series and 4oK). As shown in the previous sections,

222Rn is an important radionuc1ide from the 238U series. The decay produets from

this radioactive gas are non-gaseous and, attached to aerosols, will be returned to the

earth's surface by dry or wet deposition processes. A calculation is necessary to give

a proper quantitative description of the ambient dose rate due to natural radioactivity

in soil and on the soil surface. The method [Bl95] outlined in this section uses

techniques based on those described earlier by Kocher [K083] and Kocher and

Sjoreen [K085], who assume a semi-infinite soil geometry. However, besides

calculating the contribution of the natural background radiation to the measured dose

rate, the method has to be suitable for estimating the effects of the built-up

environment and for taking into account the profile of radon and its short-lived

decay products in soil. Because the Kocher and Sjoreen approach uses a semi-infinite

soil geometry, the objective of estimating the effects of, fo~ instance, the built-up
environment will demand some modifications to and extensions of the methods

proposed by the authors.

In this work the method has therefore been extended to inc1ude -the target

height as a variabie. Furthermore, ca1culation of radiation doses due to finite

structures has been established, which in turn requires that calculations inc1ude

scattering of photons in air. Kocher and Sjoreen only approximated the attenuation in

air in an ' air-equivalent' soil layer of 1 mmo The method to be described in brief

later is documented in fuil in [BI95], resulting in the computer program' Soil_ Rad

('soil radiation'). This program, written in Turbo Pascal v6.ü5, runs on a Pc.

Described in detail in [Bl95], this program is available on request.

Ambient dose

Ambient dose, H* (10), in outside air due to radioactivity in soil or on the soil

5 Turbo Pascal is aregistered trademark of Borland International Inc., Scotts Valley (CA), USA
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surface may be represented by:

H/(lO)(t) = C/t)'L Ka,i(E)·r H*(10)/Ka(E)
Ej

CHAPTER 4

(4. 15)

in air, where Ci is the concentration of radionuclide i (Bq·m-3), Ka i the

accompanying kerma (Gy per Bq·m-3 in soil) in air (a) and reE) the ratio b~tween

ambient dose and kerma (Sv'Gy-l) in air at energy Ei (see Appendix 1). In equation

(4.15) the summation is carried out over aH y-ray energies, Ei' emitted by nuclide i.

Photon-specific absorbed jraction

The annual absorbed dose (Gy·a-1) in air (essentiaHy equivalent to kerma) at a height

z above ground level can be represented by [K083]:

Kai(z,E.) = lC"E"N.J t»;(r,E.)da, ) ) ) )
a

(4. 16)

where K (= 5.04 X 10-6 g·Gy·s·a-1·(keVrl) is the product of the two coÎ1version

coefficients, 1.6 X 10-13 g' Gy' (keVr 1 and 3.15 x 107 S· a-I, Ei the photon energy

(keV), ~ the number of photons with energy Ei per second and ép/ the point

isotropic specific absorbed fraction in air a at photon energy Ei' defined as' the

fraction of energy Ei absorbed per g air at a distance r from a point-isotropic source.

Figure 4.5 Integration of equation (4.16) has to take place over an area (J

located at a distance z below the detection point.
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If the SO\lrce is spatially distributed (no point source) over a certain area or volume

a, this function has to be integrated over a (see Figure 4.5). The photon-specific

absorbed fraction is represented by [Be68]:

(4. 17)

where (JJ..en(E)/p)a' (m2·kg-I) and JJ..a(E), (m-I) are the respective mass energy

absorption and linear attenuation coefficients in air and Ben a (Ej> JJ.. ar) the energy
absorption buildup factor in air. All three quantities are functions of the photon

energy Ej (see Appendix 1).

Energy-absorption buildup

Besides the absorbed dose from primary photons, which is ca1culated using the total

attenuation coefficient, there are scattered and secondary photons that raise the

absorbed dose, the so-called buildup effect. This energy-absorption buildup factor is

defined as the total observed do se rate divided by the primary dose rate. In air (a)

an approximation (the Berger form) often usèd, given by Trubey [Tr66], is valid up

to 20 mean free paths (JJ..a ·r=20):

(4.18)

where Ca and D a are fit parameters dependent on the primary photon energy. Their

values were determined from experimental data (see Appendix 1). For the buildup

factor in soil, a similar fit function may be used with parameters that are specific for

buildup in soil (s), also valid up to 20 mean free paths (JJ..s·r=20):

(4.19)

If aradiation source is distributed in soil and measurement takes place in the air

above the ground, scattering of photons occurs in soil as well as in air. To simplify

ca1culations, Kocher and Sjoreen [K085] assume the detector to be at the soil

surface, so buildup in air may be neglected. They argue that both attenuation and

buildup are almost proportional to the density of the medium considered (i.e. JJ..e/ Q

and JJ..atten/Q are almost constant across a series of materials). 50, in dose
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calculations, a height above ground surface of, for instance, 1 m equals an extra soil

layer of about 1 mm (densities of soil and air differ by roughly a factor of 1000).

Therefore they proposed inc1uding an extra soil layer of 1 mm to compensate for the

layer of air not modelled. Tl)eir argument might be valid for a semi-infinite soil (27f

geometry), but is certainly not for a limited area. Especially at photon energies of

several Me V, penetration in air is considerable so that at a height of 1 m above

ground a detector would already have a relatively wide solid angle. When a limited

area is considered, this might affect the ratio of dose rate due to high and

low-energy photons. To illustrate this point, ca1culations made with the Soil_ Rad

program indicate that at a l-m height no difference will be measured between a

homogeneous surface contamination of 15 keV photons with radii 50 and 500 m.

However, a homogeneous surface contamination of 2000 keV photons with a radius

of 500 m will give rise to an approximately 40 % higher dose rate than one with a

radius of 50 m, while the ' l-mm soil equals 1 m of air' approach will show no

difference between the two for the two energies. Moreover, the ratio of attenuation

of photons by soil and air is not just a function of the densities of both media, but

also of the energy of the photons emitted. This ratio changes especially at low

photon energies (up to several dozens of keV) and might be evaluated by looking at

the ratios of JLa and JLs (see Appendix 1).

Because the calculations described here have to inc1ude the direct surroundings

of a detector, the method proposed by Kocher and Sjoreen [K085] needed some

detection height

z

ground surface

. Figure 4.6 Illustration of direct photon path r in calculating the buildup

of dose-rate due to photons in soil (hatched area).
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modifications. The buildup factor modification consists of a simple addition of the

air and soil scattering: .

where r is defined as (see Figure 4.6):

I dr = --r
d+z

and r ranges from

(4.20)

(4.21)

(4.22 )

where d is the depth in soil, z the measuring height above ground and R the radius

of the circular area around the measurement location. Substituting Equation (4.20)

for Equation (4.17) the modified photon-specific absorbed fraction is:

(4.23 )

Compton scattering (which is responsible for the buildup effect) at angles greater

than 90°, is also called backscattering. ; It contributes only marginally (up to 5 % at a

detection height of 1 m according to Clifford [C168]) t~· the dose rate in air in the

case of surface contaminations. For photon emitters distributed in the soil the effect

of backscattering is already included in the absorption coefficient. This effect has
therefore been left out of the ca1culations.

Aplanar contamination

In the case of a uniform planar contamination below the soil surface, soil as weU as

air has to be considered as a scattering medium. Integration over a in Equation

(4.16) can be replaced by 27rr·dr where r has to be integrated from z+d (the
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location in soil directly below the measurement point) to J [R2 + (z+d;2i (the radius
of the surface to be considered around the detector location and in relation to the

measurement point; see Figure 4.6). Af ter substituting Equation (4.23) in (4.16) and

integrating it, the kerma in air at a height z is given by:

(4.24)

(_R_2_+ 1) } +(z + d)2

where the Erintegral equals the fiTst-order exponential integral:

(4.25)

In the case of a surface contamination (see Figure 4.6 using d=O), Equations (4.24)

and (4.25) reduce to Equations (4.26).and (4.27), respectively, only for scattering in
aIr:

where the El integral now equals

. (4.27)

If a contamination in soil is spatially distributed it is rather difficult, if not

impossible, to give an analytical solution to the equations.shown, even when depth is
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the only parameter of importance in representing the distribution. These integrals

therefore have to be evaluated using numerical integration. In this study [Bl95] we

used Romberg integration, a finite-element approach, according to a routine by Press

et al. [Pr86]. The foUowing ca1culation examples have aU been performed with the

Soil_Rad program.

Dose rates due to natural radioactivity in soU

The ambient dose rate in the outdoor environment of the Netherlands is determined

for abOlit 50% by natural radioactivity in soil, i.e. radionuclides in the decay series

of the primordial radionuclides 235U, 238U and 232Th and the radionuclide 4oK.

Because of the relatively low concentration of 235U compared to 238U (activity ratio

- 0.046) and because the photons emitted by 235U and its decay products have a

lower energy, the relative dose rate contribution from this series is smaU [e.g.

UN88]. The major radionuclides in the 238U series are, as far as ambient dose rate

is concemed, 214Bi and 214Pb,two short-lived decay products. Gther radionuclides

from this series contribute less than 1%. In the case of the 232Th series, the

radionuclides of importance are 208Tl and 228Ac and to alesser extent 212Bi and
212Pb.

Distributing these radionuclides in a uniform concentration in soil the ambient

do se rate was ca1culated for heights above ground surface of 1 and 3.5 m, the

reference height for ca1culation of the effective dose to humans and the measuring

height at an NRM station, respectively (see Chapter 5). Results of these ca1c\llations

are presented in Table 4.2. The major reasons for the differences in do se rates

among the listed radionuclides are the photon spectrum and photon yield. For

instance, 214Bi and 208Tl produce high-energy photons compared with 212Pb. For aU

radionuclides presented, the ca1culated dose rate at 3.5 m above ground is about

95 % of the dose rate at 1 m above ground surface.

Ambient dose rates due to natural radioactivity in soil of about 71 nSv·h-1 at

1 mand 67 nSv'h-1 at 3.5 m above ground surface can be ca1culated under the

foUowing assumptions: (i) a soil density of 1400 kg·m-3 (assuming an average water

content), (ii) secular equilibrium in both the 238U and 232Th series (i.e. aU activity

concentrations are equal) and (iii) concentrations of 238U, 232Th and 40K of 25, 25

and 400 Bq .kg-I, respectively (typical values for the Netherlands). Most of these
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Table 4.2 Calculated ambient dose rate at two different heights
above a soil uniformly contaminated with natural radionuclides
relevant to this type of dose rate

Radlonuc1ide Ambient dose rate (pSv'h-1 per Bq·m-3)

228Ac

212Bi

1 m height

0.35

0.054

0.76

0.21

0.043

0.027

0.036

3.5 m height

0.33

0.051

0.73

0.20

0.041

0.026

0.034

values are weIl defined fQr these assumptions except for one: i.e. most of the time

there is no secular equilibrium for the decay products in the uranium (and thorium)

series. One of the major reasons is exhalation of the noble gas 222Rn cZ2°Rn in the

case of the 232Th series) from soil into the atmosphere, as demonstrated in section

4.2. This exhalation causes a radon-dec1ining profile in the upper soillayers.

Dose rate due to the radon cottcentration profile in soi!

Table 4.3 presents the effect of. the diffusion coefficient on the (ca1culated) ambient

dose rate of two important decay products of 222Rn. The situation in which the

diffusion length is 0 m will,' for example, be avalid approximation for a fully

saturated soil. In other word~, this happens when the groundwater level is at the

ground surface, or when the emanating fraction (from soil partic1es to soil gas) is O.

For 22°Rn the deviations from a secular equilibrium concentration are rather small

(and found only in the upper centimetres of. soil). Moreover, the decay products of

66



DESCRIPTION OF PROCESSES RO BLMUBOER - RCGM SMETSERS

Table 4.3 Calculated ambient dose rate at 3.5 m above soil with

different diffusion lengths and emanation factors, assuming a 222Rn

profile according to Equation (4.10)

Diffusion length Ambient dose-rate (pSv'h-1 per Bq·m-3)

L of 222Rn

214Bi214PbD

(m)

17=117=0.517=117=0.5

1 (sandy soi!)

0.030.180.00290.027

0.1 (river c1ay)

0.160.250.0190.035

o (unif.distrib.)

0.330.330.0510.051

the 22°Rn exhaled to the atmosphere will almost aH be deposited on the ground due

to their long half-lives. Therefore the ambient dose rate due to the 232Th series is

not expected to be affected as much as that due to the 238U series. The effect on the

-
'C\j 10-2E -c-a;]'-Q) 10-3c..

..c:
->Cl) 10-4C ---0T""
-- 10-5. .:r:

,.,.,.,,,,,,,.

, .•.......•• ------
;;

214Bi

10 100 1000 4000

Radius of surface (m)

Figure 4.7 Influence of the size of a surfacial uniformly contaminated

circular surface, represented by its radius, on the (caiculated) ambient
dose-rate at 3.5 m above the surf ace of the radius.
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Table 4.4 Shielding factors for ambient dose rate due to complete infiltration
of deposited radionuclides into soil to the depth mentioned

Infiltration Shielding factor for ambient dose rate compared to
depth in soil

dose rate for surface contamination1

(mm)

214Bi214Pb210Pb137Cs/137mBa

0.5

0.950.930.830.96

1.0

0.910.860.660.92

2.0

0.860.790.500.86

3.0

0.830.710.400.81

5.0

0.760.660.290.74

10.0

0.640.550.160.63

1 Major photon energies for 214Bi: 1764, 1120,609 keV; 214Pb: 352, 295 keV; 21OPb:

10.8, 46.5 keV and 137mBa: 662 keV

example ca1culated in the previous section for a diffusion length LRn-222 of 1 mand

an emanating factor of 0.5 would be a do se rate reduction of 11.5 % (see section 4.2

and Equation (4.10».

Dase rate due ta depasitian af radianuclides

The ambient dose rates due to surface 'contaminations' with 214Bi and 214Pb, of

special importance during or shortly after a rainfall, mayalso be ca1culated. For a

height of 3.5 m above surface (the NRM detector height) ambient dose rates are

5.78 pSv·h-1 per Bq·m-2 for 214Bi and 1.37 pSv'h-1 per Bq·m-2 for 214Pb, where the

difference in dose rate is again mainly due to the difference in emitted high-energy

photons. These dose rates have been ca1culated for contamination on a perfectly fiat

surface. In the case of dry deposition of radionuc1ides this approach might be valid,

although a certain degree of surface roughness will always be present (Jacob et al.

[Ja86] uses 3 mm). Furthermore, if radionuc1ides are deposited after rainout or
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washout, they might infiltrate the upper soil layer. In Table 4.4 the reduction on the

ca1culated dose rate is presented for two relevant short-lived and a long-lived decay

product of 222Rn and a fallout radionuc1ide (137mBa is a short-lived decay product of

137Cs). The high shielding of soil for _radionuc1idesemitting low-energy photons

(such as 21OPb) is apparent, whereas the ambient dose rate due to the decay products

of 222Rn will be reduced by less than a factor of two in a soil which is not extremely

dry.

Building materials

To determine the effect of the built-up environment on the ambient dose rate, it is

first of aH necessary to determine the extent of the monitored environment.

Therefore the ambient dose rate was ca1culated for a surface contamination and a

uniform contamination of a soil layer with a finite area (Figure 4.7 and Figure 4.8,

respectively). This area is defined as a 'slice' with a radius, R (see Figure 4.6),

around the theoretical detector location,. From these ca1culations it appears that for a

detection height of 3.5 mabove the surface (like in the NRM), homogeneous surface

10.4

;;' 10-3
E-c-

a:)
...
Q)
Co

..c
>- 10-5
Cl)
c:'-"-o 10-6~'-".

10-7

. ---. 4°K

208TI

1 10 100 400

Radius of contaminated soillayer (m)

Figure 4.8 Infiuence of the extent of a circular homogeneously

contaminated soi! slab, represented by its radius, on the (calculated)
. ambient dose rate at 3.5 m above the surface of the radius.
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contamination within a radius of about 300 m determines the extent of the area

monitored (90% for 10 MeV photons up to ;::= 95% for photon energies below

2 MeV, including' most of the natural radioactivity). This means that radionuclides

outside this surface area will not contribute significantly to the measured ambient

dose rate, except for very high concentrations occurring outside this area. For

low-energy photons the contribution to the dose rate is limited to a distance of about
10 m.

For unjformly contaminated soils (see Figure 4.8) the relevant area monitored

has at the most a radius of 100 m (high-energy photons). When relevant natural

radionuclides, like 214Bi and 214Pb, are considered, this radius even drops to 30 m.

From Figure 4.8 it follows that roughly 30% of the ambient dose rate at 3.5 m

above ground, due to natural radionuclides in soil is contributed by an area within a

radius of 3.5 m of the measurement location. The immediate surroundings of a

detector are therefore of importanee for the measured· dose rate. This is even more

so for detectors that are placed closer to the ground.

The monitoring equipment used at NRM sites for measuring the ambient dose

rate is positioned on top of. a small cabin containing, for instance, acquisition
equipment. Additionally, building materials like tiles or even concrete slabs are

detector

I
I \

I \

deposition I \

~\
I

I
I Icabin

I
I

I
I

I
I

building material

\
\
\
\
\
\

\

\

shielded by
enclosures

Figure 4.9 Illustration of three parameters affecting the measured

ambient dose rate: shielding by enc1osurés, building materials used and

deposition on the roof of the detector equipment enc1osure.
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located nearby. The station itself affects the dose rate due to radionuc1ides in soil in

three ways (see Figure 4.9):

o part of the radiation is masked by it,

o precipitation (carrying such radionuc1ides as decay products of 222Rn)

may be left on the roof, which because of the proximity of the roof to
the detector may result in an enhancement of measured dose rate due to

deposition. Additionally, radionuc1ides deposited on tiles or concrete

slabs in the direct vicinity of the station will not infiltrate as easily in

soil. This might result in higher dose rate peaks measured during rainfall
than in the case of an undisturbed soil and

o the station's construction using building materials containing natural

radionuc1ides. These building materials may themselves cause alocal

ambient dose rate increased by several nSv'h-1, depending on radium
concentrations.

Conc1uding, the built -up environment may affect the measured ambient dose rate in

several, sometimes opposing, ways. Effects calculated for specific sites may

therefore not be generalised for other sites.

4.6 Radiation from radionuclides in air

Radiation from radionuc1ides in air may be treated analogous to radionuc1ides in

soil. We used the dose rate convers ion coefficients ca1culated by Kocher [Ko83] for

exposure to photons and electrons emitted by radionuc1ides in air. Kocher assumed a

semi-infinite sphere homogeneouslx contaminated with the radionuc1ide to be

considered and the person (or measuring equipment) located at the ground surface.

In the case of natural concentrations of the radionuc1ides considered in this study,

e.g. the cosmogenic radionuc1ides and especially the short-lived radon daughters,

this assumption may be a good approximation. These radionuc1ides will be

distributed fairly homogeneously. The validity of this assumption will be evaluated

in Chapters 6 and 7.
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4.7 Cosmic radiation and cosmogenic radionuclides

CHAPTER 4

Cosmic radiation near to and on the earth may be divided in two groups: solar and

galactic radiation, produced by the sun and by several sources outside our solar

system (stellar flares, supernova explosions etc.), respectively. These sources

produce cosmic rays, the so-called primary rays, consisting mainly of protons

(-95%), aparticles (-3.5%) and some heavier nuclei [ü'B92]. Some particles,

mainly electrons and protons, are trapped in the magnetic field around the earth.

These particles are of importance for space travel or low orbiting around the earth,

but not for radiation exposure at sea level.

The solar radiation contains protons that usually have low energies (1-100

MeV) cOI?pared to those from galactic radiation (typically in the range 102-105
Me V). Therefore, solar protons, although more abundant than galactic protons, are

less capable of penetrating the earth's atmosphere and producing secondary rays.

However, due to the magnetic field transported by the solar particles the galactic

particles are somewhat deflected away from the sun and the earth. This effect

elucidates the fact that the cosmic ray flux in the earth's atmosphere gene rally varies

with the ll-year solar cycle; it is also less during maximum solar activity than

during minimum solar activity. However, a minimum in one cycle may still be

higher than a maximum in another [ü'B92].

ünly during solar particle events (solar flares of typically 1-100 min), which

occur rather at random from 1 every 2 months to 1 every 2 years, may high-energy

protons that penetrate the atmosphere be produced [ü'B92]. These high-energy

protons are rarely observed at sea level. However, at fiight altitudes (especially

those for supersonic fiights) they may be a source of concern for the aircrew and

passengers [ü'B92; UN93].

When the primary protons enter the upper atmosphere they interact with the

atoms constituting the atmosphere, producing secondary particles through cascade

processes. Examples of these are neutrons, protons, aparticles, l1-mesons or muons

(11±), 7[-mesons or pions (7[0 and 7[±) and several other products [UN93], including

the so-called cosmogenic radionuclides like 3H, 7Be and 22Na. After the neutrons are

slowed to thermal energies they may be captured by 14N to produce 14C [UN93], the

radionuclide which is often used for dating carbon-containing materiais. The 7[±
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mesons, particles with a very short lifetime (- 26 ns [Na92]), decay to give

(charged) muons, Jl ±, and a neutrino. The Jl ±, with a lifetime of only a few

microseconds, again decay to give an eÏectron or positron, e±, and two neutrinos.

However, due to their relativistic velocities (kinetic energy of several GeV), these Jl

particles 'live' longer in the earth's time frame. Therefore this hard component of

cosmic radiation is still present at sea level. It seems that due to the fact that most of

the muons are produced just above the tropopause, which displays a seasonal

variation in height, the number of muons decaying at sea level also vary with season

(the so-called temperature effect) [Na92]. The electrons and positrons produced

during decay of muons, along with photons, constitute the soft component of cosmic

radiation at sea level. Because the decaying muons again pro duce electrons, the

lower concentration of muons is compensated for by a larger number of electrons

and subsequent photons, resulting in an almost constant number of ionisations at sea

level [Na92]. About 75 % of the ionisations at sea level are from muon collision

electrons, 15 % from muon decay electrons (or positrons) and 10% from electrons,

protons and neutrons produced in the cascade processes [NCRP76] in the upper

atmosphere. The free-air ionisation rate (ion pairs cm-3's-1 at STP) is a measure

often used for cosmic ray intensity. At sea level this ionisation rate is about

2.1 cm:3's-1 [see references in NCRP76 and UN93], which equals an exposure rate

of about 9.3 10-10 C·kg-1·hc1 (using an air density of 1.29 kg·m-3), which again is

equivalent with an exposure rate of 3.6 JlR h-1 in dry air. This exposure rate may be

converted to a kerma rate in air of 31.4 nGy·h-1 (see Chapter 2).

The few indirectly ionising neutrons at sea level are not measured in the

ionisation chambers used in this study. The absorbed dose rate in tissue equivalent

material was foundto be only about 0.4 nGy·h-1 at sea level [UN77]. Due to their

high radiation quality factor (depending on energy) [ICRP91], the equivalent do se

rate is, however, some 3.6 nSv'h-1 at sea level, which is approximately 10% of the

dose rate due to ionising radiation. This dose rate at sea level is somewhat affected

by the magnetic field of the earth. Following the magnetic stream lines, the influx of

particles is greatest at the magnetic poles and lowest at the magnetic equator.

Because th is magnetic field is not completely aligned with the earth's axis of

rotation, the effect on dose rate will also be different for different locations on earth

having equal geographical latitudes. However, this effect is only marginal at sea

level, where the dose rate around the magnetic equator is about 90% of that at high
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magnetic latitude locations (inc1uding most of Europe and the United States)

[NCRP76].

The ionising components of cosmic radiation (as well as the neutron flux) are

attenuated inthe atmosphere. Several experimentally obtained analytical expressions

have been given for the dose rate at different atmospheric depths (for instance in

g·cm-2) or atmospheric pressure (in Pa), due to these ionising components [e.g.

Ni80; O'B92]. The effect of altitude may be deduced using a standard atmosphere

[UN93]. Typical changes in the ionisation rate at sea level with atmospheric pressure

were found to be -0.34(±0.06) %'(hPar1 in Denmark [Ni80] and in the range

from -0.35 to -0.38 %'(hPar1 for sites in Texas and New Hampshire, USA

[O'B92]. These changes in ionisation rate result in equivalent ambient dose rate

changes of about -0.14 nSv'h-1'(hPar1, assuming an average ambient dose rate due

to the ionising component of cosmic rays of 40 nSv' h-1.
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5 INSTRUMENTATION: THE DUTCH NATIONAL
RADIOACTIVITY MONITORING NETWORK

5.1 Introduction

The major objectives of the study presented here are to supplement the existing

knowledge on variations in the Dutch natural radiation background and to provide

quantitative descriptions of the underlying dynamic processes. Prior studies have

already yielded valuable information, inc1uding spatial information on radiation

levels and radon concentrations, but dynamic processes were not examined. To be

able to doso, additional data with a high resolution in space and time are needed,

for instance, data obtained from real-time monitoring networks. To develop such

networks is quite expensive; however, several countries, inc1uding the Netherlands,

have monitoring networks at their disposal for the management of nuc1ear

emergencies. Here we will evaluate the possibilities the Dutch National Radioactivity

Monitoring network (NRM) offers for studying the dynamics of natural radiation.

Although the NRM is a fairly complicated emergency network, it is not our

goal in- this chapter to provide a full-scale description of all aspects related to its

primary tasks; such information can be found elsewhere [e.g. Sm89; Le91].

However, some results of the current study, as presented in the following chapters,

can, in turn, be used to improve the qualifications of the network itself and to

support its daily management. The aim of the next section6 is therefore not only to

outline the instrumentation used for the study presented here, but also to provide a

basic understanding of the objectives and structure of the NRM in its primary

assignment as an 'early warning' network for nuc1ear emergencies.

The remaining sections are restricted to the use of NRM field monitors for

environmental radiation research. Section 5.36 evaluates the suitability of the

equipment used for the surveillance of external radiation levels for this task. Section

5.46, finally, describes the applicability of airborne gross-a/ .B-activity monitors for

quantitative time-resolved measurements of 222Rn progeny in air.

6 Section 5.2 is a shortened revised version of Smetsers and van Lunenburg [Sm94a]. Parts of

section 5.3 were taken from Smetsers and Blaauboer [Sm94b] and Section 5.4 is an adapted
version of Smetsers [Sm95].

75



VARlATIONS IN OUTDOOR RADIÄfION LEVELS IN THE NETHERLANDS

5.2 Global network specifications

Objectives

C;HAPTER 5

The primary tasks of the NRM are to provide (1) an early waming in the case of a

major nuclear accident, and (2) information about the geographical distribution of

radioactive contamination during such an event, and its development with time.

NMR data form the basis for the calculation of actual radiation doses received by the

population via the direct exposure pathways of ' extemal irradiation' and ' inhalation' .

The NMR forms part of atechnical infrastructure developed in the Netherlands after

the Chemobyl accident in 1986 for the col1ection and presentation of radiological

information [Li90]. It is managed by the RIVM and forms a key element in the

RIVM monitoring strategy for nuclear emergencies [Pr91; Pr94].

Technical description

The NRM consists of 58 measuring sites (grid size -25 km), all of which contain a

gas counter tube (Bitt Technology RS02/RMlOE) for the determination of extemal

irradiation levels. Data are given in ambient dose-equivalent rate, H*(lO) (nSv'h-1),

henceforth abbreviated to (ambient) dose rate. The Bitt RS02/R..\1l0E is described in

detail in Section 5.3. At 14 so-called 'principal stations' (grid size -50 km), a

'moving-tape' air sampler (FAG Kugelfischer FHT59S) measures the a- and {3

radioactivity collected by the filter material; a built-in computer program, which

includes a compensation method for natural radioactivity, then calculates the natural

gross-a- and artificial gross-{3-activity concentration in air (see Section 5.4 for

details). To convert air activity concentrations to inhalation doses, nuclide-specific

measurements are carried out to provide information about the actual mixture of

radionuclides involved. Nuclide-specific data are, however,. not used in this study
and the facilities to obtain them are therefore not discussed.

At each NRM site, a station processor collects data using the sampling period

of one minute. From these initial data, , lO-min' and 'hourly' values are calculated,

which are transmitted to the main NRM computer system at RIVM and stored in a

relational database. Data from the entire network were first acquired in March· 1990,

although data from the 14 principal stations have been available since April 1989.
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Figure 5.1 shows the distribution of NRM field locations. Locations as shown in

Table 5.1 are identified by a name (capital letters) and a three-digit number (in

parentheses), e.g. KOLLUMERWAARD [934].

_ ambient dose equivalent rateW airborne radioactivity

600

550

500

450

400

350

300
o 50 100 150 200 250 300

Figure 5.1 NRM measuring sites shown by markers with a 3-digit location number. Black

markings indicate the principal NRM sites where both types of field measurements were

carried out. The NRM locations VELSEN-ZUID [540*] and DE ZILK [444] (triangles)

succeeded LEIDUIN [540] in the period after May 1993. Coordinates are found in

'Rijksdriehoek' (km).
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Table 5.1 Listing of NRl\1 sites operational in the period 1990-1995 (principal

stations in bold). Coordinates are given in 'Rijksdriehoek' (km)

Num
SITE NAME X-crd.Y-crd.NumSITE NAl\1E X-crd.Y-crd.

102

ARCEN 210.9391.4444DE ZILK (after May'94)95.2479.2

104

VENLO 212.0376.6504HEM 140.1519.0

106

MAALBROEK 202.4357.0508HEEMSKERKERDUIN 104.6502.3

108

BORN 186.0338.9518AMSTERDAM-West 115.3488.6

123

BOCHOLTZ 199.9314.7536PEITEN 105.4530.7

124

OOST MAARLAND178.1311.6538WIERINGERWERF 132.3535.2

131

VREDEPEEL 187.3394.7540LEIDUlN (until Apr'93)101.2484.4

133

WIJNANDSRADE 189.8323.7540*VELSEN-Zuid (July'93-Apr'94)103.7497.0

207

TERHEYDEN 113.2405.1627BILTHOVEN 141.9459.1

209

HELVOIRT 142.3405.0631BIDDINGHUIZEN 170.8495.7

210

HEYNINGEN 87.2407.4633ZEGVELD 117.4461.2

222

WERNHOUT 100.5382.7704LOENEN(733 after May'93)198.8459.9

225

HEEZE 168.4378.4713DOETINCHEM 218.2438.8

227

BUDEL 167.1364.2714BEESD 140.8433.6

230

HOUTAKKER 138.4392.2716LEUTH 197.2427.8

233

NETERSEL 142.8380.5717WINTERSWUK 244.3437.7

235

HUlJBERGEN 83.6383.3722EmERGEN 238.5456.6

301

ZIERIKZEE 53.2406.1724WAGENINGEN 172.9442.7

305

LEWEDORP 43.0390.2807HELLENDOORN 224.2489.4

308

WAARDE 64.3382.2809DENEKAMP 267.0491.6

309

SASPUT 30.6377.3818BARSBEEK 197.7518.7

311

NIEUW-NAMEN 69.9369.8903DELFZUL 258.2593.0

314

KOEWACHT 54.6360.6904CORNJUM 183.4583.8

315

SAS-VAN-GENT 44.1359.3913SAPPEMEER 249.5573.8

318

BRAAKMAN 40.8368.5918BALK 167.5547.8

402

VOORSCHOTEN 89.0460.7920HÓOGERSMILDE"
223.5546.7

419

ROCKANJE 63.2433.5921SELLINGEN 273.2550.3

429

MIDDELHARNIS 70.2419.1926WEYERSWOLD 251.4519.8

433

VLAARDINGEN 82.0436.3928WITTEVEEN 241.4536.9

437

WESTMAAS 90.4422.4934KOLLUl\1ERWAARD 214.3594.4
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One of the primary tasks of the NRM is to provide early warning of severe

radiological accidents. AU recordings of ambient dose rate and artificial gross-{3

activity concentrations are therefore èompared with warning levels stored in the

memory of the station processor [Sm90; Le91]. When the NRM became operational,

warning levels were intended to reflect a proper balance between sensitive detection

of radiological accidents and incidental false alarms due to other causes. Based on

experiences obtained during a short test period, preliminary values were set at 2

Bq·m-3 for artificial gross-{3-activity concentrations and 162 nSv·h-1 for ambient dose

rates 7. The latter is about twice the average natural background level in the

Netherlands [D085]. The consequences of these chokes will be discussed later.

System availability

The network as a whole is operational for more than 99 % of the time. However,

this does not hold for every separate component of the network. Due to failure of

monitors, station processors, local telephone lines or other parts of the technical

infrastructure, the (data) availability of each NRM site generaUy amounts to less

than 100%. In a few cases, NRM stations were temporarily out of order because

they were moved or destroyed by fire. However, the most important factor appeared

to be failure of the radiological field monitors, especiaUy those used for the

determination of airborne radioactivity. These relatively complicated monitors are,

compared with the gas counters used in the NRM, not only more sensitive to failures

but on the average also more time-consuming in repair or replacement work. The

rate - of availability of each network station can be deduced from the number of

recordings eventuaUy stored in the database. The average availability of ambient

dose-rate data, inc1uding aU causes of data loss, is approximately 95% (1990-1994).

For the gross-a-activity concentrations in air, this percentage graduaUy increased

from 68 % in 1990 to 85 % in 199~, with an average value of 77 %.

7 The wami~g level for extemal irradiation is actually set at 15 p.R-h-l, which, after conversions
to ambient dose-equivalent rate, is equivalent to 162 nSv'h-1 (see Chapter 2).
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Warning messages

CHAPTER 5

Since 1990, severe radiological accidents having any impact on the Netherlands have

not occurred so the performance of the NRM during real emergency situations could

not be tested. However, messages indicating that radiological data were recorded

above warning levels were received many times. Enhanced radiological data may be
-. -

froin one of the following causes: (1) malfunction of equipment, (2) pure natura 1-

processes, (3) local human activities, and (4) severe nuc1ear accidents. Every time a 

message arises.. the recipient has to go through a 'decis ion tree', as shown in Figure

5.2. To quickly diagnose the kind of event one is dealing with, one needs to have

proper knowledge of the technical properties of the network and the kind of natural

and human-induced processes which are likely to take place. To give an idea of what

can happen in practice, a short anthology of actually observed events is presented
.below.

(1) Malfunction of equir>ment

Warning levels may be exceeded due to

malfunction of equipment. Sometimes

strongly deviating data are received which

are easily recognised as false. Especially

the ')'-radiation counters may sometimes

generate extremely high data, often caused

by e1ectrical disturbance of the system

(e.g. interruption of power supply). On

other occasions, however, false data

(series) \yere received which looked fairly

similar to real data, as might be observed

during a radiological event. Malfunctions

Figure 5.2 Flow diagram showing decisions
to be made and actions to be taken after

...
recelvmg a warmng message.
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of this kind are of more concern because they are not easily diagnosed. Figure 5.3A

shows an example of a series of false data received from an ambient dose-rate

monitor. The diagnosis that this warning was caused by monitor failure could not be

drawn until validation measurements had been performed on the spot. Insufficient

adjustment or calibration of an instrument mayalso lead to false warnings. An

example of this kind of failure, related to the FAG FHT59S airborne activity

monitor, is given in section 5.4 (page 109).

(2) Natural processes

The most important natural process that results in a sudden increase of ambient dose

rate is the washout and rainout of 222Rn progeny caused by rainfall (Figure 5. 3B).

The preliminary warning level of 162 nSv' h-1, chosen in 1990, appeared to be a

good adoption; in the period 1990-1994 this level was exceeded only on three

occasions (10-min recordings) but it was approached very c10sely several times. The

influence of rain on the ambient dose rate is discussed in detail in Chapter 6.

(3) Local human activities

Use of strong 'Y-sources in the vicinity of NRM sites can lead to highly elevated

levels of ambient dose rate. One particular application of this technique is

radiography (for instance, for the examination of welding joints). Events caused by

radiography -were observed several times at different locations. The distance from

source to detector is, of course, an important parameter, but it has appeared that

recordings can easily exceed 1600 nSv'h-1, which is one order of magnitude higher

than the warning level used (Figure 5. 3C).

Human (industrial) activities can lead to elevated levels of natural radioactivity

due to the processing of raw material, which results in dunintended enrichment of

concentrations of primordial radionuc1ides. Such processes take place, for instance,

in the phosphate and fertilizer industry [Kö85; Pe88]. A remarkable observation

originating from this source was made at the NRM location SAS-VAN-GENT [315],

where ambient dose-rate recordings were received of up to four times the nominal

value (Figure 5.3D). Examinations on the spot showed that this event was caused by

the unloading- of large amounts of 226Ra (progeny) containing cargo from freighters

at a nearby fertiliser plant.
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(4) Severe radiological accidents

Fortunately, events like this did not occur. However, data collected manually at the

time of the Chernobyl disaster [CCRX87] show that, if the NRM had been

operational at that time, a warning message based on air activity measurements

should hav~ been received two days earlier than a message based on recordings of
ambient dose rate. This demonstrates the improved sensitivity that can be obtained

whenapplying a compensation method for natura 1 radioactivity. We will return to

this issue in Chapters 6 and 9.
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Figure 5.3 Examples of elevated dose-rate recordings. The NRM warning level is indicated

by a horiz;ontal line. False data dueto failure of equipment is shown by A. By the end of the

day, this monitor seemed to work well again, but it broke down a few weeks later. Rainout

and washout of 222Rn progeny are seen in B. Application of astrong )'-source for the

control of welding is shown in C; events like this are observed occasionally and show a

variety of fluctuation patterns. D shows enhanced levels of natural radioactivity CZ26Raand

decay products) due to the unloading of freighters with cargo destined for a fertiliser plant.
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Table 5.2 Frequency of events leading to 'early warnings' (1991-1993) 1)

Pathway (warning level)

Inhalation (2 Bqom-3)Ext. irrad. (162 nSvoh-1)Total

Recording year

19911992199319911992199391-93

(1) Nuclear accidents

o (0)0(0)o (0)0(0)o (0)o (0)o (0)

(2) Natural processes

o (0)o (0)o (0)0(0)2 (2)o (0)2 (2)

(3) Local human activities

0(0)0(0)o (0)3 (9)4 (4)1 (2)8 (15)

(4) Malfunction of equipment

3 (4)4 (5)3 (3)2 (8)2 (3)5 (10)19 (33)

(5) Unexp1ained

1 (1)1 (1)0(0)3 (3)2 (2)3 (3)10 (10)

Total events

4 (5)5 (6)3 (3)8 (20)10 (11)9 (15)39 (60)

1)

The first figure gives the number of different causes per category; the figure in
parentheses gives the number of days that a warning message is received. The 1atter canbe greater if the cause of the warning is maintained for more than one day.

Although the" experience gained with the NRM has been growing ever since the

network was installed, some events still cannot be explained. The majority of cases

in this category consists of solitary elevated data. In spite of the fact that

sophisticated protocols for a data check are applied, it is possible that false data is

produced now and then as a result of the mutilation of digital information during

data transmission. This presumption is strengthened by the unexpected lower

readings, which are observed occasionally.

Table 5.2 presents an overview of events observed in 1991, 1992 and 1993,

c1assified as given above. Approximately 10 to 15 (different) waming messages a

year are received, most of them caused by malfunction of equipment. From the

latter, only a few have not been immediately diagnosed. In this overview, wamings

caused by maintenance of the data-acquisition system (for instance, due to remote

downloading of new software releases) are omitted.
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Discussion and conclusions

CHAPTER 5

The NRM (evaluated over a period of years) seems to be meeting the primary goal,

although nuc1ear accidents with any impact for the Netherlands have not occurred .

Every year, some 10 to 15 different warning messages are received. About aquarter

of them are due to local human activities. Natural processes are, on the average,

responsible for some 5 % of the warnings. Most, if not all of the remaining ones

( - 70 %) lÏave atechnical cause.

Based on these experiences, warning levels for ambient dose rate can best be

set just above the range of fluctuations due to the washout of 222Rn progeny. As will .

be shown in Chapter 6, this warning level can be well established. Further

refinement is possible, for instance, by subtracting local time-averaged dose-rate

levels, and applying one general warning level to the residue. Even better results can

be achieved by using a method to compensate for the spatial and temporal variations

in natural background. Such a method, applied to the measurement of ambient dose

rate, may improve the sensitivity of the network to anomalies considerably (see.

Chapters 6 and 9). Improper monitor adjustment sets the lower limit for the warning

level used for artificial gross-,B-activity in air. The initially chosen level of 2 Bq'm-3

has shown to be satisfactory, under the condition that instruments are calibrated and

re-adjusted regularly.

Monitor failure can yield false data several orders of magnitude higher than

natural background levels. One possibility to reduce the number of false alarms is to

transmit warning messages only when at least two (adjacent) measuring sites are

above threshold. This strategy becomes more reasonable as the network density

increases, but warning messages due to local events are also kept down in this way.

If this strategy had been applied to the NRM, not a single warning message would

have been received since it came into operation.
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5.3 Suitability of the Bitt RS02/RMIOE for environmental radiation
research

Introduction

The Bitt RS02/RMlOE radiation detector converts e1ectrical charge created by

(secondary) ionising partic1es to a read-out in terms of exposure rate. As such, this

. device cannot distinguish between radiation from either natura I or artificial origin

nor does it provide information on the actual radiation spectrum. Before the NRM

came into operation, this type of equipment was carefully examined and, after a

series of modifIcations carried out by the manufacturer, met the requirements to

fulfil its task in the emergency network [De89a; De89b, Sm89]. However, for a

reliable study of the relatively small variations in the natural radiation background

additional measurements were needed to determine the performance of this

instrument in more detail, with emphasis on exposure to low-Ievel environmental

radiation levels. These investigations inc1uded a comparison with the 'de facto'

standard instrument for environmental radiation research, the Reuter Stokes RSS-112

high-pressure ionisation chamber (HPJC) [RS91]. Such a comparison is also needed

to link NRM data with data obtained from other surveys, such as the SAWORA

'free-field' -y-exposure survey carried out in the Netherlands in the early 1980s

[Do84; Do85]. The specifications of the Bitt RS02/RMlOE, as far as they are

relevant for the study presented here, are summarised below.

Measuring method

The Bitt Technology radiation monitor applied here consists of a cylindrical tube

(RS02), 360 mm long and 76 mm in diameter, which is connected to a RM10E read

out unit [Bi88]. The tube, with a thin aluminum wall, is mounted vertically (as

shown in Figure 5.4) on top of the NRM measuring cabins, approximately 3.5 m

above ground level. The tube contains a smaller cylindrical gas chamber (length 210

mm, diameter 60 mm) with an axial anode wire maintained on a working voltage

somewhere between 1500 and 2000 V. The working voltage is adjusted to the

middle of the characteristic voltage plateau which has a typical width of 250 V

[De89b]. The gas chamber is encirc1ed by a metal-compound shield (2 -50) which
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acts as an energy compensation filter, improving the sensitivity of the monitor and

making its response more-or-Iess equivalent to human tissue. Electrical charge

created by (secondary) ionising partic1es passing the inner volume of the gas

chamber is collected by the electrodes of the gas chamber and subsequently fed into

a pre-amplifier, placed in the lower area of the outward cylinder. The monitor

operates in two modes, a pulse mode and a current mode, with an automatic

turnover point at 10-1 Rh-I. The count r~te of the instrument increases linearly with

expos~re rate up to 10-2 R'h-1, which is far above enviroru:itental background (_10-5

Rh-I). The RMlOE read-out unit contains convers ion coefficients to transform count

rates and current in the non-linear domain to the corresponding exposure rate. The

read-out electronics can be adjusted, within certain limits, to match the properties of

a particular counter tube. The dynamic range of the instrument exceeds nine orders

of magnitude, going from < 10-6 Rh -1 to > 103 R· h-1.

Energy response

There were two reasons to examine the energy response of

the monitor more carefully. First, the Bitt RS02/RMIOE is

designed as an exposure-rate monitor but the quantity

exposure (rate) has gone out of use and other dosimetric

quantities, more directly related to the biological effect, are

Tecommended these days (see section 2.3) [ICRU93].

Secondly, the apparatus does not act as a pure exposure

rate monitor since its response to ')'-rays (with equal

exposure rate) depends on the photon energy.

Figure 5.4 X-ray image of the Bitt RS02
counter device. The sensor is mounted in

this orientation 1 m above the roof of each

NRM cabin (-3.5 m above ground level).
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In an investigation carried out in 1989 by the Dutch National Standard Laboratory

for Ionising Radiation8 calibration factors were determined for six randomly

selected counter tubes at six photon energies in the range 65-1250 keV The counters

were placed in homogeneous uni-directional radiation fields propagating

perpendicular to the major (i.e. cylindrical) symmetry axis of the tube. The resu~ts

of this investigation, shown in Figure 5.5, were used to derive a general energy

independent convers ion coefficient of 10.8 nSv' fLR 1, converting the monitor

readings to the quantity ambient dose-equivalent rate at 10 mm depth, ft (10) (see

section 2.3) [Sm89; Di90]. This quantity, further abbreviated to (ambient) dose rate

(in units of nSv·h-1 at typical background levels) not only matches better with the

physical characteristics of the counter tubes, but is also more appropriate for dose

assessment. Figure 5.5 shows a slight systematic over-response of the monitor at 83
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W(10)

100 1000 3000
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Figure 5.5 Results of a calibration and fit procedure carried out on six randomly chosen

NRM counter devices. Exposure to well-known air kerma, Kair, yielded six series of

calibration coefficients (GY'R-1) at energies of 65, 83, 118, 205, 662 and 1250 keV [Di90].

To convert monitor readings from exposure (rate) to ambient dose (rate), one energy

independent convers ion coefficient of 0.0108 Sv' R-1 was determined by fitting the quotient

of this coefficient and the series of energy-dependent calibration coefficients (symbols for six

different tubes) with the ratio of H* (10) (Sv) and Kair (Gy) (solid line) [ICRU88].

8 In 1989 an RIVM section, now part of the National Measuring lnstitute (NMi).
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keV, which is compensated at other energies. In practice, this will not lead to

significant errors because natural background radiation spectra are comparatively

broad [CEC89]. Thus, in spite of the fact that these NRM field monitors are not

nuclide-specific, their output represents a direct measure. for the received external
irradiation dose.

The energy response of the Bitt RS02/RMlOE is very similar to the energy

response of the Reuter Siokes RSS-~12 HPIC [RS91].

Angular response

Conversion to H* (10) requires the instrument to have an isotropic response

[ICRU93]. The RS02 counter tube has a cylindrical symmetry and the monitor

response is thus invariant for rotations around the major symmetry axis. However, it

may depend on the angle between this axis and the direction of the incoming rays.

This was checked by rotating a monitor when exposed to a constant uni-directional

-y-radiation field (137 Cs, 662 keV) around its minor axis. The monitor response was,

indeed, found to be angular-dependent (see Figure 5.6). A very similar pattern was

found for exposure to a 60Co source (1250 keV). The counter tube is thus less

o

270

180

8
90 I ..

Figure 5.6 Angular response function of the Bitt RS02 counter tube, <1>(0), when exposed to

a uni-directional )'-radiation field of 137Cs (662 keV). An angle of zero degrees corresponds

with )'-rays falling on top of the device. The angular response is normalised to the response

when placed in a field perpendicular to the major axis of symmetry (90°).
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sensitive for 'Y-rays directed along the major axis of symmetry, supposedly due to

the absence of a proper energy compensation filter at the top and bottom of the gas

chamber. Especiaily radiation entering the bottom part of the counter tube is less

efficiently detected, probably because of the shielding due to the electronie deviees

and flanges mounted weil below the gas chamber. Because the monitors are

calibrated in a uni-directional radiation field perpendicular to the major axis of

symmetry, the aIÎ1hient dose rate, as determined by the NRM, may be

underestimated by an amount which depends on the position of the counter tube with

respect to the various radiation sources. It can be estimated by integrating the

monitor response function, iJ.> (e, cf», over the corresponding space angle.

Suppose the monitor is placed in an isotropic 47r radiation field. The geometrie

efficiency factor, 1]47r' is then defined here as the ratio of the actual monitor reading

divided by the ideal reáding given by

21t 1t

f J <p(8,<\»sin(8) d8d<\>
<1>=0 6=0

21t 1t

J J sin(8) d8d<\>
<1>=0 6=0

1t

~ J <p(8) sin(8) d8 0< 0.92
o

(5.1)

where the angular response function found for 137Cs is applied. Analogously, the

efficiency factor for isotropie radiation coming from the upper hemisphere, 1] 27r +' is
ca1culated as

1t

2

1l21t I = ~ J <P(8) sin(8) d8
o

0.93
(5.2)

This geometric efficiency factor, and others, are shown in Figure 5.7. Airbome 1'

emitters produce a 27r ~ isotropic radiation field (Figure 5.7a) when distributed

homogeneously and NRM recordings will underestimate the corresponding dose rate

by some 7 %. In the case of astrong vertical air profile (e. g. 222Rn progeny, during

inversion) , this value may decrease down to - 3 %. Ca1culations with the dose-rate

model Soil Rad [Bl95] (see Chapter 4) show that over 90% of the dose rat~

delivered at a height of 3.5 m by uniformly deposited 'Y-emitters (e.g. 214Bi) is due
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to )'-rays hitting the detector from a space angle as indicated in Figure 5. 7b; the

underestimation in the measurement of deposited radioactivity is thus in the order of

3 %. SOIL RAD ca1culations further show that about 30% of the terrestrial dose rate

originates from a nearby area (radius: ::;3.5m, space angle: Figure 5.7d). The

remaining 70% originates from more remote soil (radius: > 3.5m, space angle: see

Figure 5. 7b). In fact, the geometry of the terrestrial radiation field is close to the

isotropic 27ft field as illustrated in Figure 5.7 c. NRM equipment will thus

underestimate the terrestrial dose rate by approximately 10 %.

The results on the energy response and angular dependence of the Bitt monitor

presented so far apply to )'-rays with photon energies below about 3 MeV.

Practically all important naturally occurring )'-emitters, such as 214Bi, 214Pb, 208Tl

and 4oK, fall into this category. However,the results may not be valid for ionising

(secondary) cosmic rays due to their different nature and energy spectrum.

180

d

b
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0.93
0
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.~ -"1 90
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I\ I
. /
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180
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031Y~--""\(

\
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c

a

Figure 5.7 Ca1culated geometrie efficiency factors of the Bitt RS02 for various (hypothetic )

radiation fields. The radiation fields are considered to be isotropic over the marked space

angle (black area with white '5°' indicators), and zero outside it.
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Field intercomparion
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The performance of the Bitt RS02/RMlOE at NRM location BILTHOVEN [627]

(Bitt 1) was compared with a second Bitt monitor (Bitt 2), of which the orientation

could be varied, and a Reuter Stokes RSS-112 HPIC. All three monitors were placed

next to each other approximately 3.5 m above ground level. Figure 5.8 shows the

results obtained over the period 29 April - 9 May 1995. The Reuter Stokes is

apparently v.ery se?sitive to temperature changes, as is c1ear from the data taken in
the first week of May, when all monitors were exposed to high levels of direct solar

radiation. Temperature has only a slight infiuence on the performance of the Bitt

RS02/RM10E; the output drift of four randomly chosen instruments, when swept

over a temperature range from -30 oe to +70 oe, was smaller than 4% (typically

2 %) when compared to the reading at 20 oe [De89b].

The long-term average background value as determined by the NRM at the

BILTHOVEN site is about 74 nSv·h-1 (Bitt 1). When mounted vertically Bitt 2

agreed within 3 % with the NRM monitor, which is within the expected accuracy of

3 4 5 6

Time (Day)

Figure 5.8 Comparison of data from a Bitt RS02/RMlOE in the common NRM

configuration (Bitt 1), a second Bitt (Bitt 2) mounted with various orientatiOns

and a Reuter Stokes RSS-112 HPIC. Data are IO-min average values, except for

Bitt no.2 where lO-min grab samples were taken. The 'afternoon' dips in the

Reuter Stokes data are due to a temperature effect.

BILTHOVEN [627]
29 Apr -9 May 1995
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this monitor type. However, Bitt 2 read an approximately 11 nSv·h-1 higher value

when mounted horizontally, confirming the non-isotropic response of this apparatus.

There was no notabie difference in the reading when the second Bitt was positioned
either upwards or downwards.

When ignoring the dips in the Reuter Stokes data, the average reading of this
monitor is some 11 to 12 nSv·h-1 lower when compared to Bitt 1. The difference in

(angular) response of both monitor types to )'-rays of terrestrial origin éannot

explain this discrepancy. However, a difference in their response to cosmogenic

radiation may be a plausible cause, for it was found out during a large-scale CEC

intercomparison that proportional and Geiger-Müller gas counters tend to
overestimate the cosmogenic dose rate [CEC89]. The reason for this is not clear but

might be explained by the fact that proportional and GM counters are gènerally
equipped with an energy compensation filter adjusted to 0.05-3 MeV )'-rays. Such

filters might not work correctly for the hard and dominating component of the

cosmogenic dose rate (muons with energies exceeding 1 GeV; see Chapter 4),

leading to instruments with a different sensitivity for (terrestrial) )'-niys and
secondary cosmic rays (e.g. high-energy muons).

Based on knowledge to date, the Bitt radiation counter seems to underestimate the
terrestrial dose rate and to overestimate the cosmogenic dose rate. In order to

examine these two effects more closely, comparisons were organised at locations

where the terrestrial component was either virtually absent or relatively high..
The first condition was accomplished on 27 July 1995 on board of a motor

yacht anchored in the middle of the lake district 'Kager Plassen'. At the measuring
point the water had a depth of more then 5 mand the shore was at least 200 m

away, except for one quadrant where a small island was present at a distance of 50
to 150 m. Under such circumstances the influence of terrestrial radiation is very low

but might not be completely absent [CEC89]; however, more favourable conditions

could not be achieved that day. To avoid temperature effects, the instruments were

shielded from direct sunlight. The instrument readings (one hour average), recorded
at an air pressure of about 1015 hPa, yielded 44.4 ± 0.3 (la st. dey. of the mean)

nSv·h-1 for the Reuter Stokes and 55.5 ± 0.2 nSv·h-1 for the Bitt. After subtracting

the estimated dose rate from airborne radioactivity and the human body, the average

values were found to be 42.1 ± 0.6 nSv·h-1 and 53.2 ± 0.5 nSv·h-1, respectively.
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The Reuter Stokes result agrees with the 'SAWORA' value of 43 ± 2 nSv'h-1 (at

1022 hPa) found previously under fairly similar conditions by Van Dongen et al.

[D084]. Other values reported in the literature are close to 40 nSv' h-1, with a typical

uncertainty of 5% [Ni80; CEC89; UN93]. As expected, the Bitt RS02/RM10E was

found to be more sensitive to the cosmogenic component and measured

approximately 11 nSv'h-1 more than the Reuter Stokes. When placed horizontally,

the Bitt read-out increased with another 12 nSv'h-1, aresuit fairly similar to the one

obtained at BILTHOVEN [627], in the presence of terrestrial radiation.

Comparative measurements in an environment showing a relatively high level

of terrestrial radiation were carried out at NRM location WAGENINGEN [724], Oil

17 August 1995. The measurements were analogous to those performed at

BILTHOVEN [627] and yielded 93.6 ± 0.3 (la st.dev. of the mean) nSv'h-1 for the
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Figure 5.9 Results of a series of field measurements comparing the readings of NRM dose

rate meters (Bitt) to a reference instrument (Reuter Stokes). The sa lid regression line fitted

through the black triangles shows the response of NRM equipment to terrestrial radiation.

The open triangle compares indoor readings of bath instruments where ambient building

materials were the dominant -y-source. The star compares Bitt readings in the NRM

configuration with a Reuter Stokes reading in the SAWORA 'free-field' configuration.
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operational NRNI Bitt, 96.5 ± 0.4 nSv·h-1 (mounted vertically) and 111.0 ± 0.8

nSv·h-1 (mounted horizontally) for Bitt -no.2 and 87.9 ± 0.2 nSv·h-1 for the Reuter

Stokes. These measurements were supplemented with a Reuter Stokes measurement

in the 'SAWORA' configuration (free radius > 20 m, measuring height 1 m),

yielding a significantly larger value of 112.4 ± 0.4 nSv· h-1. During all these

measurements the instruments were shielded from direct sun light.

The results of these intercomparisons are summarised in Figure 5.9. The

interception of the linear regression line fitted through the black triangles IS a

measure for the Bitt overestimating the cosmogenic dose rate. When we assume a

location-independent constant cosmogenic dose rate of about 40 nSv·h-1 (corrected to

standard air pressure, see Chapter 6), a constant 'offset' of 11.2 nSv·h-1 is

determined. The slope of the regression line shows that the sensitivity of the Bitt for

terrestrial radiation is approximately 10% too low. For comparison, the result is

shown of simultaneous measurements carried out on the third fioor of a dwelling
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24 - 29 May1995
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Figure 5.10 Simultaneous recordings of a Bitt and a Reuter Stokes dose-rate meter,

showing a different background but equal response to surface radioactivity due to washout of

222Rn progeny. The diurnal structure in the RS data represents a temperature effect.
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where ambient building materials were the dominant source of 'Y-rays (open

triangle). Here we have a more favourable radiation geometry yielding an offset

corrected Bitt reading which is only 1% lower than the corresponding Reuter Stokes

reading. This graph further shows that the dose rate obtained under free-field

conditions may differ considerably from the dose rate obtained in th~ NRM

configuration (we will come back to this subject in Chapter 6).

So far we evaluated systematic errors in the response of NRM equipment to

terrestrial and cosmogenic radiation. The response of the Bitt to 'Y-radiation' from

deposited radionuc1ides, the most important source for short-term temporal

fluctuations (see Chapter 6), agrees weU with the Reuter Stokes response. This is

illustrated in Figure 5.10 where data are presented of elevated dose rates due to the

washout of 222Rn progeny. The difference signal shows an offset from zero

explained by the systematic errors in the Bitt response to terrestrial and cosmogenic

radiation and a structure explained by counting noise and the temperature effect of
the Reuter Stokes.

Repeatability and interchangeability

Ambient dose-rate recordings stored in the NRM database were obtained from 65

different monitors, most of them purchased in 1988. Field monitors in need of

maintenance or repair were replaced by a spare one and were later employed on

another NRM site. Properties of a particular monitor could also change as a result of

aging, repair and/or recalibration. Good insight into the rate of accuracy, st~ility,

repeatability and interchangeability of the monitors is thus necessary to evaluate the

quality of the NRM data set.

On two occasions, aH the monitors were compared to each other before

placement in the network. The relative 1a standard deviation of the monitor readings

when exposed to a 137Cs source (exposure rate -1.1 mRh-l) was 1.5% [De89b]. A

comparison at much lower exposure rates (7.9 and 38.6 J1.Rh-1) yielded a relative

standard deviation of 3.5 % (1ó), mostly due to counting statistics [Sm89]. These

results were considered satisfactory for they met the requirements of the emergency

network, and no further investigations were carried out at that time.
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After five years of operation, a better impression of the accuracy and long-term

stability of the dose-rate monitors could be provided (Figure 5.11). The difference

between annual averaged values and the corresponding long-term average value is in

almost any case less than 3 %. Part of the observed variation is systematic for a

particular year (e.g. 1991), reflecting the environmental conditions in that period

(see Chapter 6 for an explanation). Systematic annual variations are apparently lower

than 1%. Remaining variations are either due to changes in the local environment or

shifts (or differences) in the sensitivity of the instrument(s) used. Based on these

results, the relative uncertainty in NRM dose-rate data is, apart from systematic

errors and counting statistics, estimated at ± 2 % (20"rel)' This makes these data

particularly useful for studying low-Ievel variations in the natura I background .
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Figure5.11 Variations in annual averaged dose rates as recorded by the NRM in the

period 1989-1994. The small symbols show the relative deviation (%) of the annual

average [1989 (_),1990 (lI.), 1991 C•. ), 1992 (+),1993 (e) and 1994 (0)] from the

location-dependent long-term average. The large symbols at the right, with corresponding

shapes, show the mean deviation of all NRM sites for each recording year and indicate

systematic deviations due to different environmental conditions. The error bars (1 a)

represent a measure of the accuracy, repeatability and uniformity of the monitors used.
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Discussion and conclusions

RCGM SMETSERS - RO BLAAUBOER

Bitt RS02/RMlOE radiatÎ<.mcounters were found to be reliable instruments, showing

a high degree of uniformity and long-term stability. The energy response of the

apparatus agrees fairly well with il (10), enabling convers ion to ambient dose

equivalent rate, the current quantity for dose assessment due to external radiation

[ICRU93]. Cont~ary to the applied reference instrument, the Reuter Stokes RSS-112

HPIC, the Bitt shows a low temperature dependence, a basic requirement for
instruments used for the col1ection of outdoor monitoring data.

MajOr drawbacks of the Bitt ar~ its angular dependence and its enhanced

sensitivity to cosmic rays. In the outdoor environment the time-averaged dose rate is

almost completely due to terrestrial and cosmogenic radiation, whereas airborne and

deposited. radionuc1ides Jorm the dominant sources for (short-term) temporal
fluctuations (see Chapter 6). Taking the Reuter Stokes as a reference instrument,

NRM dose-rate data were found to contain systematic errors with respect to both the

terrestrial and cosmogenic dose-rate component. Where the influence of airborne and

deposited radionuc1ides can be neglected, an estimate for the true ambient do se rate,

ilTrue (nSv' h-1), is found as follows:

iI*True = iI*cos + 1.1 . {iI*Bitt - iI*cos - 11.2 } (5.3)

where ilBitt is the Bitt reading, converted to ambient dose rate (in nSv'h-1), and

iI*cos the average ambient dose rate due to secondary cosmic rays (in nSv·h-1). The

latter dose rate is about 40 nSv' h-1 in the Netherlands, with an estimated uncertainty

(2a) of 3 nSv' h-1. Bitt measurements of ')'-radiation from deposited radionuc1ides

agree very· well with results obtained with the Reuter Stokes. The ca1culated

systematic underestimation in the measured dose rate due to airborne radioactivity

falls in the range 3-7 %, depending on the distribution of radionuc1ides in the air.

It is conc1uded that the NRM dose-rate meters are appropriate for studying

low-level variations in the Dutch outdoor environment. Collected data may scatter

within 2 % (2a) due to differences between various instruments and long-term drift.

The overall absolute uncertainty in a reading depends on actual circumstances. When

we correct for systematic errors (according to Equation 5.3) we estimate the overall

absolute error (2a) in natural background data to be smaller than 5 nSv' h-1.
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5.4 The FAG FHTS9S gross-a/ ~-activity monitor applied to time-resolved

measurements of 222Rn progeny in air

Introduction

For the continuous surveillance of the inhalation pathway, the NRM is equipped with

14 airbome gross-a/{3-activity monitors of the type FAG FHT59S, manufactured by

FAG Kugelfischer Georg Schäfer KGaA, Erlangen (Germany) [Fr91]. This monitor,

which is used in several European countries for an early detection of radiological

accidents, was found to meet all requirements to fuIfil its nuc1ear emergency task

[Gr89a; Gr89b; Le91]. Next to this assignment, which is not evaluated here, data,

obtained from this monitor in normal situations, may be used to. study the natural

radiation environment. The aim of this section is to evaluate the applicability of the

FAG for time-resolved quantitative measurements of 222Rn progeny in outdoor air.
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Figure 5.12 Schematic presentation of the operation mode of the FAG

FHT59S: (1) air sampling unit, (2) radiation detection system and (3)

calculation of actual airborne radioactivity.
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Materials and methods
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The FAG FHT59S detects a- and {3-radiation from radionuclides collected by a

moving-tape air sampler. Based on the assumption that all a-activity is associated

with decay products of 222Rn, and that the ratio between a- and (3-activit):' from

222Rn progeny collected by the filter mate rial is constant, values are obtained for

natura i gross-a- and artificial gross-{3-activity concentrations in air [Fr91]. The

mode of operation of this monitor can be divided in three parts (see Figure 5.12):

(1) Ambient air (sampling height 5 m) isdrawn in at a rate of about 10 m3'h-1

through a circular spot (5 cm in diameter) of a 42-m-Iong glass-fibre filter9. After a

sampling period of 10 min the filter is transposed over a distance of 2.5 mm, which

implies that 20 successive sampling areas partly overlap. The filter tape allows for

almost four months of remote operation. A lead shield separates used filter material

from the measuring spot. The airflow through the monitor is calibrated with an

accurate gas fiow meter, certified within 2 % by the manufacturer.

(2) a- and {3-radiation emerging from radionuclides collected by the filter material

is measured by a lead-shielded ZnS/plastic scintillator system. Count rates, r, are

measured in two channels. The relation between count rates in the upper channel

(index u) and lower channel (index l), and the a- and {3-activity on the filter spot, Aa

and A/3' is given by the fóllowing equation:

(E". E'.](A ] (n ]Eai Epi A: + n:

(5.4)

The background count rates of the monitor, nu and nl, are experimentally determined

by averaging the pulses counted in a period of 10 min., while applying a clean filter

and zero airflow. Typical values are nu = 0.03 cps and nl = 0.5 cps. The four E

coefficients are calibration coefficients, determined by applying dedicated a- and {3

standard sources, especially developed for this purpose by Amersham [Am88]. The

reference radionuclides e41Am for the a-source and 90Sr/90y for the (3-source) are

built into an electrostatical1y deposited oxide layer (6 JLm thick, 0.8 mg·cm-2 specific

surface mass) of aluminum foil (thickness 0.3 mm, diameter 50 mm). This foil, with

9 No. 10, Schleicher & Schüll.
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a total activity of about 3 kBq, is contained in a special mounting to put the radiation

source during calibration in a position identical to that of the filter material during
nonnal measurements. Activities and surface emission rates of these reference

sources are detennined by comparing the count rate at a distance of 5 mm with the

count rate of a comparable primary reference source [Am88]. Typical values found

for the FAG calibration coefficients are Eau = 0.11, Eal = 0.13, E{3u = 0.01 and E{31

= 0.20.

(3) After each sampling period, an internal computer program ca1culates the

current concentrations of natural gross-a-activity and artificial gross-,B-activity in the

air. Actual filter activities derived from count rates in both channels, as weIl as the

19 pairs of activity concentrations ca1culated previously, fonn the input for this

program [H088; Fr91]. Activity concentrations are expressed in standard air
volumes based on measured airfiow.

Objects of analysis

The ca1culation algorithm, which is the core of the applied compensation method for

natural radioactivity, is based on a simplified mathematical description of the

occurrence of 222Rn progeny in air [H088; Fr91]. Although the 'FAG algorithm'is

adequate for a proper working background compensation method, it is not for the

objective under consideration here. Three assumptions, made explicitly or implicitly,

are questionable and need further investigation: (1) 222Rn is in secular equilibrium

with its short-lived decay products (i.e the equilibrium ratio Ep = 1, see Chapters 2
and 4), (2) the radiation calibration procedure applied leads to a correct

detennination of natural radioactivity on the filter and (3) the capture efficiency of

222Rn progeny is 100 %, which implies that aIl decay products are assumed to be
attached to aerosols.

The first assumption is dealt with in the next section, where the perfonnance

of the FAG algorithm is examined for different environmental conditions, with

(constant) equilibrium ratios ranging from 0.3 to 1. Assumptions (2) and (3) are

evaluated in the section 'Uncertainty analysis'; however, they are still considered

valid in the next section.
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Analysis of the internal calculation program [Fr91; Sm93; Sm95]

Consider a mix~re of 222Rn and its four short-lived decay products with air activity

concentrations (Bq'm-3) denoted by ai (i=0,1,2,3,4 for successive radionuclides, see

Chapter 2). Sampling periods and sampling areas on the filter (spots) are numbered

as follows: the most current one, where sampling takes place or has just been

finished, is called sampling period or spot number 1; the second most current one is

called number 2 and so on. Spot number 20 is the ' oldest' spot which still partly

coincides with spot number 1. The ratios of overlap between spot number 1 and spot

number nare called Kn' and range from Kl ~ 1.00000 to K20=0.01332.

In the first sampling period of T = 600s, the build-up of nuclides on spot

number 1, NJt), is found by solving the following set of inhomogeneous differential

equations and boundary conditions :

dNl al<\> dNi ai<\> . (5.5)
-=--ÀlNl, -=-+1... IN. l-À.N. (z=2,3,4) and N.(O)=O

dt 1..1 dt Ài 1- 1- I I I

where <p (m3·s-1) represents the airflow and Ài (s-l) the decay constant of nuclide i.
The solutions' can be written in the following form:

L -Ál(O~t~1)
(5.6)

N.(t) = P. + D ..e} I I IJj=l

with al<\>
Dl! = -Pl'

a .<\> À. 1

P =-
P - I 1- pel)(5.7)- - + - z>1 2 ' i 2 À i-I '

1..1 \ i

D ..
IJ

\-1-D C .
Ài-À. (i-l)j z>l, z*j)J

and
i-1

D .. = -P. - " D .. (i>l)u ! ~ ij
j=1

After the first sampling period (t=T=600s, t'=t-T), no additional sampling takes

place on spot number 1 and the numbers of nuclides already present, NJt') (t' > 0),

are only altered because of radioactive decay. These numbers of nuclides are thus
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the solutions to the following set of homogeneous differential equations and

boundaryeonditions:

where Ni(T) are the solutions to the inhomogeneous differential equations of

Equation (5.5) at t=T. The solutions for t'2:.T ean now be written as:

with

C ..e -'J...p-1)
IJ

(t~1) (5.9)

Cn =NI(1), Cjj= ÀÀ~-~.C(H)j (i> 1,i;t})
I J

and
j-I

Cjj=Nj(1)- L Cjj (i>1)
j=l

(5.10)

The aetivities on the filter, Ai(t), follow from the general relationship Ai(t) =
ÀiNi(t). The gross-a-aetivity, Aa(t), is the sum of Al(t) and Ait), the gross-{3

aetivity, A~(t), the sum of A2(t) and A3(t). The average aetivity of nuclide i over
sampling period n is given by:

<A.>I n

À. nT

; f Nlt)dt
(n-l)T

(5.11)

Now eonsider a situation where al = 1, a2 = pand a3 = a4 = q Bq'm-3 e14po is

always in seeular equilibrium with 214Bi, see Chapter 2 and 4). Por this 'unit' of air

aetivity, the average a- and {3-aetivities on the filter eoming from one partieular

sampling period are ea1culated for 20 sueeessive time periods, and named <Aa> n

and < AiJ > n (n = 1. .20). With these results the total a- and {3-aetivities on the filter
eoming from any series of air sampling periods greater than 20 and with a fixed

ratio of air aetivity eoneentrations aj:a2:aia4 = 1:p:q:q ean now be ea1culated as
follows:
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<A Tot>
ex s

Here <Ac/ot> s and <A(3Tot> s represent the total a- and ,B-activities at spot

number s, and Qj,k is the (time-averaged) activity concentration of 218po in air
during sampling period number k. The expressions from Equation (5.12) are the

analogue of the actual filter activities, derived from measured count rates in the two

electronic windows. They can thus be used as input for the FAG algorithm to

recalculate the original concentrations of (natura!) a- and (artificial) ,B-activity in air.

The performance of the FAG algorithm can then be examined for different environ

mental circumstances by comparing calculated FAG results with simulated input.
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Figure 5.13 Calculated monitor results of a series of simulated input, assuming 222Rn

progeny to be in secular equilibrium (Ep = 1), complete capture of radionuclides and ideal
determination of filter activities. The light line (short dashed) represents the airborne gross

a-activity concentration input (aain =a 1+a4J. The heavy line shows the gross-a-activity

concentration calculated by the monitor (a/A~. During (quasi-)steady-state conditions

a/AG agrees with aain, which in the ideal case equals 2'ao and 2·EEDC. Calculated pseudo
artificial ,6-activity concentrations are enlarged by a factor 20 (area, right axis).
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The ideal situation (Ep = 1)
Figure 5.13 shows the monitor results of a series of simulated input tor 144

sampling periods (24 hours) with aj:a2:a;:a4 = 1:1:1:1 (Ep=l) in agreement with
the assumption made by FAG. Under (quasi- )steady -state conditions, the output of

the FAG algorithm (acxFA~ agrees within 1% with the gross-a-activity concentration

input (acxin = aj + a4). Only very rapidly changing air activities may result in
short-term errors in the calculated a-activity concentrations, but this is a minor

effect. Output values averaged over 24 hours show perfect agreement with the

corresponding average input values (difference < 1%).

In the FAG algorithm, the artificial ,6-activity (aart.(3FA~ is calculated as the
difference between the ,6-activity directly measured and the natural ,6-activity derived

from the measured a-activity. Here, a fixed ratio between natural a- and ,6-activities

on the filter, Fcx/(3' is assumed. Theoretically, Fcx/(3 = 0.651 (steady-state, Ep=l),
but in practice this factor is semi-experimentally determined as the average value of

the ratios actually measured over a period of 48 hours after start-up. Recordings of

small (pseudo- )artificial ,6-activities not equal to zero represent, under non

emergency circumstances, a measure for fiuctuations of the actual ratio of a- and ,6

activity on the filter. The average value of (pseudo- )artificial ,6-recordings over a

longer period is zero, provided that a proper value for Fcx/(3 is applied. Figure 5.13
shows that strong variations in air activity concentrations result in (pseudo- )artificial

,6-recordings drifting from zero; however, this effect is small when compared to
other effects treated further on .

.Non-equilibrium (Ep~

Due to physical processes like attachment to aerosols, deposition of attached and

unattached nuc1ides and recoil, 222Rn is in practice seldom in secular equilibrium

with its decay products (see Chapters 2 and 4). The performance of the FAG

FHT59S in non-equilibrium was therefore investigated by comparing its response to

simulated input with various air concentration ratios aj:aia/:a4) = l:p:q(:q).

These ratios can vary considerably, depending on environmental conditions. To

make estimated guesses on these rati~s, use was made of the 'Jacobi model' [Kn88]

as presented in Chapter 4. For (quasi-)steady-state conditions the constant (or slowly

varying) activity concentration ratios of attached and unattached radon progeny can

be ca1culated from a set of balance equations. These contain three environmental
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parameters: Àa (the rate constant for attachment), and À/ and À/ (rate constant for

deposition of unattached and attached decay products, respectively). It is common

use to take À/ equal to 100 À/, leaving just two independent parameters [Kn88].
The FAG algorithm was finally tested for several combinations of l:p:q (kept

the same during one test run). These combinations were derived by applying the

Jacobi model under steady-state conditions, with input parameters in the range:

1.4xlO-3 < À < 1.4xlO-1 s -1 ,a

7.0xlO-6 < À~ < 2.8x10-S S -1 and À~ = 100 À~

(5.13)

and 214pO

222 R n
- --

Ep =0.7

~ .'

Ep, ??.,~.,
0.4

0.2

0.6

0.8

1.0

o

--.
c::

cr:
C\I
C\I
C\I

0.0
0.001 0.01 0.1 0.2

Figure 5.14 Ca1culated equilibrium factor, Ep and activity ratios of 222Rn
progeny in air obtained from the 'Jacobi model' as a function of Àa' using Ài
= 2.8 x 10-5 s-l and À/ = 100 Ài. The right side shows a process dominated

by fast attachment and slow deposition, and approaches the 'ideal' situation of

secular equilibrium (Ep = 1). Fast deposition of unattached decay products
increases in importance from right to left. Values indicated by the vertical line

(Ep =. 0.7, Àa = I.4XlO-2 s-l) are considered 'typical' for outdoor
circumstances in the Netherlands.
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The two decades over which the attachment-rate constant is varied is chosen to be

the same as the range proposed for this parameter in the indoor environment [Kn88].

Because deposition-rate constants contain a certain surface to volume ratio, lower

values than those for typical ' indoor' circumstances were used.

Figure 5.14 shows an example of activity concentrations of 222Rn progeny in

air relative to 222Rn as a function of 'Aa' with fixed values for the deposition

parameters 'A/ and 'Ad~' The equilibrium ratio, Ep (calculated according to Equations
2.4 and 2.5), is also given and ranges from 0.3 to 0.9. Figure 5.15 shows the test

results for the 'typical' set of parameter values as indicated in Figure 5.14.

Time (h) ~

97 73 49

~ Step number

Figure 5.15 Calculated monitor results of a series of simulated input, using

activity ratios of 222Rn progeny obtained from the Jacobi model using environmental

parameters as indicated in Figure 5.14 (Ep = 0.7). The light lines represent quantities
derived from the input, i.e. the gross-a-activity concentration, aain = al + a4

(dashed), twice the 222Rn concentration, 2·ao (dots), and twice the equilibrium

equivalent decay product concentration, 2·EEDC (light solid). The bold line shows the

gross-a-activity concentration calculated by the monitor, a/AG. During (quasi-)

steady-state, a/AG corresponds weIl to 2· EEDC. The (pseudo- )artificial j3-activity
concentrations (enlarged 20 times, right axis, area) are calculated using a value for

Fa/(3 yielding an average (pseudo- )artificial j3-activity concentration equal to zero.
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The similarity under (quasi- )steady-state conditions between the 'recorded' gross-a

activity concentration, ac/AG, and twice the equilibrium-equivalent decay product
concentration of 222Rn, 2·EEDC (see Chapter 2), is obvious.

Similar calculations were carried out for a variety of environmentàl

parameters, corresponding with equilibrium ratios, Ep' ranging from < 0.3 to 1.0.
The test results are summarised in Figure 5.16. The .1 parameters represent the

difference between simulated input and calculated FAG output, defined as

FAGin
a FAG -2.EEDC(5.14)

!!.. =

aa.
-aa.
. 100%

and!!..EEDC =
a.

. 100%
a.

FAG FAG

aa.

aa.

10 J Ii- ~0

-10 ~ .

-- •
<1

/• //
0

~C:i.c:
-20 ~

0
/

single- /
0~EEDC+-' •

ctS .- -30>
CD

-40 t
I•

~C:i.0 Iaveraged•~EEDC

-50 .

~

0.2

0.30.40.50.60.70.80.91.0

Equilibrium ratio Ep

Figure 5.16 Results of a series of FAG algorithm tests applied to non-secular

equilibrium circumstances. Circles represent L1a' the relative difference between aain

and a/AG; squares represent L1EEDC' the difference between 2·EEDC and a/AG.

Open symbols refer to single steady-state data, and solid symbols to time-averaged

results. Astrong increase of I L1a I with decreasing Ep is shown, both for single
steady-state and for time-averaged data, while I L1EEDCI is in aH cases less than 2 %.
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A further distinction has been made between results of single data during

(quasi-)steady-state conditions and values averaged over the whole 24-hour test

range. It shows that the absolute value of .6.a increases froin practically zero up to

approximately 50 % when the equilibrium ratio decreases from 1 to 0.29, both for

singlè (quasi-)steady-state data and the averaged values. àn the other hand, the

absolute value of .6.EEDC is, in any case, smaller than 2 %, showing a negligible

dependence on equilibrium ratio.

By looking at the definitions of the equilibrium-equivalent decay product

concentration of 222Rn, EEDC, and the ca1culated a-activity concentration in air,

aaFAG, we see that this result is easily explained in the case of secular equilibrium

(Ep= 1), because: (1) the EEDC then equals the 222Rn concentration (see Equation
2.5), and (2) the FAG algorithm works correctly in this case, yielding aaFAG = al

+ a4. The latter is twice the actual 222Rn concentration in the case of secular

equilibrium so we find aaFAG = 2·EEDC.

When Ep < 1, this result is less easily explained. The fact that the FAG

algorithm"is based on equilibrium (Ep = 1) imp lies that the calculated a-activity "
"concentration in air, aaFAG, should now be regarded as twice the equivalent 222Rn

concentration in equilibrium with its decay products that causes the same gross-a

activity on the glass-fibre filter, <Aa Tot> , as the mixtUre under consideration. This

equivalent 222Rn concentration is not by definition equal to the EEDC, which is the

equivalent 222Rn concentration in equilibrium with its decay products that represents

the same potential a-energy as the mixture under consideration. Yet, the results of

this test show that both equivalent 222Rn concentrations are apparently the same for

all mixtures of 222Rn progeny according to the Jacobi model used. This outcome

may be understood by realising that: (1) the glass-:-fibre filtre is moving fairly slow

when compared to the half-lives of the short-lived decay products of 222~ so most

of the potential a-activity of the captured mixture of radionuclideS is actually

measured by the detector, and (2) the energies of the a-particles emitted by 218po

and 214po, Ea (see Table 2.1) are of the same order of magnitude. A combination of
these two facts leads to the conclusion that the measured a-activity of any (realistic)

. mixture of 222Rn progeny, not necessarily in secular equilibrium, is a fairly good

estimate of the potential a-energy of this mixture.
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The FAG FHT59S applies a compensation method for the calculationof artificial gross-(3

activity in air, where it makes use of a constant factor, Fa/f3, expressing the ratio of natural 0/

. and (3-radiation from 222Rn progeny. caught by. the filter material.This factor is semi
..experimentally determined as the averagedquotient of 0/- and(3~r(J(fi{[tionactually measllred
during thefiTsi 48 hOllrs of recording. When the environmental conditions in this period are

urifavourable (yielding low 222Rnconcentrations,for instance), this factor may contain a large
. èrror., 4. change of conditions may then result inartificial(3-recordingsstrongly deviating from••••••• _ •••••........... , , • __ __ .".0'" ,,_ ..•••
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Uncertainty analysis

CHAPTER 5

In the previous section imperfections in the capture of radionuclides and the

detection of radiation were not yet taken into account. To do this, an uncertainty

analysis was carried out of which the results áre summarised below [Sm93].

Uncertainties in the convers ion from count rates to filter activities

One major contribution to the uncertainty in the determination of a- and ,6-activities

on the filter material comes from the uncertainty in the stated activities of the

calibràtion sources used (10 %) [Am88]. Although relatively high, this error is

systematic and independent of environmental conditions.
The next contribution to the error in the determined filter activities is more

complex. In-the calibration procedure it is assumed that the radiation properties of

air samples and calibration sources are similar. We assume, for instance, a similar

rate of a-self-absorption of - 5 % [Am88]. First, however, there is a discrepancy

between the radiation energies of the radionuclides used for calibration and those to

be measured, which may lead to (systematic) errors in the four E-coefficients (see

Equation 5.4). In our approach this error has been ignored. Secondly, accumulated

dust may absorb (part of) the energy of the emitted a-and ,6-particles, causing

radiation counts to shift to lower detection channels. This effect, that becomes more

important with increasing fine-particle concentrations in air, may alter the detected a

to ,6 ratio, resulting in underestimated gross-a-activity concentrations and. (pseudo-)

artificiaJ ,6-activity concentrations drifting from zero. Based on the typical range of

recorded (pseudo- )artificial ,6-activity data, it was estimated that the gross-a-activity

concentration, as ca1culated by the FAG monitor, may be some 0-20% too low for

this reason, the exact value depending on current environmental circumstances.

Due to the medium volume air flow of approximately 10 m3'h-1 and the 2.5

mm step-size of the glass-fibre filter, count rates are generally high, yielding a low

detection limit for the determination of airborne 222Rn progeny of ::::;0.1 Bq·m-3

(EEDC). Under typical circumstances, the .uncertainty due to counting statistics is in

the order of 6% (2a) for single data (time period 10 min).

Capture of 222Rn progeny by the filter material

Virtually 100 % of attached 222Rn progeny is actually sampled and captured by the
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filter m~terial. However, unattached decay products plate out much more rapidly

and a large part (50% by estimation) of the unattached fraction will be deposited in

the air sampling system before reaching the filter material. From the remainder only

a small fraction (20% by estimation) is actually collected. In general, the deposition

rate coefficient for unattached nuc1ides, 'A/ (s-I), is given by

A~ v; S (5.15)

where v/ (m·s-l) is the deposition velocity and S (m-1) the surface to volume ratio.
The estimated values given above were found by applying this equation to the most

critical parts of the air sampling system, i.e. the tube and the filter material, using

wind speed dependent deposition velocities as given by [Ch91].

In the outdoor environmen~ only theunattached fraction of 218po varies

significantly ('Aa varies around 'Al); the other radionuc1ides are mainly attached ('Aa

> 10-3 s-l > 'Ab 'A3), Vsing the simulation program mentioned àbove, it. tumed out
that the underestimation in EEDC due to insufficient capture of. unattached 222Rn

progeny is approximately 6 % when Ep = 0.7. This amount decreases with

increasing Ep' and vice versa. It was also shown that insufficient capture of the
unattached fraction has cl negligible effect on the 'cálculation of (pseudo- )artificial (3

activity concentrations.

Results and discussion

When effects of insufficient capture of unattached 222Rn progeny and loss of,

radiation energy between filter and detector are not taken into account, the natural

gross-a-activity concentrations recorded· by the monitor, ac/AG, is equal to 2·EEDC

of the actual 222Rn progeny. However, these two effectscannot be neglected and

will lead to an underestimated EEDC value. Vnder 'typical' circumstances (Ep =0.7)
the underestimation in aaFAG due to loss of radiation energy is estimated tobe in the

order of 10 %, the underestimation due to insufficient capture of unattached 222Rn

progeny is then approximately 6 % . Both effects are sensitive to environmental

conditions, however, it should be noted that they act in opposite directions; low
aerosol concentrations will cause an increase in the unattached fraction of radon

progeny but a decrease in the loss of radiation energy, and vice versa.

A proper conversion of monitor recordings to EEDC should therefore contain a
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correction factor, Mcorr' to adjust for this underestimation:

CHAPTER 5

EEDC M corr 2
(5.16)

A value for Mcorr equal to 1.2, with an estimated uncertainty of ± 0.2 (20), will be

satisfactory for most practical circumstances.

The total uncertainty in EEDC data found by using Equation (5.16) is not easy

to determine because the various errors involved are either systematic (e.g. the

activity of the calibration sources), statistical (e.g. countirig noise) or something in

between (e.g. factors depending on environmental conditions). To make an estimated

guess of the total error, we ca1culated theroot of the quadratic sum of the. r:elative

errors of the three elements on the right side of Equation (5.16):

(1) The uncertainty in the initial gross-a-activity concentration ca1culated by the

monitor itself, aaFAG, is about 15% (2orej). This vahie inc1udes the erro~ from

counting statistics (- 6 %), the radiation calibration procedure (- 14 % ,

.dominated by the stated 10 % uncertainty of the applied calibration standards)

and the determination of airfiow (2%).

(2) As shown in Figure 5.16, the relative error in the factor -2 is less than 2 %.

(3) Under normal circumstances, the correction factor introduced in Equation

(5.16) varies between 1.0 and 1.4. Hence, applying.a fixed value of Mcorr

equal to 1.2 yields a relative error of approximately 17% (2orej).

The total relative uncertainty in the determination of EEDC data based on Equation

(5.16) is thus in the order of 20-25% (95% confidence interval). Only for very

extreme conditions (e.g. as noticed on New Year's Day" .1993 when fine partic1e

concentrations were higher than usual by a factor of 5-25Q). can the uncertainty. in

Mcorr, and consequently the total uncertainty, be significantly higher.

This result is based on a series of simulations wher~ activity ratios of 222Rn

. progeny in air were kept constant during one test ruil', In reality, activity and

equilibrium ratios will change continuously, mainly depending on meteorological

conditions. The introduction of varying activity ratios would' have complicated the

test procedure considerably. Because the results obtained. here are valid for a large

range of (fixed) activity and equilibrium ratios, and therefore not dependent on those

parameters, it is believed that (slow) variations of these quantities will not lead to

significant deviations from the results given above.
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In this procedure the infiuence of 22°Rn (thoron) progeny is neglected. Because of

the short half-life of 216po (0.15 s), a-radiation emerging from this nuclide will not

be seen by the monitor. However, a-radiation emerging from daughter products of

212Pb may be misinterpreted by the monitor as radiation emerging from 222Rn

progeny, yielding improper results. At an air sampling height of 5 m the

concentration of 22°Rn is negligible under strong invers ion conditions but, at normal

or strong turbulence, the concentrations of 222Rn and 22°Rn may be of the same

order of magnitude [UN88]. However, there are experiments indicating that the ratio

212Pb;22°Rn at this height is less than 0.01 [Ch91]. Therefore the infiuence of 22°Rn

progeny on the monitor results can indeed be neglected.
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Figure 5.18 Comparison of simultaneous recordings of 222Rn (progeny) at NRM

location, BILTHOVEN [627]. The upper graph shows NRM data converted to the

equÜibrium-equivalent decay product concentration of 222Rn according to Equation (5.16).

The data in the lower graph are obtained from a quasi-continuous 222Rn monitor developed

by RUG/KVI [AI94a]. The solid line shows the results of a smoothing technique based on

Fourier analysis. Large differences in air flow (FAG: 10 m3'h-1, RUG/KVI: 6 x 10-3 m3'h-1)

account for different noise levels due to counting statistics.
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To 'validate' the results of this analysis, annual averaged data of six NRM locations

obtained in 1989, 1990 and 1991 were compared with the results of previous radon

surveys carried out in the Netherlands [Pu86; Pu87] and show reasonabie agreement

[Sm93]. This comparison is, however, of limited value, because of large differences

in measuring equipment and methods (the measurements of Put et al. were carried

out with track etch detectors), locations, sampling height and time. To improve the

experimental validation of the results reported here, a direct comparison between the

FAG FHT59S and a quasi-continuous 222Rn detector ('Lucas cell'), developed by

RUG/KVI [Al94a], was carried out. Figure 5.18 displays the result of simultaneous

recordings for a three-week period, showing qualitative agreement. A quantitative

comparison óf these data requires the actual values of the time-dependent 222Rn

equilibrium factor to be known, but these are lacking. In the approximation that Ep

is a constant, we find aregression coefficient of 0.72 (FAG/KVI-smoothed) and a
correlation coefficient of R2 = 0.62. These numbers are the result of a linear

regression analysis where we assumed that the error in the KVI data dominates.

Conclusions

Under non-emergencycircumstances, recordings of airbome gross-a/ ,B-activity

concentrations as determined by the FAG FHT59S can, independent of the actual

equilibrium ratio, be converted to the equilibrium-equivalent decay product

concentration (EEDC) of 222Rn. This implies that this monitor, apart from its

primary task as a 'watch dog' for nuclear accidents, can be effectively used for

quantitative measurements of short-lived decay products 'of 222Rn in air. Medium

volume air sampling and the use of a small step-size filter yield high count rates,

resulting in a low detection limit of ::;0.1 Bq·m-3 (EEDC). These properties,

together with a short sampling period, of 10 min, makes this monitor weil suited to

observe real-time fluctuations ç>f222Rn (progeny) in the outdoor environment, even

in countries with relatively low outdoor radon concentrations such as the

Netherlands. Other advantages are a high degree of automation and directly available

output. Data recorded so far by monitors of this type already instailed in nuclear

emergency networks can contribute to a better knowledge of the dispersion of 222Rn

(progeny) through the atmosphere, responsible for a large part of the spatial and

temporal variations observed in the outdoor radiation background.
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6 VARIATIONS IN AMBIENT DOSE RATE

6.1 Introduction

. It was shown in the previous chapter that the data collected by the Dutch National

Radioactivity Monitoring network, with a temporal resolution of 10 min, allow us to

study the dynamics of natural radioactivity and radiation .levels in the Dutch outdoor

environment. This' chapter will evaluate one part of this study, i.e. the analysis of

tempo ral andspatial variations in ambient dose rate (extemal radiation). The

objectives of this analysis are to (1) present a comprehensive evaluation of all
relevant sources and processes contributing to the outdoor extemal radiation . level in

the Netherlands, (2) assess the impact of sources and processes responsible for

variations, . (3) provide (simplified) expressions for a dynamic assessment of the

natural background, inc1uding best estimates and uncertainty ranges for the

parameters, (4) estimate the likelihood of radiation levels to be present and (5)

illustrate some applications of the results.

Vnder normal.·circumstances, natural sources of ionising radiation dominate the

outdoor radiation background. The major sources are terrestrial radiation,

cosmogenic radiation, arre}.airborne and deposited radioactivity from 222Rn progeny

(see Chapter 3 and 4). The ambient dose rate, present at' a certain time and spot,

may be affected by human interference. Apart from (controlled or uncontrolled)

-' nuc1ear emissions, this interference may inc1ude the built-up environment and the

impact of some regular industrial activities (see Section 5.2).
Table 6.1 summarizes the main natural sources contributing to the background

radiation and gives the most significant processparameters explaining variations in

either space or time. An estimate of the expected fluctuation range, inc1uding the

typical scale on which variations may occur, is also given. The information

presented in Table 6.1, obtained from an exploratory data analysis, should be

regarded as preliminary and is oi1ly meant to· give the reader an impression of (the

significançe of) the processes that will be evaluated in the next three sections.

Section 6.2 concentrates on temporal variations. The objectives are to evaluate

the dynamicsof each natural source step by step, to present simplified

(phenomenological) expressions explaining the major part of the observed variations,
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Table 6.1 Overview of natural sourees and main process parameters affecting
the outdoor e.xternal radiation environment in the Netherlands at ground level,

including an estimate of the corresponding variations in space (S) and time (T)

Sourees
Process parametersSTExpected ,range!) Typ. scale

.,

< 10 nSv'h-1Cosmogenic atmospheric pressure•hours-days

radiation 2)

source strength
•low at sea levelmonths-years

altitude/latitude

•small in NL_5)

-Terrestrial
soil parameters•< Sp nSv'h-1kilometres

radiation 3)

radon profile in soil
•< 5 nSv·h-1

days-weeks ?,.shielding

..• < 5 nSv·h-1hours-weeks

Deposited

deposition rate•< 100 nSv:1i-1minutes-hours

radioactivity 4)

surface charact.•unknown_5)

Airborne

activity and profile of•< 20 nSv·h-1 hours

radioactivity 4)

222Rn progeny in air
-

I)

2)

3)

4)

5)

Estimated maximum deviation from typical (= time- and space-averaged) background value

Time-averaged value approx. 40 nSv'h-1 at sea level

Spatial/temporal average approx. 40 nSv·h-1 in the Netherlands

Time-averaged value comparatively low

Not applicable

to provide best values and uncertainty ranges for the (empirica!) parameters and to

illustrate the applicability of the results.

S~ction 6.3 presents frequency distributions of ambient dose-rate data, as

measured with the NRM over the period 1990-1994. Results are compared with a

calculated probability density function being a combination of distinctive probability

density functions for each source. The aim is to determine (simplified) expressions

'.to estimate the source-specific frequency"distribution of dose-rate data to be observed

over a long period of time.
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The spatial' variation in the (time-averaged) radiation background is dominated

by the spatial variation in the terrestrial dose-rate component. Section 6.4 evaluates

the possibilities and limitations of existing spatial data sets to examine the influence

of soil parameters on the terrestrial dose rate. Analyses carried out within a

Geographic Information System (GIS) aimed at tp.e construction of a set of parameter

values linking soil type to terrestfial dose rate. Such parameters may be used to

convert existing soil maps, often available in a very detailed form, to terrestrial

radiation maps. Such a map, constructed for the Netherlands, is compared with a

map constructed by mathematical interpolation of existing radiation data.

6.2 Tempora!variations in ambient dose rate

Methodology

Cosmogenic' (COS) and terrestrial (TER) radiation, as weIl as "i-radiation from

airborne (AIR) and deposited (DEP) decay products of 222Rn, control the natural

background of 'long-range' ionising radiation in the outdoor environment.· Their

time-varying contributions to the ambient dose ratelO, present· at a certainspot,

ft NAT(t), may in general be written as:

fI*NA.J..t) = fI*cos+l1fI*cos(t) + fI*TER+l1fI*TEit) + fI*AIit) +fI*DEP(t) (6.1)

In the case of cosmogenic radiation we propose a constant level, ftcos' being the

long-term time-averaged value, with a comparatively smaIl time-varying component,

t:Ji* cas(t), superimposed. The latter function may be either positive or negative. The

same holds for terrestrial radiation, where t:Ji* TER(t) denotes the time-varying

component, but the corresponding constant, ft TER' is location-dependent and may

also be atfected by building materials. The ,contributions from airborneand

deposited radioactivity, denoted as itAIR(t) and fI*DEP(t), respectively, are both equal

10
The ambient dose rate, by definition denoted as H*(10) [e.g. ICRU92], is in this chapter
~;ymbolised by H*. The asterix is maintained to avoid a probable confusion with the
(effective or equivalent) dose rate often indicated as H.
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to or larger than zero. The aim of this section is to express these functions in tenns

of environmental parameters whose development with time is readily available. This

is done essentially by fitting the parameters of attempted functions for the various

elements of Equation 6.1, derived from general theory, with measured time-series of

radiological and meteorological data. If this is not feasible, at least the marges of the
fluctuation band will be detennined.

NRM equipment used for the monitoring of ambient dose rate is not able to

discriminate between contributiorts from various sources, so other techniques had to

be used to evaluate the influence of each process separateIy. This analysis was

carried out in successive steps. First, data was selected in such a way that the

influence of some processes could be ignored, leaving only a limited number of

parameters for explaining most of the observed variation. In the following step,

'~xplained' variations were subtracted from the initial data and the residuals were

used to examine the influence of other sources, and so on. One selection criterion

applied to all analysis steps was. to omit all data which had possibly been disturbed

by human interference other than the systematic influence of building materiais.

Standard methods for statistical analysis, especially linear regression analysis, were

applied to examine the observed variations and to detennine best values and

uncertainty intervals for the process parameters involved, using the MINITAB

computer code [Mi93].

6.2.1 Dry periods

In the first stage of the analysis of temporal variations in ambient dose rate, data

probably influenced by washout and rainout of airborne radioactivity were rejected.

Apart from counting statistics, which do not affect the average level, the variations

in the remaining data are thus primarily caused by variations in the intensity of

secondary cosmic rays and ')'-rays from airborne and terrestrial radionuc1ides. The

. spatial variation in the terrestrial dose rate may be considerable, but an exploratory

data analysis revealed that fluctuations in time are rather small in the Netherlands. In

this stage· of the analysis the time-varying component of the terrestrial dose rate (see

Equation 6.1) is therefore ignored.

The cosmogenic dose rate at ground level is affected by the total amount of air

mass present in the stratospheric and tropospheric layers. This dependence may be
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expressed in terms of atmospheric pressure (air pressure) observed at the measuring

spot which is a good indicator of the total air column present above the spot.

Decreasing air pressure increases the cosmogenic do se rate and vice versa.

Measurements at various altitudes have shown that the relation between the (ionising

component of the) secondary cosmogenic dose rate and the air pressure is not linear

[è.g. UN93]. However, at sea level the variation in air pressure is limited to a

comparatively small range of approximately 80 hPa where the average value is close

to the standard air pressure, Po = 1013 hPa [KNMI92]; the dependence of the

cosmogenic dose rate on the air pressure may be approximated by a linear

relationship.

In addition, radiation emerging from 'Y-emitting radionuclides in the air,

dominated by the presence of the 222Rn decay products 214Bi and 214Pb, contributes

a varying amount to the ambient dose rate. When we assume the vertical profile of .
these radionuclides in the air to be invariabie, their contribution to. the dose rate is

linearly proportional to the activity concentration of each nuclide observed at ground'

level. The activity concentrations of 214Bi and 214Pb were found to be close to the

equilibrium-equivalent decay product concentration of 222Rn, EEDC, a finding which

is only slightly dependent on the actual equilibrium ratio, Ep (see, for example,
Figure 5.14).

Vnder 'dry' conditions the natural ambient dose rate, iI*DRY' may thus be

approximated by:

(6.2)

::: Co + Cp . [ p(t)-po ] + CEEDC • EEDC(t)

Linear regres sion analysis was used to evaluate the validity of this approximation

and to obtain values for the proposed parameters using over 25,000 data 'pairs',

obtained mainly from the NRM location, BILTHOVEN [627] (ambient dose rate and

EEDC, independently measured) and the KNMI station DE BILT (air pressure)

about 2 km away. Assuming the parameters Co' Cp and CEEDC to be constant within
the considered time interval, single analysis runs were performed on selected hourly

recordings from one month, with typically over 500 data 'pairs' meeting the

selection criteria, yielding best values and uncertainty ranges for each parameter. In

this approach it is assumed that the influence of each radiation source on the ambient
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Figure 6. 1 Parameter values,

inc1uding 1(J error bars, obtained

from a sequence ~ of statistical

analyses . on monthly time-series

(hourly data) for two separate years.
Radiometric data were taken from

NRM location, BILTHo.VEN [627],

and meteorological data from KNMI
station DE BILT.
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dose rate is not correlated. The BILTHOVEN/DE BILT results for the 12 successive

.months in 1990 and 1994 are plotted in Figure 6.1A-C. Data from other locations

and time periods were used te verify the results. The validity of the assumptions

made above and the results of this part of the test are discussed below.

The assumption of linearity

The relationship between ambient dose rate and air pressure is assumed to be linear,

at least within the range of variations as observed at ground level in the Netherlands.

To examine this hypo thesis residuals, i.e. observed values minus fitted values, were

plotted as a function of air pressure. From these plots no evidence for any non

linearity was found. This result was double checked by introducing a quadratic air

pressure term iïï the supposed relationship ; however, it was found that the

corresponding regression coefficient was not significantly different from zero. It is

thus conc1uded that within the air pressure range of 970-1050 hPa, as observed at

sea level, dose rate varies linearly with air pressure.

The relationship between ambient dose rate and EEDC is a linear one,

provided that the distribution (i.e. vertical profile) and equilibrium ratio of short

lived decay products of 222Rn in air remains constant. When this condition is not

fulfilled, the assumed linear relationship may be disturbed. This point will be
discussed later on.

Correlation between air pressure and EEDC

Secondary cosmic rays and "(-radiation from short-lived decay products of 222Rn in

air are not intrinsically correlated in the process, although some indirect correlation

may be present. For instance, one may expect unstable weather conditions to

correspond with both low air pressure and low 222Rn (daughter) concentrations in

air. The analysis of monthly data series yielded a weak but statistically significant

linear correlation on some occasions; but with either a negative or positive sign. In

data from other months no significant linear correlation was observed.

The relation between EEDC and air pressure is illustrated in Figure 6.2, where

the range and average value of an annual series of EEDC data is given for 1 hPa air

pressure intervals. Within the ± 2a air pressure variation band the range of EEDC
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observations per air pressure interval is fairly large, indicating that any correlation

between these two quantities cannot be strong. Moreover, mean EEDC values per air

pressure interval are close to the annual average value in this range. On the other

hand, we see lower than average EEDC values outside the 95 % data interval. The

observation that the average EEDC recorded during periods with very low air

pressure is significantly lower than the annual average EEDC level can weIl be

explained by the vertical mixing caused by the high degree of turbulence often

associated with extremely low air pressures. The observation that average EEDC

levels recorded during high air pressure periods are also lower than average is

somewhat amazing. We realise that this outcome is based on only a few per cent of

the recordings linked to a very limited number of weather episodes. However,

similar plots made for other years demonstrate a very similar trend and a more
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Figure 6.2 Minimum-maximum ranges (vertical lines) ànd mean values (horizontal

symbols) of EEDC data per 1 hPa air pressure intervals recorded at BILTHOVEN [627] in

1990. The long thin horizontalline indicates the annual average EEDC value of 1.5 Bq·m-3.

The shorter thicker line indicates the ±2a data range, derived from the air pressure

frequency distribution as shown in the lower graph (bars). Air pressure data were taken
from KNMI station DE BILT.
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detailed analysis revealed that this trend becomes even more pronounced when

considering specific wind directions (see Chapter 7).

A weak non-linear correlation between air pressure and airborne radioactivity

can be conc1uded to be present, which may manifest itself more strongly during

specific weather episodes. Within the ± 2a air pressure variation band, which

covers 95 % of the observations, the correlation between air pressure and EEDC is

the lowest. We therefore assume that the inftuence of any correlation between aIr

pressure and EEDC on the final results presented in this section can be discarded.

The adjusted natural background

The parameter Co represents the sum of the (time-averaged) cosmogenic dose rate at

1013 hPa (- 40 nSv' h-1 at sea level, see Chapters 4 and 5) and the time-averaged

but location-dependent terrestrial dose rate, the latter inc1uding the inftuence of

nearby constructions. The mean value of Co found for BILTHOVEN [627] in 1990
is 73.111 nSv'h-1, with a 95% confidence interval between 72.9 and 73.3 nSv·h:1.

For 1994, a slightly higher value of 73.711 nSv'h-1 was found (95% confidence

interval: 73.5-73.9 nSv·h-1). Equipment being moved over a short distance to

another measuring cabin in the course of 1993 explains (part of) the difference.

Temporal variations observed in cY are more interesting. Monthly values- as

displayed in Figure 6.1A show that this background level is not a p~re constant: it

varies over ± 1 nSv' h-1, with lower values in the late spring and higher values in

the winter. The observed variations are small (extreme values differ by less than 2 %

from the mean value), but statistically significant. It is not c1ear yet whether the

observed variations can be attributed to either variations in the cosmogenic dose-rate

component (due to variations in the source strength) , to variations in the terrestrial

dose-rate component (due to seasonal variations in the topsoil radon profile), or to

other effe'cts. Sensitivity of equipment to temperature is not a likely cause (see

Chapter 5). Small variations in the adjusted background will be discussed again later

on in this chapter.

11
When corrected for systematic errors in measuring equipment (see Equation 5.3), these
values are between 64 and 65 nSv·h-1.
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Dose-rate dependenee on air pressure

CHAPTER 6

The mean value of Cp found for BILTHOVEN [627] in 1990 and 1994 equals
-0.120 nSv' h-1. hPa-1, with a 95 % confidence interval ranging from -0.114 to -0.126

nSv·h-1. C values determined for other locations match (within the error) the valuep

determined for BILTHOVEN [627], indicating that any dependence on location or

equipment for the establishment of this parameter value is not significant. We

assume that the minor variations observed in the monthly data (Figure 6.1B) are

mainly due to deficiencies in the test (for instance, the presence of some perturbed

data or same 'incidental' correlation between air pressure and airbome radioactivity)

and that this parameter can, indeed, be regarded as a constant, provided that the

cosmogenic source strength remains constant. Variations in ambient dose rate due to

air pressure fluctuations can thus be assessed fairly precisely using Cp = -0.120
nSv'h-1'hPa-1, with a la uncertainty of 0.003 nSv·h-1·hPa-1.

The result presented here agrees with parameter values reported in the

literature [e.g. Ni80]. On the basis of measurements carried out in Denmark with a

Reuter-Stokes HPIC, Nielsen found the variation of exposure rate with air pressure

to be given by -0.016 ± 0.003 (la) JLRh-1'mmHg-1, equivalent to -0.13 ± 0.03

(la) nSv·h-1·hPa-1. However, Nielsen ignored probable dose-rate variations due to

varying concentrations of radon progeny in the air. This, and the fact that the Reuter

Stokes HPIC was found to be sensitive to ambient temperature (see Chapter 5), may

explain the larger uncertainty in his result.

With air pressures varying at sea level between 970 and 1050 hPa [KNMI92],

corresponding dose-rate variations are expected to vary within a range of

approximately 10 nSv'h-1 (-25% of the cosmogenic dose rate at ground level).

Dose-rate dependenee on 222Rn progeny

The trend in monthly values for CEEDC' as plotted in Figure 6.1C, shows the values

to be relatively high in winter and lower in summer and authumn; it is obvious that

this parameter cannot be regarded as a pure constant. There are several factors

which may explain the observed variation. First, the dose rate corresponding to a

certain EEDC level might be dependent on the equilibrium factor Ep' This effect was
quantified by computing theoretical values derived from the so-called 'Jacobi' model
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[Kn88] (see Chapters 4 and 5). The corresponding 222Rn daughter mixture was

ca1culated for various sets of environmental parameters, used as input for this

model, which gave values for the EEDC and the equilibrimll ratio Ep. Next, the
corresponding contribution from 222Rn progeny to the aI)Jbient dose rate was

ca1culated using a conversion coefficient of 0.364 nSv·h-1·Bq-l·m3 for 214Bi and

0.056 nSv' h-l. Bq-l·m3 for 214Pb, both derived from energy-dependent dose-rate

coefficients for submersion in a semi-infinite doud, as reported by Kocher [K083].

Finally, for each mixture with a given value for Ep' the value for CEEDC was
ca1culated as the quotient of the ambient dose rate and the EEDC. For air activity

concentrations of 214Bi and 214Pb equal to the concentration of 222Rn (i.e. Ep =1),

the theoretical value for CEEDC was found to be 0.42 nSv·h-1·Bq-l·m3. This value

decreases slowly with decreasing equilibrium factor, via 0.40 for Ep = 0.7 (typical
value) to 0.38 nSv·h-1·Bq-l·m3 for equilibrium factors as low as 0.3. This effect,

which certainly exists in practice, thus explains a maximum variation in the

parameter CEEDC of plus or minus 5 %. The observed variation is, however, larger.

The second factor influencing the actual value of this· parameter sterns from

variations in the vertical 222Rn (daughter) profile in air. This profile is strongly

influenced by atmospheric stability. At normal and strong turbulence the vertical

222Rn profile is virtually constant for altitudes up to 1 km [Ja63] and the assumption

of a uniform semi-infinite doud of short-lived 222Rn decay products is valid. When

strong temperature inversion is present, this assumption is not valid anymore and the

measured do se rate per unit EEDC measured at ground level will be less than under

normal or st~ong turbulence due to the change in the vertical profile. It is thus

expected that CEEDC values determined during invers ion will be lower. Strong

temperature inversion often arises in late sumriler evenings and disappears at sunrise

(see Chapter 4). To examine the influence of this process, the BILTHOVEN 1990

data of May, June, July and August were combined and the parameter CEEDC was

determined for 'daytime' and 'nighttime' hours, yielding a 'daytime' value of 0.48

± 0.03 (la) nSv·h-l·Bq-l·m3 and a lower 'nighttime' value of 0.38 ± 0.02 (la)

nSv·h-1·Bq-l·m3, conforming to expectations. The latter value is almost equal to the

value based on all data. This is explained by the fact that EEDC summer levels at

ground level are, because of inversion, considerably higher during the night, so

night situations dominate the results of the linear regression analysis. The 'daytime'

CEEDC summer value is close to the 'all-day' values found during spring and in
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December when strong vertical mixing is expected. CEEDC values found for January,

and to alesser extent, February, are relatively high. The reason for this is not yet

clear but it might be related to the aerosol spectrum present in the air [An94] or

meteorological conditions both being different in winter.

It is concluded that the time-varying contribution of airborne 222Rn progeny to

the ambient dose rate can be approximated by the linear relationship as proposed in

Equation 6.2, but the result carries a relatively large uncertainty, in the order of

some 20% (la), due to varying environmental conditions not accounted for in the

description. For unspecified conditions we propose a proportionality factor, CEEDC'

equal to 0.50 nSv·h-1·Bq-l·m3, with an approximate uncertainty (la) of 0.10

nSv·h-1·Bq-l·m3. The proposed value is higher than the ca1culated value for Ep =
0.7. This discrepancy may be caused by systematic errors in the conversion of

monitoring data to EEDC and the derivation of the applied dose-rate conversion
factors.

Gn the average, EEDC levels in the Netherlands are low, i.e. in the order of

1-2 Bq·m-3 (Chapter 7), but much higher values have been observed during specific

weather episodes (see, for instance, Figure 1b), on rare occasions even up to 50

Bq ·m-3. One may therefore expect dose-rate contributions to be in a range of 0-25

nSv·h-1. However, extreme EEDC values are generally associated with a rapidly

decreasing vertical 222Rn profile; in such cases the dose rate as ca1culated by

Equation 6.2 will overestimate the actual situation. Nevertheless, dose-rate

contributions from airborne 222Rn progeny may occasionally exceed 10 nSv· h-1.

Monitoring data are often provided as average values per time interval k,

where the intervals are separated by a fixed time period T (e.g. 10 min. or 1 hour).

When the parameters Co' Cp and CEEDC are assumed to be constant, the dose rate

(dry periods) averaged over time interval k, <iI*DRY> k' is approximated by:

with <p > k the average air pressure and <EEDC> k the average EEDC in the

corresponding time interval. Equation 6.3 can be used for any value for T, thus also

for time periods of a month or a year. The notation introduced here will also be
used in the next section where we will evaluate the influence of rainfall on the dose

rate.
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6.2.2 Washout and rainout of 222Rn progeny

RCGM SMETSERS - RO BLAAUBOER

Rainfall has a relatively large impact on the variations observed in ambient dose

rate. Short-lived decay products of 222Rn are caught during raindrop formation in

cloud (washäut) or scavenged from the atmosphere under cloud (rainout), where the

first process is dominant (see Chapter 4). Wet deposition therefore results in a short

lived ground surface activity, increasing the ambient dose rate due to -y-emission

from primarily 214Bi, and, to a lesser extent, 214Pb. Examples of the effect of

washout and rainout of 222Rn progeny, as observed by the NRM during an extreme

situation on the evening of 21 September 1992, are illustrated in the Figures 6.3 and

6.4. Other examples are shown in Figures 5.3b and 6.7.

Mechanisms of particle washout, in general and related to radioactivity, have

been studied extensively [e.g. Ta82; Mi83; Se85; Ch91]. Complex models are

proposed to describe this process for 222Rn progeny in detail [e.g. Ta82], but

reliable values for the many parameters used as input are generally lacking. By using

a 'black box' approach, based on just a few but readily available parameters, one

may end up with a similar uncertainty in the ca1culated value .
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Figure 6.3 Ambient dose-rate data recorded in the. evening of 21 September 1992 for six

NRM locations (left), as indicated on the map (right). A vertical offset has been given to

each data set in such a way that the difference in offset (nSv'h-1) between two data series

equals the distance (km) between the corresponding locations: the slope of the solid line thus

indicates the speed of the passing rain front, being 50 km·h-1.
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Figure 6.4 Spatial representation of exceptionally strong ambient dose-rate contributions

due to heavy rainfall, and its progression in time. The graphs are based on NRM data with a

lO-min time resolution. After subtracting location-dependent background levels normal

Kriging [Cr90; Ke94] was used for spatial interpolation.
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Takeuchi and Katase [Ta82] identified the 222Rn concentration at ground level and

. the deposition rate as the most important parameters for the description of elevated

radiation levels; the c10ud base height was identified as a less important parameter.

Using average parameter values for ca1culating the ambient dose rate during

dry periods as presented in the previous section (Equation 6.3), estimates were made

for the dose-rate contribution due to rainfall by subtracting the ca1culated 'dry'

component from the measured one. Based on the complete set of data pairs obtained

in 1990, (average) values were determined to reveal the influence of the deposition

rate during the current and previous hours on the dose rate (Figure 6.5).

The observed data agree with ca1culations obtained from a simple deposition

model, assuming uniform rainfall for one hour with fixed concentrations of 222Rn

progeny in rainwater. This model was derived as follows. The contribution from

deposited 222Rn progeny to the ambient dose rate, ftDEP(t), is in general wrirten as:

3

ftDEit) = L
i~2

3

Ki Ai(t) = L
i~2

K. À. N.(t)I I I (6.4)

with AJt) and Ni(i) the time-varying surface activity (Bq'm-2) and partic1e density

(m-2) of 214Pb (i=2) and 214Bi (i=3), respectively, 'Ai, their half-lives (Tabie 2.1)

and Ki the nuc1ide-specific coefficients for the conversion of surface activity to

ambient do se rate. Values for Ki were taken from the dose-rate model Soil_ Rad

[BI95] (see Chapter 4), using a plane geometry with an active surface radius of

.300 m, an effective screening thickness of 1 mm .(to take account of the roughness

of the sóil surface) and a sampling height of 3.5 m, yielding K2 = 1.2 X 10-3

nSv·h-1·Bq-I·m2 and K3 = 5.2x10-3 nSv·h-1·Bq-l·m2. The partic1e density functions

NJt) are the nuc1ide-specific solutions to the differential equations and boundary

conditions describing the build-up (due to deposition), ingrowth and decay of 222Rn

progeny (i=1,2,3,4) on the ground surface. These equations, very similar to the so

called Bateman equations (see Chapter 4), are not elaborated here.

Now consider one time period of rainfall with fixed duration, T, yielding a

constant deposition rate for 2I4Bi equal to 1 Bq·m-2·s-I. This deposition rate is the

product of the rainfall rate, <Ï> (m·s-I) and the activity concentration of 214Bi in

rainwater, denoted as a3rain (Bq·m-3). Assume further fixed ratios between the

various concentrations of nuc1ides in rainwater reaching the earth. These ratios were

taken from Minato [Mi83]: relative to 2I4Bi the concentrations of 218po and 214Pb
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were set equal to 0.035 and 0.930, respectively. Vnder these assumptions the

ingrowth and decay of particles following one 'deposition unit' of 222Rn progeny to

the ground surface was calculated by solvihg the corresponding differential

equations. The average contribution to the ambient dose rate in time period n,

<ft u> Il' following from a homogenous. surface activity growth of 1 Bq'm~2's-1

during time interval n = 1, is then calculated as:

. *
<H c?n (n~l) (6.5)

With half-lives of half-an-hour or less the Close rate will drop to an unnoticeable

level within five hours; dose rates for time periods exceeding n = N, with N equal
. *

to 5h1T, can thus be disregarded. Values for. <H u> Il' ca1culated for the case T =

3600 s and T = 600 s, are given in Table 6.2. The tata! ambient jose following one Xhour of rainfall, with parameters as given above, equals 23 nSv~.
The ambient dose rate following the deposition of 222Rn progeny is linearly

proportional to the actual deposition rate, i.e. the product of precipitation rate and

the activity concentration in rainwater. By assuming fixed activity concentrations in

rainwater in the same ratios as used above, we find that ca1culated and measured

dose-rate data match in number when a3rain is set equal to 6.5 x 105 Bq'm-3 (Figure

6.5). Ca1culated and experimental data both show that due to the ingrowth of 214Bi

the dose-rate value reaches its maximum value after the rain has stopped. The time

integrated ambient dose per mm precipitation equals 4.1 nSv on average, with an

estimated uncertainty (la) of 5 %. Approximately 89% of the dose is due to 214Bi
and about 11 % to 214Pb.

To estimate the dose-rate elevation in time interval k due to an arbitrary rainfall

pattern, we have to include the actual deposition rate of 214Bi in the preceding time

intervals k + l-n (1 ~ n ~ N). This is the product of the precipitation rate, < <i> > k + l-n

and the activity concentration of 214Bi in rainwater, <a3rain>k+l-n' so:

N

0= L
n=l

.. *

<~> "<a.> '<H>k+l-n 3ram k+l-n U n

130

(6.6)



VARIATIONS IN AMBIENT DOSE RATE RCGM SMETSERS - RO BLAAUBOER

Figure 6.5 Comparison of measured (symbols, with la error bars) and calculated (bars)

dose-rate elevations following 1 mm of rainfall in the first hour. The measured data

represent average values based on one year of observation (BILTHOVEN [627] - 1990). The
calculated data are obtained from the model described, assuming a uniform precipitation rate

of 1 mm·h-1 and a fixed activity concentration of 214Bi in rainwater of 6.5 x 105 Bq·m-3.

Table6.2 Calculatedl) values of <iI*U>n (in nSv·h-l), assuming a uniform

deposition rate for 214Bi2)of 1 Bq·m-2·s-1 during the first time interval (n =1)

T = 3600 s
T=600s

.*
n (ranging from 1 to 30)
.*

n <H U>n <H u> n

1

9.14 11.85 61.85110.65160.20210.06260.02

2

9.87 23.46 71.52120.52170.16220.05270.01

3

2.84 33.06 81.24130.41180.13230.04280.01

4

0.69 42.63 91.01140.33190.10240.03290.01

5

0.16 52.22100.81150.26200.08250.02300.01

1) Using K2 = 1.2x10-3 nSv·h-1·Bq-l·m2 and K3 = 5.2x10-3 nSv·h-1·Bq-l·m2, derived

for a measuring height of 3.5 m.

2) Deposition rate 218po: 0.035 Bq·m-2·s-1; deposition rate 214Pb: 0.930 Bq·m-2·s-1

.......•. 2.50
..c -> t

Cf)
c
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~

<D
Cf)

•

0

Exp .

"0

1.00

-- 0.50 t I
c

I1

I
<D

T

.-

•

..Q

..J...

E
« 0.00

1
2345

Time (h)

6

131



VARIATIONSIN OUTDOORRADIATIONLEVELSIN THE NETHERLANDS CHAPTER6

•......•

10
50 :f:

E•......•

8
BILTHOVEN [627]

40 ..s('t) E
24-25 May 1995Q)--.

~

.•..•

c- 6

Jll

30ca

DJ

'-
'-'"

r:
U

4 20 .Q

0
.•..•

ca
W

.•..•

w
2 10 'e..
uo I W///h0""/ff//////#/////////////////////&""////////~///U1V///~//////////////////////////////////////,,"'/

U/UUI'0Q)'-
00:00

06:0012:0018:0000:0006:0012:0018:0000:00a..

150

I I 150
•......•

.!:--.> 130 L I I r-.. I lA'"'''' I1
III -j 130

Cf) r:'-'"
.2 110 L I

IIIII I il \I -1110
ca

'-
Q) 90 L I II/1;1,1 II'~,I 1.1,1 -j 90ti) 00 701 ~1I''I''r'''''''I''II"''I'r''I"I"'I'

'Ir "-'1 'If II 'l'III~Iffi""'l11I11 U IIIII ; III·~ 11111 - I 1111 '~~ I~I I 70
00:00

06:0012:0018:0000:0006:0012:0018:0000:00

150 .

I 150
•......•

~ l'99 \
f,i

I -j 130
Cf) 130

~; 110 I
1\

1 -j 110
ca

'-
Q) 90 L I II1.1''1,\ 1 I /1'11,\I 1,/~I -j 90ti) 00 70 I ITï"I""II"II"'I"II'" ''''''I''II"''rr'n'~'

'T .. , '" II l'~II~I~I·"!lil II ~I~ Ilij~II nll1ltl I il P I 'I '1 I
'11170

00:00

06:0012:0018:0000:0006:0012:0018:0000:00

150 .

,I 150
•......•

.!:--.> 130 L 11 "'. "''''-''' I
I11-I -j 130

Cf) r:'-'"
.2 110 ~ I II 1I'1 \I ~ 110

ca

'-
Q) 90 1,1'\ III', 1.1,I -j 90ti) 00

70

I 'I I' I"'~ IPII 70
00:00

06:0012:0018:0000:0006:0012:0018:0000:00

Time (10 min. intervals)
Figure 6.6

A-C: Comparison of measured (vertical symbols) and calculated (solid lines)

dose rate elevated due to washout of 222Rn progeny, using different approximations for thespecific activity of 2I4Bi in rainwater (see text). Input data are shown in the topmost graph.
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However, values for <a3rain>k+l-n are not readily available so approximated

values have to be used. The most rigid approximation is to consider this value to be
. - fixed F 6 6A d d '.a constant, 1.e. < a 3rain >k +l-n - a 3rain . 19ure. compares measure ata

obtained during a two-day rainy period with calculated results based on this

approach. Both data series, and similar ones obtained for other occasions, agree in

shape. In general, however, there is a mismatch in magnitude, indicating that actual

concentrations of 222Rn progeny in rainwater (e.g. a3rain) may vary considerably

from shower to shower. Scale factors, defined as the rain shower-dependent ratio

between measured and calculated data, were determined for 36 rain showers

(BILTHOVEN [627], 1994 and 1995) and show variations within. a' factor of 30

(Figure 6.7A). By forcing the median value of these ratios to 1.0, we derived a

value of 7.1 X 105 Bq·m-3 for a3railfed; this was 9% higher than the value derived

from the 1990 analysis (Figure 6.5). Moreover, these ratios increase, on the

average, with increasing EEDC, indicating a (positive) correlation between the

concentration of 222Rn progeny in rainwater and in surface air. This kind of

correlation is more often observed, for instance, in the case of fall-out products like

137Cs and 90Sr [e.g. Ch91], and it is common to estimate the speciflc activity of

(artificial) radionuclides in rainwater by multiplying the activity concentration in air,

measured at ground level, by a typical value (i.e. from the literature) of the so-called

washout factor, W, where the latter is defined as:

w ==
activity per unit volume rain

activity per unit volume surface air
(6.7)

The washout factor approach was also applied to the deposition of 222Rn progeny,

making use of the fact that, for a large range of equilibrium factors, Ep' the EEDC
is a good measure of the airbome concentration of 2I4Bi (see Chapter 5). Washout

factors were determined for the same set of rain showers as mentioned above,

yielding values between 2.1 x 105 and 5.5 X 106, with a median value, Wmedian =
8.0 X 105 12. Washout factors were found out to be independent of the precipitation

volume. Based on these results, Equation 6.6 can be simplified t~:

12
This value is 30-35% higher than typical values reported for l37Cs [Ch91].
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Figure 6.7 Rain-shower specific ratios between measured and calculated contributions of

deposited 222Rn progeny to the ambient dose rate, using different approximations for the

specific activity of 214Bi in rainwater (A-C, see text). Results are shown on logarithmic

scales as a function of EEDC (left) and as histograms (right). Radiological and

meteorological data were collected at the NRM location, BILTHOVEN [627] in the periods

January-March 1994 (33 rain showers) and May 1995 (3 rain showers; see Figure 6.6).
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. *
<H >:::: W .

DEP k medzan

N

'L
n=l

.. *

<<I»k+l-n . <EEDC>k+l_n • <H U>n
(6.8)

where we approximated the actual value for W by the median value found above.

Note that 1-Y,lIediancan also be written as:

Wmedian

fixed
a3rain

EEDC linearo

(6.9)

with EEDColinear ,;", 0.9 Bq·m-3.
The ratios between measured and calculated data, the latter based on the linear

approximation of <a3rain > k+l-n with <EEDC> k+l-n as given by Equation 6.8,

were determined for the 36 rain showers mentioned above and are given in Figure

6.7B. It shows that, in comparison with Figure 6.7 A, the distribution of these ratios

is now sharper around unity, implying that the uncertainty in the calculated values is

less than in the case of the 'fixed-value' approach. On the other hand, the ratios in

the 'linear' approach still show a trend when plotted against EEDC, now decreasing

with increasing EEDC. The likely overestimation of calculated data in the case of

higher than average EEDC values is clearly demonstrated in Figure 6. 6B. This

finding may be explained by the fact that higher than average EEDC values are often

associated with a non-uniform vertical 222Rn profile, caused by local exhalation

under stabie atmospheric conditions (see Chapter 4). Under such circumstances, the

concentration of 222Rn (progeny) at ground level may be significantly higher than at

cloud height and the washout factor approach in which a linear relationship between

the specific activity of 222Rn progeny in rain water (washed out at cloud height) and

the air activity concentration of 222Rn progeny measured at ground level is assumed

may no longer work weil. Note that this situation is notably different in the case of

fail-out products, where artificial radionuclides are transported over large distances

via the higher atmospheric layers.

To get a better handle on this problem, an empirical relation was tried out to
estimate the concentration of 214Bi in rainwater. This relation holds in between the

'fixed' and 'linear' approach as evaluated above. Using a notation analogous to the

one introduced in Equation 6.9, the following equation is proposed to estimate the
elevation of the ambient dose rate in time interval k:
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<ft a fixed
DEP> z rain N

k JEEDCSQRT • ~o n-l

(6.10)

A comparison of measured and calculated data based on this 'square root (SQRT)'

approach is provided in Figures 6.6C and 6.7C. The median value of the

correspopding ratios equals unity when EEDC/QRT = 1.0 Bq·m-3. AIl ratios but

one faIl in the range 0:32-3.2. Moreover, the scattering of data around unity does

not depend on EEDC any more. This is in particular important for the assessment of

elevated dose rate in periods when the EEDC is relatively high because extreme
effects of rainfaIl are often observed under such conditions. From the three

approximations evaluated, the 'SQRT' approach was also found out to give the best

results when applied to data sets obtained from other NRM locations, using the same

parameter values as derived above (see, for instance, the discussion in connection

with Figure 6.10).

In conc1usion, the dynamic effect of a particular rain shower on the ambient do se

rate in the Netherlands, due to the rainout and washout of 222Rn progeny, is weIl

described by the relation given in Equation 6.10. By estimation ~ 95 % of the

obseryations will be within the range of 0.32-3.2 times the calculated value,
spanning one order of magnitude. The ratio between the actual and calculated dose

rate is virtuaIly constant for each particular rain shower. When considering larger

time scales (e.g. a month or a year), an estimate of the accumulated dose due to

rainfaIl is found by multiplying the precipitation volume (in mm) by the rain-to-dose

conversion coefficient of 4.1 nSv·mm-1, as derived above.

6.2.3 A dynamic compensation method for the natural background

Remaining variations

With the simplified expressions as given in Equations 6.3 and 6.10, we were able to
account for most of the variations in the ambient dose rate outdoors. These

expressions were based on assumptions such as the absence of variations in
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terrestrial dose rate and in the 'source strength' of cosmic radiation. To examine our

assumptions and to look for possible other influential factors, we investigated the

residual dose rate, i.e. measured minus calculated, using average parameter values.

Residual dose rates, calculated for BILTHOVEN [627] for the périod 1990-1992,

were found to vary, in general, within ± 3 nSv·h-1 (dry periods only), relative to an

average dose rate of about 74 nSv·h-1. However, on some· occasions larger

deviations were noticed, especially in 1991 (see Figure 6.8). Besides some spikes
observed in March 1991 due to the use of an artificial radiation source in the

vicinity of the measuring site, some slower drifts from zero were noticed,

predominantly in February (caused by snow cover) and during a longer period from

the end of May to October.

To investigate the nature of the 1991 summer dip, and to examine the possible

long-term trend in the dose rate, we derived monthly averaged residuals, including

rainfall effects for all 14 principal NRM stations over a period of five years (see

Figure 6.9A). These results may contain uncertainties because the nearest weather

station could be as far away as 25 km from the NRM site. Figure 6.9A shows a

similar trend in the residuals for all 14 NRM locations, including the outspoken dip

in the summer of 1991. This fact suggests that the cause for the 1991 event is most

probably explained by variations in the intensity of cosmic radiation. Apart from the

summer 1991 dip, the remaining variations ar~ generally confined to ± 2 nSv·h-1,

implying that (slow) variations in the terrestrial dose rate are at least within this

range.

Figure 6.9B shows the relative change in cosmic ray indices, based on neutron

measurements performed at Moscow (Russia), Deep River (Canada) and Climax

(Colorado), as provided by the National Geophysical Data Center (NGDC, Boulder,

Colorado). The patterns observed in both the NRM residuals and the cosmic ray

indices are clearly correlated, giving evidence that most of the residual variation

observed in the NRM data is indeed due to variations in the cosmic source strength.

The overall increase observed in the cosmic ray indices over the whole period is,

however, less obvious in the case of the NRM data, indicating that there is not a

one-to-one relation between the intensity of cosmogenic neutrons and the ionising

part of the secondary cosmic radiation observed at sea level.
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BILTHOVEN [627] - 1991
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Figure 6.8 Residual variations in ambient dose rate (hourly values, dry periods only), i.e.

measured minus calculated data using Equation 6.3. One notices deviations from zero due to

snow cover (mid-February), manipulations with an artificial radiation source (March, several

days) and temporary decreases in the cosmogenic source strength (e.g. summer period).
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Figure 6.9 (A) Residual variations in ambient dose rate determined for the 14 principal

NRM locations over the period 1990-1994. Monthly averaged data are compensated for the

location-dependent long-term average background and the estimated influence of fluctuations

in air pressure, airborne radioactivity and precipitation; (B) Relative change in monthly

averaged cosmic ray indices recorded in Moscow, Russia (N55, E37, 200m), Deep River,

Canada (N46, W77, 145m) and Climax, Colorado (N39, W106, 3400m) [NGDC].
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The summer 1991 event is most probably caused by a significant worldwide

disturbance of the geomagnetic field hindering galactic particles entering the earth's

atmosphere. In the first two weeks of June 1991 two severe geomagnetic storrns

(1\ * index13: 196 and 149, respectively) were reported [NGDC]. Minor decreases
in dose-rate residuals (e.g. by the end of March and October 1991, see Figure 6.8)

were found to correlate with geomagnetic storrns as weU. Geomagnetic storrns, a

result of solar activities, are atfected by the ll-year solar cycle. Cosmic ray indices

further show that the decrease in the cosmogenic source strength observed in June

1991 has been unprecedented in, at least, the previous four decades.

A detection method fOT anomalies

The true ambient dose rate, fl (x,y,t) can in general be written as:

iI* (x,y,t)
. *

= H NAI-X,y,t) +
. *

H EVE~x,y,t)
(6.11)

. where fl NAT(X,y,t) represents the (undisturbed) natural contribution to the dose rate

and flEVENT(x,y,t) the impact of any anomaly, for instance, an industrial release. The

latter contribution is norrnaUy nil. The question whether or not we are dealing with

an event is thus answered by subtracting flNAT(x,y,t) from fl (x,y,t). The problem is

that both factors are unknown in practice and can only be estimated.

If we ignore systematic errors in measuring equipment for the moment, a dose

rate measurement obtained from time interval k, <flME4S> k' equals the true dose

rate (averaged over time interval k), < fl > k' apart from an error due to counting

statistics, Ek' so:
. *

<H >k
+ (6.12)

The values of Ek are norrnaUy distributed around zero; the standard deviation of this

distribution, at' can be estimated from the measured number of counts, i.e. from

<flME4S> k (see, for instance, section 6.3).

13
Ap * is an averaged planetary index which is a measure for the deviation of the
horizontal component of the geomagnetic field: 29 < Ap * < 50 indicates a minor
geomagnetic storm, 49 <A/ < 100 a major one and Ap* >99 a severe one [Sh75].
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It was shown in the previous sections that the expressions 6.3 and 6. 11 taken

together provide an estimate for the natura Idose rate, < i/NAT> k' i.e.:

(6.13)

where ok is a variabie representing the (unknown) difference between the calculated
value and the true natural dose rate. We assume here that the average value of all ok

values is zero and that the frequency distribution of any large population of ok is

normal. The ok value of any randomly picked calculation can then be considered as a

stochastic parameter whose probability is normally distributed around zero. The

standard deviation of this distribution, (Jo' can be estimated from the uncertainty in. *
the parameters used for the computation of <H C4LC> k'

Now consider the measured and calculated data belonging to one arbitrary time

interval, k, which we subtract, one from the other. We then arrive at:

(6.14)

where <i/RES>k is the residual dose rate. Since there is no correlation between Ek

and Ok' Pk is also a stochastic variabie, with a normally distributed probability

around zero having a standard deviation, (Jp, equal to the 'quadratic sum' of (JE and

(Jo' The question whether we are dealing with an event or not can now be solved on

the basis of elementary statistics. We perform a two-tailed test on whether to accept

or reject the null hypothesis that <i/ EVFNT> k is zero, using a confidence level of

99.7% (a = 0.0016). We then have to reject the null hypothesis in the case:

>10 (6.15)

This criterium for anomalies may be applied to any singular data point. It is,

however, not allowed to consider a time-series of data points and to perform, for

instance, a x2-test, because subsequent values of Ok' and therefore of Pk' are

correlated (in contrast to Ek' Ok drifts slowly around zero). If this were not the case,
an even stricter criterium for anomalies could be established.
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The method presented above can be used to determine the time-varying natural

radiation background within a narrow confidence range, yielding sensitive

identification of deviating data. Anomalous data may result from human

interference, malfunction of equipment or rare natural phenomena; human expertise

is still required to draw definite conc1usions in actual cases. However, it is obvious

that a reliable 'compensation method' can be an important aid on many occasions.

Validation of results

To validate the results obtained so far and to illustrate the usefulness of the .

compensation method presented above, we compared various independent data sets

to ca1culated data (see Equations 6.3 and 6.10). Figure 6.10 illustrates the results for

NRM location VLAARDINGEN [433] in January 1992. The Co value for this site

equals 73.0 nSv'h-1, with an uncertainty (10) of 0.7 nSv'h-1 due to minor variations

in the compensated background (e.g. in the terrestrial dose rate) not accounted for

elsewhere. The time-varying input data are shown in Figure 6.lOA. Figure 6.lOB

compares measured and ca1culated best estimates, where the vertical axes are shifted

for c1arity reasons; it shows good agreement. Figure 6.10C compares the measured

data with the computed 95 % uncertainty range of the natural dose rate (not inc1uding

counting statistics ) and shows the measured data to be confined to this range. In

Figure 6.lOD the residuals, i.e. the differences between measured and ca1culated

best values, are shown, as weU as the so-caUed 'weighted-square residuals' as given'

on the right-hand side of Equation 6.15. The latter residuals were < 10, in any

case, making it unlikely that any particular event took place in that period. Examples

of data sets where events were evident are given in Chapter 9.

Figure 6.10 (opposite page) Comparison of a monthly series of measured and calculated

hourly dose rates, obtained from NRM 10cation, VLAARDINGEN [433] in January 1992.

(A) Time-varying input data (meteorological data were taken from the KNMI weather

station, ROTTERDAM [344] approximately 8 km away);

(B) Measured and calculated best estimates (note the shifted vertical axes);

(C) Measured data (black line) compared to the (estimated) 95 % uncertainty range of the

calculated natural dose rate (white area);

(0) Residuals (black line), i.e. measured minus calculated values, as weil as the so-called

'weighted-square residuals' (scattering symbols) (see Equation 6.15).
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Estimated concentrations of 222Rn progeny derived from dose-rate data

CHAPTER 6

During dry weather conditions the variations in the ambient dose rate are weU

described by three parameters, the location-dependent compensated background, Co'

the air pressure, pand the airborne radioactivity from 222Rn progeny, EEDC (see

Equation 6.2). When considering relatively short time periods (say less than a

month) we may assume Co to be a constant and dose-rate recordings can be used to

provide an estimate of the occurrence of 222Rn progeny in air. This hypothesis was

tested for aU 14 principal NRM stations where ambient dose rate and EEDC were

independently measured for a selected dry period of 22 days in the autumn of 1991.

Calculated data, derived from ambient dose rate, showed a considerable initial noise

level, and were therefore smoothed by applying 'high-frequency' filtering based on a

12
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Figure 6.11 Comparison of hourly EEDC values obtained for HUIBERGEN [235]

during a dry period of 22 days. Results, derived from the analysis of dose-rate variations
(solid line), are compared to data (shaded area) directly acquired from a FAG FHT59S

gross-a/,6-activity monitor (moving-tape air sampler, see Chapter 5).
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Fourier analysis. For 12 of the 14 locations the agreement was good. A typical

example of a location showing good agreement is given in Figure 6.11. In one of the

two deviating locations there was a large proportional misrnateh, probably caused by

temporary improper adjustment of the gross-a/ ,B-activity monitor. The other

deviating location is WIJNANDSRADE [133], having the highest EEDC levels in

the Netherlands. Here the calculated EEDC data did not follow the large daily

fiuctuations in the measured data, although the overall structure was similar. This

measuring site is situated in a shallow valley where atmospheric invers ion during

nighttime prevails (see Chapter 7); especially during nighttime the assumption of a

homogeneous semi-infinitive c10ud of 222Rn progeny is may then be invalid at this

location, explaining the observed mismatch. EEDCs derived from the ambient do se

rate represent then some kind of equivalent concentration of 222Rn progeny as if the

vertical 222Rn profile in air was constant. Nevertheless, this technique is promising

and may be used in future for detailed and time-resolved radon mapping in the

outdoor environment. Here, data from existing dose-rate monitoring networks can be

employed. Results obtained under specific circumstances can, for instanee, be used

to· examine the spatial dependence on the exhalation of radon and to validate radon

dispersion modeis, for example as described in Chapter 8. When doing so it is

advised to inc1ude a few locations where both types of measurements are carried out

independently, to check whether the assumption that Co remains constant is valid.

Discussion and conclusions

It has been shown that most of the temporal variations in outdoor radiation levels, as

observed by the Dutch National Radioactivity Monitoring network over a period of

five years, are explained by variations in precipitation, airborne radioactivity and air

pressure using fairly simple expressions. The equilibrium-equivalent decay product

concentration of 222Rn, EEDC, which is independently measured by the NRM, has

appeared to be an effective quantity because it approximates the concentration of the

')'-emitting 222Rn daughters 214Bi and 2I4Pb in the environment, regardless of the

equilibrium ratio, Ep'

With one exception, remaining (natural) variations .were confined to a range of

± 2 nSv'h-1, corresponding to ± 2.5% of the average natural background in the

Netherlands. From the results presented, a compensation method for natural
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background radiation was derived, enabling quick and sensitive identification of

anomalous data. Vnder dry conditions, natural background levels. vary over a range

of about 20 nSv'h-1, i.e. some 25 % of the average background. Moreover, washout

of 222Rn progeny causes short-term but significant increases in ambient dose rate,

occasionally doubling the average background. These natural variations put limits on

the detection of anomalies. However, when applying the proposed compensation

method, the detection limit drops to 5 %, and, especially in connection with

measurements from other locations, more definite conc1usions can be drawn on

questions as to whether or not radiation levels are elevated due to human activities.

Such questions may arise in regular and emergency situations. During precipitation,

the uncertainty in the 'estimated value is generally larger, but well-known in

principle, enabling us to ca1culate an 'error-weighted square' which, in any case, is

a sensitive measure' for the detection of anomalies. The accuracy of the method

presented would be. improved by equipping NRM stations with an automatic rain

gauge.

Deviating data can be the result of human interference, malfunction of

equipment or rare natural phenomena. An example of the latter is the observed

decrease, in June 1991, in the cosmogenic dose rate due to severe disturbance of the

geomagnetic field. This' event remained unnoticed by us until this analysis was

carried out. And although human expertise may still be required to judge anomalous

situations it is obvious that applying a compensation method for natural radiation,

like the one describedhere, supports those who are in charge of the management of

nuc1ear emergency networks in various ways: first, by enhancing the performance of

their primary task, I.e. quick and sensitive detection of elevated data, and secondly,

by maintaining the required level of availability and quality assurance of the

networ"k. From the results obtained so far guidelines are in development to reinforce

operational procedur~s for the quality control of NRM data and equipment.

The results given above were derived for the situation in the Netherlands. And

although the procedure presented is generally applicable one might end up with

different results when exercising a similar analysis to regions with strongly deviating

environmental characteristics. Moreover, the results are infiuenced by the applied

measuring method (sampling height, presence of small structures) and equipment.

For instance, applying the compensation method for natural radiation levels in a

different experimental set-up may require slight adjustments of the parameter values.
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6.3 Source-dependent probability densities to explain frequency
distributions of ambient dose rate in the Netherlands

Introduction

It was shown in the previous section that most of the observed temporal variations in

ambient dose rate are explained by variations in precipitation, airborne radioactivity

and air pressure; simple (linear) expressions were presented to ca1culate the natural

background present at a certain time and spot within a small uncertainty range.

Other parameters, such as the radon soil profile and the cosmogenic source strength,

were found to be less infiuential. These findings were adequate to provide a dynamic

compensation method for natural background radiation; however, they do not

provide all the information needed to estimate the range and distribution of ambient

dose-rate data likely 10 be observed over a long period of time. Knowledge of this

kind not only c1assifies the impact of various sources and processes on variations in

outdoor radiation levels, but is also desired, for instance, to establish sensitive

waming levels in automated emergency networks.
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Figure 6.12 Frequency distribution of over 50,000 pieces of ambient dose-rate data

(lO-min sampling period) recorded at BRAAKMAN [318] in 1992. The histogram (l

nSv·h-1 intervals) looks normal on a linear scale (bars) but presentation on a logarithmic

scale (symbols) shows a tail of elevated data due to washout of 222Rn progeny.
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To compensate for this lack of information, the element of probability is taken

into account. This section will propose simple probability density functions for the

various sources contributing to the ambient do se rate in the Netherlands so as to

predict the likelihood of dose-rate contributions over a long period of time, e.g. one

year. These source-specific probability densities are merged into one joint

probability density function, which is compared to annual frequency distributions of

dose rate, as recorded by the Dutch National Radioactivity Monitoring network (see

Figure 6.12). This approach is believed to make sense; firstly, because location

dependent annual average values of ambient dose rate remain very stabie over the

years (see Chapter 5 [Sm94bD, and secondly, because frequency distributions

obtained from various locations and years show a remarkable similarity in shape (see

Figures 6.12 and 6.13). More than 20 annual data histograms were analysed,

yielding distribution functions and parameter values describing the influence of each

relevant natural source on the range of ambient dose-rate data observed in the
Netherlands.
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Figure 6.13 Nonnalised annual frequency distributions of ambient dose rate (lO-min

sampling time) observed at WITTEVEEN [928] over the period 1990-1994. The distribu

tions for 199x (x=0-4) are multiplied by a factor of 10\ leaving the 1990 distribution on a

proper scale. The top distribution multiplied by 106 is obtained from the complete data set.
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Consider an arbitrary normalised probability density function, U(-y), expressing the

probability that a certain source or process yields a contribution to the ambient dose

rate, 'Y, between 'Y and 'Y + d'Y. Next, consider two such probability density

functions, U ('Y) and V('Y), describing the probable contributions of two (uncorrelated)

sources. The function W("(), representing the 'probable sum' of these independent

sources, is ca1culated as follows:

W(y) J U(ç) V(y -ç) dç
(6. 16)

If U('Y) and V('Y) are both normal distributions, W("() is also normally shaped, having

a mean value p, == 'Yw = 'Yu+'Yvand a standard deviation a == aw = (au2+a/)lh.
We will apply this result to the dose-rate contributions from cosmogenic and

terrestrial radiation, which we assume to be normally distributed. The influence of

counting statistics on recorded data can also be described by anormal distribution;

in this approach, we treat 'counting statistics' as the third 'normally distributed

(virtual) radiation source'. The contributions from these three 'sources' are thus

easily combined. However, dose rates due to airbome and deposited 'Y-emitters from

the 222Rn decay series are far from normàlly distributed. Their probability densities

will therefore be approximated by differently shaped functions and Equation (6.16)

will have to be used again to incorporate the influence of these sources to the joint

probability density function.

Cosmogenic radiation

Approximately half of the ambient dose rate present in the Netherlands origmates

from secondary cosmic radiation. Temporal variations in this contribution are

primarily explained by variations in air pressure. Variations in the cosmogenic

source strength are believed to be low at sea level [UN93]. This assumption is

confirmed by five years of NRM observations, with one exception, i.e. in summer

1991, when a significant signal drop was observed at all NRM locations (Section

6.2). Por the Netherlands, any dependence on altitude and geographic latitude is not

of importance for this work.
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The relationship between air pressure and ambient dose rate was shown to be

linear in the typical air pressure range observed at sea level. The corresponding

coefficient of proportionality, Cp' was found to be -0.120 ± 0.003 (la)
nSv·h-1.hPa-l. Hence, the probability density function of the cosmic ray contribution

conforms to the air pressure distribution. Long-range air pressure data are available,

showing fairly normal shaped distributions. The long-term average value for the

Netherlands is 1015 hPa but annual average values vary between 1012 and 1018 hPa

[KNMI92]. The standard deviation of an annual distribution, ap' is typically 10 hPa.

The cosmogenic probability density function, C ("I), can thus be approximated by a

normal distribution with shape parameters IJ. == "I C and a == ac· At standard air

pressure (1013 hPa), the average cosmogenic contribution to the ambient dose rate is

estimated at 40 nSv·h-1 (see Chapters 4 and 5). The standard deviation is ca1culated

as the product of Cp and ap' yielding ac = 1.20 nSv·h-1, with an estimated
uncertainty of ± 0.10 nSv· h-1.

Terrestrial radiation

Gamma-radiation from primordial radionuclides in soil (and building materials)

forms the second most significant contribution to the ambient dose rate. This

contribution is strongly location-dependent due to different soil types. Some of the

most important radionuclides in this context are short-lived decay products of a

radon isotope (e.g. 214Bi, 214Pb and 208Tl; see Chapter 4). One may therefore

expect the terrestrial component to show fiuctuations in time as a result of temporal

variations in the radon soil profile [St84; Sc84] (see also Chapter 4). However, from

the analysis of time-series (Section 6.2) these variations seem fairly low in the

Netherlands. In this approach, the terrestrial probability density function (including

possible effects of the built-up environment) is represented by anormaL distribution,

with a location-dependent mean value, "IT> in the range of 15-75 nSv· h-1 and a

presumably small standard deviation, aT> yet to be determined.

Counting statistics

Radiation data are generally affected by èounting statistics. Nuc1ear decay obeys

Poisson statistics and the associated short-term temporal variations in radiation data

are - in general - normally distributed around the average value, with a relative

standard deviation equal to n-0, n being the (average) number of counts received in
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one sampling period. This to be true demands the registration of photon counts to be

uncorrelated. In our case, this assumption seems valid due to the very small

geometrie detection efficiency of the counter tube and the applied sampling time of

10 min, which is short when compared to the half-lives of the short-lived 'Y-emitting

radionuclides of the 22°Rn and 222Rn decay chains. Counting statistics can thus be

regarded as a 'virtual' radiation souree with anormal probability density function,

N('Y), with shaping parameters J1- == 'YN = 0 and a == aN = 'Yavg'n-!12 = 'Yavg!12 ·No-!I2·

The parameter No stands. for the average number of counts registered per unit dose

rate per sampling period. For the equipment used, No is 28 ± 2 counts per nSv'h-1

per 10 min, as was extrapolated from measurements reported by the Netherlands

Energy Research Foundation [De89a]. For a location with a background level of

approximately 74 nSv'h-1, as found for BILTHOVEN [627], a value for aN (10 min

sampling time) in the range 1.57 - 1.69 nSv'h-1 is expected. This result was verified

by examining a BILTHOVEN three-week data series when dry and stabie weather

conditions prevailed. Vnder such circumstances the ambient dose rate can be

calculated fairly precisely and variations in the residual data, defined as observed

minus predicted values, are primarily attributed to counting statistics. The frequency

distribution of the approximately 1500 pieces of residual data was clearly symmetrie

and fitted weIl with a normal curve with standard deviation aN = 1.59 nSv·h-1. This

value agrees with the result given above and corresponds to No = 29 counts per

nSv' h-1 per 10 min.

Based on the above, the probability density function S()') describing the joint

contribution from counting statistics, cosmogenic and terrestrial radiation to the

ambient dose rate is thus represented by anormal distribution, where the mean

'Ys = 'Yc + 'YT and the standard deviation as = (ac2+al+aN2)lh. Two of the five

parameters, i.e. 'YT and aT' are free and yet have to be determined from measured

frequency distributions.

Airborne radioactivitv

The contribution of airbome radioactivity to the ambient dose rate is dominated by

'Y-radiation from two short-lived 222Rn decay products, 214Bi and 214Pb; it is

. assumed to be linearly proportional to the concentration of the equilibrium-equivalent

decay product concentration of 222Rn in air, EEDC. The EEDC values are
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independently measured from the ambient dose rate by the FAG FHT59S monitors

of the NRM (Chapter 5), and the probability function of this source can thus be

deduced from the measured frequency distribution of EEDC recordings. Figure 6.14

presents as an example the 1990 EEDC frequency distribution for BILTHOVEN

[627]. This distribution is normalised and converted to the ambient do se rate by

applying aconversion coefficient, CEEDC' equal to 0.5 nSv' h-1. Bq-1·m3 (Section

6.2). Similarly shaped distributions were found at other NRM sites (see Chapter 7).

Apart from a discrepancy near zero, which is not very relevant because the infiuence

of this part of the EEDC data on the dose rate is insignificant, the shape of such a

distribution is fairly weIl described by a normalised 'one parameter' function, A ('Y) :

A(y) = q . e -qy (y ~O) and A(y) = 0 (y<O) (6. 17)

The mean value of this probability density function, 'YA' is ca1culated as:

J y A(y) dy

y A = 0 '" = q' J y e -qy dy = 1. (6.18)

J A(y) dy 0 q
o

The median of this distribution, 'Ymedian, foIlows from:

ymedian

J. q e -qy dy = 0.50
o

=
ymedian 1n2 = 1n2 . YA

q
(6.19)

Values for q can thus be estimated from the annual mean or median values of

airborne radioactivity concentrations, for instanee, as reported in NRM data reports

for the years 1990-1994 [e.g. A192; Kw93; AI94b]. The q values obtained for

BILTHOVEN, derived from the mean (1.5 Bq·m-3) and the median (1.2 Bq·m-3)

EEDC value found in 1990, are 1.3 and 1.2 h·nSv-1, respectively; the corresponding

probability density functions (shown in Figure 6.14) agree with the BILTHOVEN

1990 data distribution, except for EEDC data close to zero. Values of q computed

for this location from annual EEDC distributions over the period 1990-1994 vary in

the range 1.1-1.8 h·nSv-1, with a mean value of 1.4 h·nSv-1. Similar results obtained
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for other NRM locations show a typical discrepancy of 10 % between q values

computed from either mean or median EEDC values, indicating that the proposed

probability density function is just an approximation. Based on all the NRM

locations (14) and years (5) where EEDC data have been collected so far, the

shaping parameter q is found to vary between 0.6 and 2.5 h·nSv-1 in the Netherlands

(location being the most sensitive parameter), with a typical value of 1.3 h·nSv-1.

Wet deposition

The highest temporal increase of ambient dose rate in the Netherlands caused by

natural processes comes from rainfall due to the washout and rainout of short-lived

decay products of 222Rn. Dose-rate elevations related to rainfall can be computed,

using an actual time-series of precipitation rate and EEDC as input (Equation 6.10).

Although this equation is easy to use in explaining or predicting elevated dose rate in

a given situation, it is too complex to render the 'long-term' probability distribution

of elevated dose rate due to rainfall. Instead, the expression for the probability

density function for deposition, D("(J presented here is derived semi-experimentally.
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Figure 6.14 Normalised frequency distribution illustrating the contribution of airborne

222Rn progeny on the dose rate. The distribution, shown on linear (triangles) and

logarithmic scales (circ1es), is obtained by converting observed EEDC data by a factor of

0.50 nSv' h-l. Bq-l·m3. The histogram data are compared with exponential probability density

functions (Equation 6.17), with q values derived from the mean (solid lines, q= 1.2 h·nSv-l)

and median (dashed lines, q= 1.3 h·nSv-l) EEDC found for BILTHOVEN [627] in 1990.
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A probability density function for deposition fairly similar to the one presenied in

Equation 6.17 was derived from analysing high dose-rate tails observed in actual

frequency distributions, however, with one modification, In the case of airborne

radioactivity, the same parameter, q, was used both to determine the slope of the

distribution and to normalise the probability density function to one. In the case of

wet deposition, a different normalisation factor has to be used to match the observed

data with the suggested probability density. The reason for this is obvious: most of. "

the time the ambient dose rate is not affected by rainfall at all as it rains only 7 % of

the year in the Netherlands [KNMI92]. Moreover, deposited daughters of 222Rn

contribute to the ambient dose rate for just a few hours after the rain has stopped.

When considering wet periods only, probable dose-rate elevations can be

characterised by a distribution similar to Equation 6.17. During the rest of the time

the contribution from wet deposition is virtually zero. The following normalised

probability density function, D(-y), is therefore suggested:

D(y) = r-p . ö(y) + p . e -ry (y ~O)."and D(y) = 0 (y<O)
r

(6.20)

The delta function introduced in this equation ensures proper normalisation to unity.

As will be shown later on, the normalisation and slope parameters pand r can be

determined ,from the high tail of the experimentally observed frequency distribution.

Joint probability density function

The dose-rate probability density functions for airborne radioactivity, A (y), and wet

deposition, D(-y), contain very similar elements. Applying Equation 6.16 to these

functions results in the following 'sum' function, 2("():

Z(y) = Cq e -qy + Cr e -ry (y ~O)

with constants Cq and Cr equal to:

and Z(y) = 0 (y<O) (6.21)

Cq = q ( L +
r-q

r-p )
r

and C = pqr -
q-r

(6.22 )

Merging the functions S(-y) and 2("() to the final joint ambient dose-rate probability

density function, F(-y), follows in a straightforward manner from mathematics:
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with Eifc(x) the complementary error function [Kr79] defined as:

00

2 J 2
Erfc(x) = - e -t dt

vnx

(6.23 )

(6.24 )

The 'Y-dependent arguments of the complementary error functions in Equation

(6.23), 4>/Y) and 4>r('Y),are given by:

(6.25)

The high tail of F(y) can be approximated as follows: if 4>i'Y) < -2 then Eifc(4)i'Y))

:::::2. Fram Equation (6.25) it follows that this condition is true if 'Y > 'YS + d'Y,

with d'Y = 2(2aT+qal)lh (typically 10 nSv·h-1). Because r < q, 4>/'Y) < 4>i'Y),

the condition 4>i'Y) < -2 also implies that 4>/'Y) < -2 and Eifc(4)/'Y)) :::::·2. For
large values of 'Y, Equation (6.23) is thus appraximated as:

(6.26)

By substituting the condition for 'Y in Equation (6.26) and making use of the fact that

r < q, it can be easily shown that the first term of this function can be ignored.

After rewriting, the high tail of the joint dose-rate probability density function is

approximated by:

F(y) ::::p e -r(y-ys-öy) with öy
2

+
ln( -.!L)

q-r
r

(6.27)

In comparing Equation (6.27) with Equation (6.20) it becomes c1ear that, for large 'Y

values, the joint prabability density function, Fh) , represents the corresponding
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probability density function for wet deposition, D (1'), but translated over a distance

"l's +0"1', with 0"1' typically being 1.0-1.5 nSv·h-1, which is small compared to "l's.

Parameters for describing likely contributions to the ambient dose rate due to rainfall

can indeed be derived from the high dose-rate tail of a frequency histogram.

Examples of the functions S('Y), 2("1') and F('Y) are plotted in Figure 6.15.

Results

Twenty-five annual frequency distributions, obtained from NRM sites located in the

middle (BILTHOVEN [627]), the north-east (WITTEVEEN [928]), the south-east

(WIJNANDSRADE [133]), the south-west (BRAAKMAN [318]) and the western

part of the Netherlands were analysed over the period 1990-1994. In 1993,

LEIDUIN [540], situated in the west, was c1osed; for 1993 and 1994 results were

obtained for the nearby location, VLAARDINGEN [433]. On four occasions dose

rate distributions were highly disturbed due to frequent malfunction of equipment

(WIJNANDSRADE [133] 1990-1992) or human interference (BILTHOVEN [627]

1993) and had to be exc1uded from the test .

. Location-dependent annual average vàlues of air pressure [KNMI90/94] and

airborne radioactivity were applied to calculate the input parameters "1' c and q. The

parameter ac was calculated,. assuming a fixed air-pressure standard deviation, ap'
equal to 10 hPa. The standard deviation due to counting noise, aN' was calculated

using a fixed value for the parameter No of 29 counts per nSv·h-1 per 10 min

counting interval. The parameters pand r were fitted from the high tail of the data

. distribution, while the parameters 'YT and aT were adjusted to match the joint
probability density function with the top and the lower half of the histogram.

Calculated and measured values extend over a range of four orders of

magnitude. Two quantities were used to adjust the free parameters and to evaluate

the goodness of fit. Around the top of the distribution some 102-105 data are

recorded per interval per year, showing good statistics. In this region the relative

difference between the joint probability density function and the normalised

histogram was evaluated. Away from the top, especially at the high tail of the

distribution, just a few (say < 100) recordings are expected per interval per year

and statistical scattering becomes important. To examine the goodness of fit for

those parts of the distribution x/ values, defined as [Kr70]:
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2
Xi

( F(y) - H(y) ?
N . F(Yi)

(6.28)

were considered. In Equation (6.28) F('Y) is the normalised probable value at dose

rate 'Yi (Equation (6.23)), H('YiJ, the measured (normalised) histogram value around

midpoint 'Yi' and N, the total number of data involved. For sampling times of 10

min, N is approximately 5 X 104 for a time-period of one year and a typical data

availability of 95 % .

Figure 6.15A-D illustrates the outcome of this analysis by showing the 1993 results

obtained for WIJNANDSRADE [133]. This location exhibits the highest

concentrations of airborne radioaCtivity of all NRM' monitoring sites (see Chapter 7)

and is thus most pronounced in its variations in ambient dose rate. Figure 6.15A. '

compares the top area of the proposed joint probability function and the normalised ,

frequency distribution on a linear scale; their relative differences are shown in

Figure 6.16B. The small mismatch observed at the top (histogram data are shifted

slightly to the left), originating from assuming a normal ,air pressure distribution, is
also noticed in other results. In fact, the air pressure distribution is often slightly

asymmetrie, with a shorter .wing in the hig~ and a longer wing in the low air
pressure region '(see, for instanee, Figure 6.2). In Figure 6.15A, we see areverse

profile in the experimental data due to the, negative correlation between cosmogenic

dose rate and air pressure. This feature al~o explains the fairly high xl values
observed below 90 nSv'h-1 (Figure 6.15D). Figure 6.15C compares the joint

probability density function with the histogram data on a logarithmic scale. Below

2 X 10-3. (i.e. approximately 100 or fewer likely recordings per interval per year) the

statistical scattering of data becomesimportant. The shaded area provides an

estimate of the 20' probability range for individual histogram data, assuming al
being equal to N F ('YiJ.

Best estimates for the parameters expressing the influence of rainfall, i.e. p

and r, show considerable variations (see Figure 6.16), both in location and time.

Variations between years reffect the variabie character of weather conditions, while

spatial variations are merely due to differences in local ground surface

characteristics. These influence the ambient dose rate following a given deposition of
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Figure 6.15 Comparison of the derived probability density function, F("(), and the

experimental data distribution obtained for WIJNANDSRADE [133] in 1994 on linear (A)

and logarithmie scales (C). The intermediate probability density functions S(-y) and Z("() are

also indicated, the latter translated over a distance of "(s. At high dose rates the shape of

F("() is dominated by the contribution from wet deposition.
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The shaded area in C indicates the 95 % confidence interval for the statistical scattering of

individual histogram data. B (relative difference) and D (ii values) provide an indicator for

the goodness of fit.
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radionuc1ides. Mean and median values found for P are 0.015 and 0.016 h·nSv-1,

respectively; for f these values were found to be 0.18 and 0.19 h·nSv-1,

respectively. Typical values, as indicated in Figure 6.16, were taken in between.

The quotient of the latter, i.e. Ptyp'ftyp-l, equals 8.4xlQ-2. Ambient dose rate is thus
on the average influenced by rainfall tor approximately 8.5% of the time. Being

slightly higher than the average period of rainfall in the Netherlands, which is 7 % in

the long term [KNMI92], this value agrees with the expected value. The annual

ambient dose due to the washout and rainout of 222Rn progeny, computed from the

typical parameter values for pand f, equals 4 p.Sv·a-1. Taking a precipitation rate of

800 mm·a-1, as normally observed in the Netherlands [KNMI92], the time-integrated

ambient do se following one unit of precipitation is, on average, 5 nSv·mm-1. This

value compares to the 4.1 nSv'mm-1 derived from the analysis of individual rain

showers at BILTHOVEN [627] (see section 6.2). Rainfall may occasionally lead to

highly elevated recordings of ambient dose rate, but the total impact from this source

is very small; it contributes less than 1% to the total time-integrated ambient dose.

This contribution is even less than the average annual contribution of airborne

radioactivity to the ambient dose, which is, with q being typically 1.3 h·nSv-1, in the

order of 7 p.Sv·a-1.
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Figure 6.16 Combinations of pand r derived from the analysis of 21 dose-rate

histograms. Typical parameter values are presented by dashed lines. The 3 solid parabolic

lines connect pairs of pand r yielding the same annual dose due to rainfall, as indicated.

160



VARIATIONS IN AMBIENT DOSE RATE

Table 6.3 Parameter values (best estimates)
characterising source-dependent contributions to
rate (iI* (10) in the Dutch outdoor environment

RCGM SMETSERS - RO BLAAUBOER

and derived quantities
the ambient dose-equivalent

Souree Probability Shape parameters
density funet.

Average
dose rate

Annual
dose

Rel.
dose

Cosmogenic normal

Terrestriall normal

Counting Noise2 normal

Airborne r.a.4

Deposited r.a.

expo decay

expo decay

40

40

o

!!..- (h'nSv-l)
_3

0.016

1.2

0.7

1.6

q,r (h'nSv-l)

1.3

0.19

40

40

0.8

5.3 5

350

350

3

7

4

49

4~

0.6

I
2

3
4
5

Location-dependent; range in the Nethedands: 15-75 nSv·h-1
Considered as a 'virrua!' source; values are for NRM equipment. sampling time 10 min

Not applicable
Average EEDC in the Netherlands: 1.5 Bq'm-3

Only during 'wet' periods (typically 8.5% of the year)

The other parameter of interest, aT' expressing the tempo ral variation in the

terrestrial dose-rate contribution, ranges from yirtually zero to 1 nSv·h-1. Some of
the higher values, however, are likely overestimated due to factors like changes in

the built-up surroundings (BILTHOVEN [627], 1992) and replacement of equipment

(BRAAKMAN [318], 1992) not accounted for in the present description. On the

other hand, NRM equipment underestimates the terrèstrial'dose rate by some 10%

(see Chapter 5). The mean and median values derived from this test, with 0.67 and
0.75 nSv' h-1 close to each other, are therefore considered repres~ntative. Temporill

variations in terrestrial radiation are thus, in gene ral, confined to a range of ± 2

nSv' h-1 in the Netherlands. A similar result was found from the analysis of monthly

averaged data for the 14 principal NRM locations over the period .1990-1994 (see

previous section) .

Table 6.3 summarises typical values to describe the influences of vai-ious

sources on the ambient dose. (rate) in the Netherlands. Some of the numbers in this

table, such as the typical value for "IT" were taken from related studies evaluated

elsewhere in this .thesis(Chapters 5, 6 and 7).
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-Discussion and conclusions

CHAPTER 6

Frequency distributions of ambient dose-rate data, as observed by the Dutch

National Radioactivity Monitoring Network, were - shown to be well described by

considering only five (virtual) sources and processes using simple expressions for the

likelihood of their occurrence. Over one million data pairs, obtained from various

locations and years, were used in this analysis, of which the results are considered

representative for the' Netherlands. Cosmogenic and terrestrial radiation together

account for over 98 % of the total dose rate; their contributions are represented by

normal functions with mean values, both in the order of 40 nSv' h-1. Their temporal

variations, due to variations in air pressure and radon soil profile, are expressed by

. standard deviations of 1.2 and 0.7 nSv'h-1, respectively. The measured frequency

distribution is broadened due tocounting statistics; for the NRM set-up the

corresponding standard deviation is typically 1.6 nSv' h-1 for a lO-min sampling

time. These three sources add up to anormal distribution with a location-dependent

mean value in the range 55-115 nSv'h-1 and a standard deviation of typically 2.1

nSv·h-1. On average, airbome and deposited short-lived decay products of 222Rn

have a low impact on the natural background radiation (i.e. :::; 1%. each) but their

. contributions can occasionally lead to significant dose-rate elevations. In both cases

the likelihood of their dose-rate contribution is expressed by an exponential function,

stating that the probability of a certain contribution decreases exponentially with

increasing do se rate. In the case of washout and rainout of radon progeny, this

exponential probability was found to be present for approximately 8.5 % of the year.

In the remaining period the contribution from this source is zero.

In our approach it is assumed that sources and processes under consideration

are not correlated. In fact, some correlation does exist, for instance, betweenair

pressure and EEDC (see section 6.2), and air pressure and precipitation; however,

these correlations were found to be rather weak. Apparently, the assumption of

uncorrelated sources works well, since calculated and experimental results agree

over four orders of magnitude.

Since the analysis presented here was carried out using data obtained in the

Netherlands, one should be cautious in applying the resulting parameter values to

regions with strongly deviating environmental characteristics. Also, the applied

measuring method and equipment may have infiuenced the results. It is known that
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different types of equipment, although calibrated against the same reference source,

yield varying results when exposed to natural background radiation levels. The dose

rate meters applied in the NRM slightly underestimate the terrestrial dose-rate

component and overestimate the' cosmogenic component due to imperfections in

angular response and deviating sensitivity to cosmogenic radiation, respectively (see

Chapter 5). This feature does not affect the main conclusions of the study evaluated

here, - but we may expect that slightly different parameter v~lues will be needed to

match the proposed description with frequency distr:.ibutions recorded when applying

a different experimental set-up. To give one example, the ambient dose rate due to..
surf ace radioactivity decreases with increasing sampling height and calculations

obtained from the dose-rate model Soil_Rad [Bl95] (see Table 4.2) show that the

dose rate from deposited radon progeny at 3.5 m equals approximately 95% of the

dose .rate expected at 1 m sampling--height. The rainfall parameters pand rare thus .

a function of sampling height: in this example expected values for these parameters

at·1 m sampling height are Plm = P3.5m/O.95 and r1m = r3.5m/O.95, as is simply

derived from the applied probability density function. Suèh values cause a longer tail
in the data distribution.

This study yields quantified knowledge on the probability of temporal

variations in ambient dose rate due to natural causes, which can serve in the

management of nuclear emergency networks. The ranges and like1ihood of dose-rate

.variations presented here can be used to establish proper warning levels, where it is

important to find a precise balance between sensitive detection of radiological

accidents and occ,!sional false alarms caused by fluctuations of natural background

levels [Sm94a; Sm94b]. This kind of information can also facilitate the validation of

data and the control of equipment; thus supporting the. quality assurance of the
network.
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6.4 Spatial variation in the terrestrial dose-rate componentand its
correlation with soil type

Introduction

While the previous sections were very much focused on temporal variations in the

ambient dose rate, this section evaluates the spatial component ofthe natural

radiation background. In spite of the rather dynamic nature of ampi~nt dose rate,

long-term averaged values at a given spot are very consistent (annual mean values
fluctuate by not more than a few per cent, as was already shown in Figure 5.11).

The total time-averaged contribution of cosmogenic radiation and radiation from

airborne and deposited 222Rn progeny depends only slightly on the location in the

Netherlands; different levels of ')'-radiation originating from soil and building

materials dominate the spatial variation in the (time-averaged) ambient dose rate.

Different soil types cause the terrestrial component to vary within a factor of 5 in

the Netherlands [D084; D085] and significant changes may be observed over

distances in the order of a few kilometres. The influence of buildings, which may be

large, is determined by local characteristics and is not of interest for this thesis.

So, at least in principle, it is possible to construct arealistic radiation map of

the Netherlands reflecting the spatial differences in terrestrial radiation. In order to

do SO, one needs a data set meeting the foHowing conditions: (1) radiation data are

to be time-averaged (annual mean values, for instance), (2) the data are to be

corrected for the influence of cosmogenic. radiation and other relevant radiation

sources, (3) the spatial resolution of the data set is to be sufficient to resolve the

differences in various soil types, and (4) the data are not to be influenced by human
interference.

Data sets meeting aH these requirements. are not available for the Netherlands

(and for most, if not aH other countries). However, we do have at our disposal two

data sets meeting at least some of these requirements. First, we have the NRM data

set. From these data, time-averaged values can be computed which can be corrected

for the influence of aH relevant natural radiation sources like airborne and deposited

radioactivity and cosmogenic radiation. However, the spatial resolution is, with a

grid size of typicaHy 25 km, rather poor. Also, NRM data are influenced by nearby

structures (e.g. the measuring cabin and surrounding pavement).
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In addition, we have the so-called SAWORA data set, recorded in the summer

of 198214 as part of the National Research Programme 'SAWORA' (see Chapter

1). This set consists of over 1000 recordings made on a 6x6 km2 grid14, having a

superior spatial resolution. The measurements were carried out under 'free-field'

conditions, using two Reuter Stokes High Pressure Ionisation Chambers· (HPICs)

which were placed 1 m above the ground. However, the SAWORA data are the

result of momentaneous measurements (5 min sampling time) recorded over a period

of four months. The actual air pressure during each measurement is known, allowing

us to subtract the cosmogenic contribution from the measured data, but other

information is lacking. Considering that all measurements were taken during daytime

and assuming that measurements were not performed during or shortly after heavy

rainfall, individual terrestrial dose-rate data may be overestimated by 0-5 nSv·h-1

due to the (unknown) presence of airborne radioactivity not accounted for, with a

larger probability for lower values. Moreover, the momentaneous terrestrial dose

rate at the time of recording might have deviated ± 2 nSv·h-1from the time

averaged value due to the (unknown) state of the 222Rn profile in the topsoil. When

we also inc1ude the effect of counting statistics on the error of the SAWORA data,

we estimate the relative uncertainty (2a) in each data point to be in the order of

10-15%, corresponding to an absolute uncertainty of some 5 nSv·h-1 (2a). It should .

be noted that most of the uncertainty in these data is not systematic.

The SAWORA survey was conducted in 1982 and 1983 and the data werè .

therefore not affected by fall-out from the Chernobyl disaster, whereas NRM data

were obtained afterChernobyl. The most important radionuc1ide in this context is

137Cs which had been deposited by an amouI).t of 0-6 kBq·m-2 (typically 2kBq·m-2).

in the Netherlands [CCRX87]. Assuming all 137Cs to be uniformly distributed in the

20 cm topsoil after 1990, and correcting for radioactive decay, we used the dose-rate

model Soil_ Rad (see Chapter 4 [BI95]) to estimate the typical contribution of 137Cs

to the dose rate as measured by the NRM to be in the order of 1 nSv· h-1. The

influence of Chernobyl on the NRM data is thus fairly low.

14
Measurements on the Wadden islands were carried out on a grid of 3x3 km2 in July 1983.
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Comparison of the NRM- and SAWORA data set

CHAPTER 6

Figure 6.18 (see color page 169) compares the spatial information obtained from
SAWORA and the NRM. The SAWORA data used for this graph were fiTst

converted from exposure rate (JlR'h-l) to ambient dose rate (nSv'h-l), using a

conversion factor of .10.8 nSv'JlKl, and were next normalised to standard air

pressure (1013 hPa). The SAWORA information is displayed by an interjJolated

raster image: linearKriging [Cr90; Ke94] was used for spatial interpolation on a

1 xl km2 grid. The white circles show the position of the 58 NRM locations, the

size of the blue inner circles is linearly proportional to the long-term average

background value as determined by the NRM. However, to compensate for most of

the location-independent dose rate the cosmogenic contribution was subtracted from

the NRM data to highlight the observed differences in the terrestrial dose rate. The

general trend emerging in both surveys is similar; ambient dose rate appears to be

the highest in clay areas (along the main rivers and in some coastal areas) and in the

southem part of the Dutch province 'Limburg'. The lowest values are found on

sandy soils e.g. in parts of the provinces 'Noord-Brabant', 'Gelderland', 'Overijssel'
and 'Drenthe'.

A closer look· at these data sets reveals, however, some remarkable

differences. Figure 6.17 compares the terrestrial dose rate, based on measured NRM

data and interpolated data obtained from the SAWORA grid. In both cases the

cosmogenic contribution, as measured by both types of equipment (see Chapter 5),

has been subtracted; the relatively small influence of other radiation sources has

been neglected here. The NRM data were multiplied by a factor of 1.1 to correct for

the approximately 10 % underestimation in the terrestrial radiation level as

determined by the Biit RS02/RM10E in the NRM set-up (see Chapter 5). We clearly

see that values calculated from the SAWORA data are generally larger than the

corresponding NRM data. This is partly due to the difference in measuring height:
Soil Rad ca1culations show that the ambient dose rate at 3.5m above ground level· is

typically 6% lower than the calculated value for a height of 1m (see Chapter 4).

When we take the dependence on measuring height into account we see that the

cloud of data at lower radiation levels is· distributed reasonably well around the

expected correlation line (dashed line). At higher radiation levels, however, the

interpolated 'free-field' SAWORA results are still higher. This general observation is
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confirmed by one experimental data point (solid square), obtained from a series of

comparative measurements carried out at NRM station, WAGENINGEN [724] on 17

August 1995 (see Chapter 5).

The deviation from the dashed line may be explained by the probable influence

of built-up surroundings around the measuring spots. As the SAWORA
measurements were carried out under 'free-field' conditions, the NRM

measurements are influenced by the presence of the NRM measuring cabin and some

kind of pavement. Mo reover, original soil material has probably been removed

undemeath the construction area and replaced by white sand. Building material

operates as an absorbant for terrestrial radiation but acts as a radiating source itself;

it depends primarily on the actual ratio between the concentrations of "(-emitters in
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Figure 6.17 Ambient dose rate, interpolated from the SAWORA grid, compared to

long-term average values obtained from the NRM (open symbols). The solid symbol is an

experimental data point based on simultaneous measurements carried out in both

configurations at NRM location WAGENINGEN [724], in 1995. The dashed line is the

expected 'free-field' correlation line, corrected for differences in measuring height. The

solid line is the result of a calculation estimating the probable influence of building material

present at the NRM measuring sites.
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the original soil and the replacement mate rial whether the presence of building

mate rial· has either a decreasing or an increasing effect on the dose rate. The

,terrestrial' dose rate measured by the NRM in the urban environment of

VLAARDINGEN [433], with 30 nSv·h-1- being much lower than the interpolated

SAWORA 'free-field'. result of approximately 67 nSv'h-1, iilustrates that the

existence of building matedal may have a large decreasing effect· in areas with an

originally high terrestrial radiation level.

The solid line in Figure 6.17 shows the result of a first-order assessment of the

magnitude of this effect. It compares the ca1culated results obtained from the model

Soil_Rad, of the dose rate measured under free-field conditions (at 1 m) and above
the centre of a circular area (at 3.5 m) where the original topsoil is replaced by

white sand over a· radius of 20 mand a depth of 0.1 m. Such a volume accounts for.

about 50 % of the total dose rate measured right above the centre. The ca1culated line

agrees fairly weil with the c10ud of data points, showing the (simulated) 'structures'
to have a minor effect around 25 nSv' h-1 and a decreasing effect with increasing

dose rate.

Correlation with soi! type

From the considerations given above the SAWORA data set was conc1uded to be the

most appropriate from the two available ones to evaluate the correlation between soil

type and terrestrial radiation. Part of this analysis was carried out within a

Geographical Information System (GIS). Detailed spatial information on soU

parameters was obtained from the so-cailed 1:250.000 soU map, provided by the

Staring Institute [StI85; St85], i.e. Dutch soil is c1assified into more than 250

categories, defined by several parameters such as grain-size distribution and organic

content. These parameters can be considered as identifiers for the history of the

corresponding soil c1ass; the origin of a soil c1ass and the way soU has migrated to

the Netherlands determines, to a great extent, its natural radionuc1ide content (e.g.

40K and the 238U_ and 232Th-series) responsible for terrestrial radiation. The

existence of a correlation between the activity concentration of natural radionuc1ides

in soil and the corresponding grain-size distribution has already been demonstrated

[Kö88]. Moreover, differences in 4oK, 238U and 232Th concentrations were used as

radiometric fingerprints to identify sands of different origins [Me85; Me87].
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Figure 6.18 Comparison of the spatial variation in ambient dose-rate data obtained 

from the SAWORA survey (red-yellow raster image) and the NRM (circles), after subtracting 

the (location-independent) cosmogenic dose rate. Linear Kriging [Cr90; Ke94] was used to 

interpolate the approximately 1000 SAWORA data on a lxl km
2 

grid. The radii of the blue 

circles are linearly proportional to the long-term averaged NRM data. 
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Table 6.4 Terrestrial radiation statistics, expressed in ambient dose rate

(nSv·h-1, 1 m above ground level) for various aggregated soil types as

determined from the spatial correlation between soil cl~ss (1:2,50.000 soil. map
[StI85]) and 'free-field1 extern al radiation levels (SAWORA [Do84; Do85])

SOIL TYPE

Loam

River clay

.Marine clay

Old clay

Peat

Sand

Average St. dey.(20) Minimum Maximum # Data

63.4 26.0 33.8 74.1 14

59.5 22.0 28.4 . 78.7 79

54.1 18.0 20.6 76.3 260

45.4 28.6 25.2 69.1 9

32.0 19.0 12.0 73.1 127

29.3 13.4 14.9 63.9 428

Standard statistical methods were used to examine the correlation between soil

class and radiation data, 'yielding a set of convers ion coefficients which can be used

to estimate the terrestrial dose rate on the basis of a given soil classification. The

1000 SAWORA data were, however, not enough for an independent determination

of the c,onversion coefficient for each of the 250 distinguished soil classes. To the

rather exceptional soil classes, which did not match with any SAWORA

measu~ement, we either assigned the conversion coefficient from the nearest similar

soil class available or computed an interpolated value. The complete parameter set
(best values and uncertainty levels) can be ,found in Appendix 2. Table 6.4 presents

a derived subset of convers ion parameters, which gives an idea of the terrestrial

radiation level for an aggregated set of common soil types in the Netherlands.

Table 6.4 shows average values to vary within a factor of 2.5, however, it also

shows a large variety of dose-rate levels within a given soit type. The variety within
a class is reduced by a factor of 2 when more detailed classes are considered (see

Appendix 2). However, a standard deviation of typically 10 nSv'h-1 (2a) remains.

Part of this variety is explained by theuncertainty in the SAWORA data which was

estimated at 5 nSv'h-1 (2a) (see above). The remainder must be attributed to the

natural variety of radioactive contents within a well-specified class.
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The detailed conversion coefficients, as given in Appendix 2, were used to

construct a terrestrial radiation map of the Netherlands (Figure 6.19B) based on the

existing geographical information on soil data (see Figure 6.19A for a simplified soil

map). These results may be compared with Figure 1.3, showing a spatial

presentation of the 'raw' SAWORA data, and Figure 6.18, presenting a terrestrial

radiation map based on a straightforward mathematical interpolation of the

SAWORA data. Comparison of the Figures 6.18 and 6.19A reveals the obvious

correlationbetween ,terrestrial dose rate and soil type. Comparison of Figures 6.18

and 6.19B demonstrates the much higher degree of detail in the soil-converted

terrestrial radiation map. A clear example is seen in the smaU strip of clay area

along the River IJssel, showing elevated radiation levels in Figure 6.19B as opposed

to the same, but much smoother, levels in Figure 6.18. On the other hand, the

interpolated map (Figure 6.18) shows 'obvious dose-rate variations in the main river

area, which are almost absent in Figure 6.19B, demonstrating the disadvantage of

using average conversion coefficients. Nevertheless, the soil-converted terrestrial

radiation map may be considered as an improvement. Moreover, with the

information available analogous transformations can now be produced for other area

with similar soil types (e.g. i.n parts of Belgium, France, Germany and Denmark),

even when no radiation data are available for these area. The only requirement is

that soil types are classified in an analogous manner.

Discussion alJd conclusions

Two data sets are available to examine the spatial variation in extemal radiation

levels in the Netherlands. However, neither of them meets aU the requirements for

such an analysis. Main disadvantages of the NRM data set are the relatively poor

spatial resolution and the existence of some man-made constructions in the vicinity

of the measuring spots, which perturb the natura I background. Ca1culations

performed, with the Soil_ Rad model show that half the ambient dose rate originates

from a relatively smaU slab of soil just undemeath the measuring spot; the influence

of a simple pavement can thus already be considerable. Although the SAWORA data

set does not suffer from these deficiencies, it is made up of momentaneous

measurements yielding a relatively high uncertainty in each data point due to poor

counting statistics and a probable, but unknown, temporal fluctuation in the dose rate
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Figure 6.19A Generalised version of the 1:250.000 soil map of the Netherlands [Stl85; St85] . 
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Figure 6.19B Terrestrial radiation map (ambient dose rate at 1-m height) derived from the 

1 :250.000 soil map [Stl85], using conversion parameters as given in Appendix 2. 
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atthe time ·of recording. In spite of this disadvantage, the SAWORA data were

shown to be appropriate for studying the correlation between soil type and terrestrial

radiation. A set of conversion coefficients was computed, providing typical

terrestrial radiation levels for hundreds of detailed soil classes. This list of

parameters enabled us to construct a detailed terrestrial radiation map of the

Netherlands, an improvement on a radiation map based on a straightforward

mathematical interpolation of the SAWORA data. The same method can be applied

to other areas with similar soil types such as found in the north-westem part of

Europe.
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7 VARIATIONS IN EQUILffiRIUM-EQUIVALENT
DECAY PRODUCTS OF 222RN

7.1 Introduction

On the basis of measurements as presented in the previous chapter the usefulness of

the NRM for time-resolved monitoring Of ambient dose rates in the outdoor

environment was demonstrated. In this chapter we will describe the airborne

radioactivity measured by the NRM in more detail. This radioactivity is, as far as

do se is concerned, dominated by 222Rn and its short-lived decay products 218po,

214Pb, 214Bi and 214po (see Chapter 3). These radionuclides can be detected because

of their emission of photons e14Pb and 214Bi, Chapter 6) and a-particles e18po and

214po). Apart from 222Rn and its short-lived decay products several other

radionuclides can be detected in air close to the surface. Of importance for. dose rate

. calculations are the cosmogenic radionuclides 3H, 7Be, 14C and 22Na, and 22°Rn and

its decay products. Because the air inlet of the FHT59S, the a/,6-monitor in the

NRM, is located 5 m above ground level and because of the relatively short half

life, concentrations of 22°Rn and its decay products affect the recorded a-radiation

(and thus the EEDC of 222Rn) only slightly (see Chapter 4). The cosmogenic

radionuclides aH occur in minute concentrations in surface air (in the order of

mBq·m-3· or less) and are aH low-energy ,6 and/or )'-emitters. This makes them

detectable only with high volume air samplers and gamma-ray spectroscopy or a

scintillation counter (low-energy ,6-emitters 3H and 14C). This is one of the reasons

the inhalation pathway is determined by the isotopes 22°Rn and 222Rn and their

respective decay products only.

A closer study revealed the possibility of converting the natural a-activity

readings of the NRM to the equilibrium equivalent decay product concentration

(EEDC) of 222Rn (Chapter 5). This conversion seems to be rather independent of the

actual equilibrium factor and values of EEDC may therefore bedetermined with a

total uncertainty of only 20-25 % (95 % confidence interval). Because of the

relatively large air fiow, the detection limit is in the order of 0.1 Bq'm-3 EEDC (see

Chapter 5).

Photon emission was used in the .previous chapter to evaluate the iinpact of

known concentrations of natura 1 airborne and deposited radioactivity on the ambient

175



VARIPJIONS IN OUTDOOR RADIPJION LEVELS IN THE NETHERLANDS CHAPTER 7

dose rate. In this chapter we will discuss results of an analysis of the measured

concentrations of airborne decay products of 222Rn or the equilibrium-equivalent

decay product concentration of 222Rn (EEDC, see Chapter 2). In earl ier 222Rn

studies in the Netherlands average concentrations were measured throughout the

country [Pu86; Pu87] using passive dosemeters, or local variations were examined

[Pu88]. However, most of the research on radon in the Netherlands was (and still is)

aimed at the indoor environment. In several other countries single-measurement

series were performed, sometimes. resulting in information on diumal variations or

various seasonal variations of the average 222Rn concentration· [e.g. Ge83; UN88;

Hö94; P091]. Results, from hourly to monthly averaged, were often presented at
different time resolutions.

In this study average results are presented on the basis of a steady flow of data

measured at 14 locations in the NRM network (see Figure 5.1) for a period of

several years. Here we will focus on the resulting temporal variations in the EEDC

at one specific site (BILTHOVEN [627]) but, if illustrative, .informatÏon on other

sites will be used as weIl. Average results are presented for all 14 NRM sites

equipped with a FAG FHT59S (NRM principal stations).

After describing the measurement sites we will give an example of the typical

variation observed in EEDC across several sites. In the succeeding sections we will

present the average and long-term variations in EEDC, compiled from hourly values

and several temporal effects (diumal and seasonal cyc1es) that are superimposed.

These temporal variations in EEDC and 222Rn concentration are ascribed to several

meteorological variables. These inc1ude wind direction, rain, vertical mixing in the

atmosphere (for a .review, see, for example [Ge83]) and several other variables

affecting the exhalation of radon from soil [e.g. Kr64; Sc84], the major source of

this noble gas. The following sections will discuss several of these meteorological

variables as weIl as soil type and the influence of the variables on the average and

dynamic EEDC.

Besides the NRM hourly data on EEDC, time-series of several meteorological

variables (such as atmospheric pressure, humidity, temperature, wind direction and

velocity) from nearby meteorological weather stations [KNMI90/94]. were used to

find possible correlations with EEDC. Data series were analysed using the statistical

computer package MINITAB [Mi93].

176



VARIXI10NS IN EEDC OF 222RN

7.2 Site description
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The NRM BILTHOVEN [627] station is centrally located in the Netherlands at the

border of a small town, not far from the city of Utrecht, next to a pasture and in the

vicinity of some woodlands to the east. The soil consists mainly of aeolian sand

deposits with typical 226Ra concentrations of 10-15 Bq'kg-1 in the upper soil layer

[Kö88] . 226Ra concentrations in soil for all these locations, and in soils in the

Netherlands in general, are fairly average, registering 226Ra concentrations of 20-50

Bq' kg-I. All stations but one are situated in rather flat country, i. e. there are no hills

or mountains nearby. Only WIJNANDSRADE [133], in the .southem part of the

Netherlands, is situated in a small shallow valley. Data from the Royal Netherlands

Meteorological Institute (KNMI) show that: (i) predominant winds at or near all

NRM stations come from the southwest, (ii) average wind speeds are more site

specific and (iii) rainfall occurs predominantly with westerly winds (North Sea and

Atlantic Ocean), the maximum occurring with wind from the southwest.

7.3 Concentrations of airborne 222Rn decay produets

Time-resolved EEDC

Concentrations of radon CZ22Rn) and its decay products may be highly variable in

time. In Figure 7.1a hourly values of the EEDC are plotted for a period of one week

in July 1994. Although to different degrees, a diurnal variation of the EEDC is

observed at both locations. This variation occurs especially during summertime.

During wintertime (Figure 7.1 b; note the different scales) a more irregular

concentration pattem may be observed.

Average and long-term concentrations

The average EEDC for 222Rn (about 1.5 Bq·m-3) measured at all NRM principal

stations in the Netherlands is rather low (see Figure 7.2 and Table 7.1), although not

exceptional for a coastal region [UN88]. The average value in the Netherlands for

222Rn of 3 Bq'm-3 (equal to about 2 Bq·m-3 EEDC: assuming a constant equilibrium
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factor, Ep=O.7 [UN88; Va93]) was measured during'an earlier survey [Pu86] using
passive radon dosemeters. This average is somewhat higher but in rather good

agreement with the data (Figure 7.2), especially if one considers the uncertainty (2a)

in both measurement methods at these low concentrations: 20-25 % for the NRM

FAG monitors (Chapter 5) and some 70% using the passive dosemeters at outdoor

concentration levels [Ur93]. Furthermore, the recordings of the NRM at 5 m above·

ground might on average even be somewhat smaller [Ge83] than those of the survey

conducted at about a l-m height. This is due to a slow decrease in radon

concentration with height. Average EEDCs measured above land are in the range of

Figure 7.1 Hourly EEDC values at BILTHOVEN [627] (--) and

WIJNANDSRADE [133] (- - -) for a week in July (a) and January (b) of 1.994.
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1-10 Bq·m-3 [UN88]. Due to the low 222Rn content of marine air (normal range in

marine air is about 1-100 mÊq·m-3 [UN88]) and the predominant sea breeze in the

Netherlands, the yearly averaged concentration is expected to be lower than at

locations more inland (e.g. Germany) where even marine air wiU have picked up

some radon. Yearly variations over the five years, 1990-1994, amount to about 15 %

(one standard deviation) for most of the stations, up to 25 % for BRAAKMAN [318],

EIBERGEN [722] and WAGENINGEN [72~] stations (see Figure 7.2), due to 'high'

values for 1991. No c1ear trend was detected in the five years of operation of the

network,although on average the EEDC was somewhat higher in 1991.

Although yearly averaged EEDCs are rather constant, the frequency distri

bution of hourly averaged data (Figure 7.3) indicates a large variation in time. AU

distributions may be represented by a similar log-normal or simple exponential

function, at least for concentrations up to 5 Bq·m-3. This confirms that the EEDC is

determined by a number of (meteorological) parameters, not just by the soil

underneath the station, since in that case the concentration in surface air would be a

Figure 7.2 Annual variations for 222Rn EEDC at aH NRM locations for:

the years 1990-1994.
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simple linear function of the fairly constant local exhalation rate of radon from soil.
The median concentration is in all cases about 60 % of the mean value. At higher

concentrations the distribution has been underestimated using a simple exponential

function. Although these rare high concentrations show rather large uncertainties on

the right side of the distribution, the frequencies exhibit a c1ear tendency to higher

values. At several stations, especially those situated near the coast (like

WIERINGER WERF [538], Figure 7.3), the distribution decreases somewhat faster

with concentration than that at stations situated more inland.
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Figure 7.3 Frequency distributions of hourly averaged EEDC values at four
NRM stations (data,for 1990-1993), along with exponential fits (solid lines).
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Diurnal variations
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The diumal variations of the radon EEDC were analysed for the total 1990-1993

period. In Figure 7.4 the hourly averaged values are presented for the BILTHOVEN

[627] location. It is clear that from March through November the average EEDC

rises in th~ early moming hours and drops in the aftemoon. During the summer

months this effect is maxima I and in the autumn it again diminishes. This diumal

variation was found earlier by other authors. See, for example, Gesell [Ge83] for a

review. The variation was thought to be linked to the stability of the atmosphere

[Mo60] . During the night, a stabie inversion layer - the temperature rises with

altitude up to several metres and then declines with a further increase in height 
often develops above the ground (Chapter 4). This results in a much reduced vertical

mixing in the lower atmosphere. 222Rn exhaled from the soil will therefore be

confined to this thin surface layer and consequently lead to higher concentrations
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Figure 7.4 Daily variation in the hourly averaged EEDC values at the

Bilthoven location, presented for aH 12 rnonths (data 1990-1993). Dots
indicate local noon.
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during the night. After dawn sunlight will warm the lower atmosphere and the

inversion layer will disappear. This process will be more pronounced during the

summer months than during winter because of two reasons: (i) during the winter

months stabie conditions during the night occur less often than in summer (the

average wind velocity at night at the De Bilt location, for instanee, is twice as much

during winter than during summer [KNMI90/94]) and (ii) the radiation from the sun

during summer is far more intense than during winter, resulting in ä significantly

higher warming of the soil and air near the ground surface in summer.

Another remarkable detail is the shift in time for which the maximum average

concentration occurs. During the month of June (long days) , the maximum concen

tration occurs several hours earlier than in late autumn or early spring (data are for

UT, so this is no summer time effect). This shift is typically associated with dawn.
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Figure 7.5 Seasonal variation of monthly averaged EEDC values at aH 14

major NRM measurement stations (data 1990-1993).
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Another observation to be made is the increase in daily averaged EEDC over the

months, with a maximum in November. This effect seems to be seasonal.

The Bilthoven location is illustrative for most of the NRM locations. In

summer, the variation between night maximum and day minimum is on average a

factor of 2-3. During winter, average concentrations during day and night are'

similar. However, WIJNANDSRADE [133] behaves somewhat more pronounced (up

to a factor of 6 during surrimer). As was previously found (Figure 7.2), this station

also has the highest average EEDC values in the NRM, may be because it is located

in a small valley, so that there is only a very thin stabie layer in the (summer)

evening. This 'valley-effect'is also reported by others [Hö94]. Especially in a

shallow valley this. inversion layer may be only a few metres thick, resulting in

built-up concentrations of 222Rn and its decay products that are sometimes orders of

magnitude higher than during the aftemoon during turbulent mixing conditions [e.g.

Ge83; Hö94; M060; P091; P094]. The variations found at aU locations are very

similar to those published by Hötzl ~md Winkler [Hö94] for a location near Munich,
Gennany. They found values, however, that are on average 9 Bq·m-3 EEDC,

considered proper for continental locations.

Seasonal variations

,As already observed in Figure 7.4 there is a seasonal effect. Figure 7.5 presents the
monthly averaged EEDC values of all 14 NRM principal stations. The results for

BILTHOVEN [627] are again typical for all NRM stations, except for

WIJNANDSRADE [133]. A minimum is observed from spring to early summer,

foUowed by a considerable increase (factor 2-3) until November. In winter and early

spring the EEDC value drops again. The maximum to minimum ratio is about 2.5.

Seasonal effects, also known from other studies [Ge83; Hö94], are attributed to

regional meteorological conditions,. e.g. horizontal and vertical mixing in the

atmosphere, ambient temperature and humidity.

7.4 Meteorological variables, soU type and EEDC

The main sourceof radon is the soil. However, several meteorological variables

affect the radon concentration in outdoor air. After exhalation from soil the gas

183



VARlATIONS IN OUTDOOR RADIATION LEVELS IN THE NETHERLANDS CHAPTER 7

N

~~

/
w \ 1\ ((I)))) I E

0
n

,.-K
<

y
(

+
s

~

(

Figure 7.6 EEDC per (local) wind direction at a wind speed
stations. Shown are: median concentration (white lines) and

areas) .

184

of 0.5-2 m's-l for aU FAG

25-75% data range (black



VARL~I10NS IN EEDC OF 222RN RO BLAAUBOER - RCGM SMETSERS

222Rn and its short-lived decay products are transported vertically (mixed) in the

boundary layer and dispersed horizontally due to wind. This last process is

dominated by wind speed and direction. The decay products may be removed from

the air due to dry and wet deposition. In this process humidity of the air and rainfall

play an important part (see Chapter 4). Another variabie, atmospheric pressure, is

believed to be important in the exhalation process (Chapter 4) and may therefore

affect the EEDC in surface air. And last but not least, soit type, i.e. physical

quantities such as porosity, partide diameter and water content, is not just an

indicator for ambient dose rate (Chapter 6) but also for the exhalation rate and thus

the EEDC in surface air. In this section is discussed the influence of these quantities

on EEDC, as measured by the NRM. For the interpretation, hourly meteorological

data were obtained from nearby stations of the Royal Netherlands Meteorological

Institute, KNMI [KNMI90/94].

Wind speed and direction

The radon concentration at a particular location is influenced by two effects: (i)

radon produced locally (depending on soil type and vertical mixing conditions ) and

(ii) radon transported from other locations. For the latter, the distances that can be

bridged during a half-life time of 3.8 days e22Rn) are considerable.

It is dear that wind indicates moving air. EEDCs of 222Rn recorded at the

various NRM stations may therefore be a signature of air masses transported from

other regions. If interested in the loc al environment (for instance, local 222Rn

emanation and exhalation) , one should select only those situations where there is no

wind. Wind direction and speed determine the influence of radon exhaled from soil

in more remote regions. EEDC data were sorted for five wind speed classes and 36

angles (of 10° each).

Results for wind speeds of 0.5-2 m·s-I are presented in Figure 7.6 for all

NRM stations and for. all speeds for the stations BILTHOVEN [627] and

WIJNANDSRADE [133] in Figure 7.7. It is clear from both figures that on average

relatively high concentrations of radon are present in the air coming from the

southeast, . i.e. the European continent. In contrast, concentrations decrease

considerably with northwest winds. This is due to the radon-poor marine air coming

in from over th~ North Sea and the North Atlantic (normal range in marine air is
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about 0.001-0.1 Bq·m·3 [UN88]). However, large differences still exist between all

the different stations, probably due to the local environments. Figure 7.7 also shows

that for low wind speeds the recorded value of EEDC becomes less dependent on

wind direction. The measured EEDC reflects the concentration due to locally

produced radon. For both locations the median EEDC seems to be enhanced if air is

coming from the southeast at a low speed. At higher wind speeds median EEDCs
tend to decrease for all wind directions. This feature is found for all sites in the

NRM network. This is partially due to the well-known effect of strong vertical

mixing accompanying strong winds, also called vertical windshear, resulting in a

dilution of the radon in surface air. Another reason might be that high wind speeds

in these regions usually accompany a low pressure area coming in from over the

Atlantic. Because the air circulates around such an area, the wind direction is no

longer adequate as an indicator of radon source areas (see also section on

Atmospheric pressure). More sophisticated methods of tracing air mass transport are

needed (see, for instance, Chapter 8).

As previously mentioned the prevailing wind direction inthe Netherlands is

Location Bilthoven.-'1\-t
< 0.5 m.s·1 0.5-2 m.s·1 2-4 m.s·1 4-6 m.s·1 > 6 m.s·1

EEDC

(Bq. m-3)
o

5

10
Location Wijnandsrade

Figure 7.7 Radon EEDC values per wind direction at five different wind

speeds. The white line represents the median while the black area

indicates the range between the lst and 3rd quartiles.
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southwest (about 30-50% of the time, depending on location). However, during the

autumn and winter seasons, southeastern winds occur more than average, which

imp lies that more continental air masses are imported and thus, higher average radon

concentrations in the autumn and winter months. This shift may be parameterised

using the median EEDC per wind direction and wind speed class found earlier in

Figure 7.6 and Figure 7.7:

JVlmax 21t

C 50% f f 50% .EEDC = CEEDC( V) J(V) d cP dv
!vlmin 0

(7.1)

where the median (cf::~~c) is compiled from the median concentration per wind

speed ( Iv i) and direction (<1», and the frequency of occurence of that combination

f( v) . We used an approximation of Equation (7.1) and· discrete median

concentrations for the five wind speed classes per 10° angles to verify if wind

direction and speed could be used to ca1culate the observed seasonal variation in

EEDC. Figure 7.8 shows the results for the BILTHOVEN [627] location along with

the monthly median of the observed EEDC. It is clear from the figure that the shift

in wind direction during the year is an indicator for the seasonal effect found in the
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Figure 7.8 Seasonal variation of hourly data ( .•.) and an hourly para

meterisation ('•.) of median EEDC in BILTHOVEN [627], 1990-1993.

The bars indicate the 25-75 percentiles.
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previous section. It also explains why concentrations recorded at WIJNANDSRADE

[133] do not seem to be seasonally dependent (see Figure 7.5). The valley in which
this station is situated faces more-or-less southwest to northeast. Air masses from the

southeast are probably diverted to another direction in the valley. This assumption is

supported by the observation that at higher wind speeds, the EEDC is higher for air..
masses coming from eastnortheast (Figure 7.7), while at all other NRM stations the

average EEDC for all wind speeds is highest for southeastem air masses.

Humidity

In atmospheric air the short-lived decay products of 222Rn rapidly attach to aerosols.

Furthermore, c10ud drop lets form through condensation around these aerosols (see

Chapter 4). If the amount of water in the lower atmosphere, or in short, the

humidity, increases, the number of drop lets formed during condensation also
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Figure 7.9 Average EEDC vs. humidity (g'm-3) at BILTHOVEN [627] station for SW [Ll],

NE [0] and N [0] winds, and averaged over aH directions [_], inc1uding quadratical fits.,
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increases. The concentration of attached radon decay products in air is therefore

expected to rise with humidity. This indicates that 222Rn and its decay products

should be in better equ}librium at higher humidities, thereby raising the EEDC for a
constant 222Rn concentration. Furthermore, humidity, like clouds, restrains' the back

radiation from soil and was indeed' found to be a quantity opposing the fOlJIlation of

an invers ion layer near the ground [M060] , and thus high radon concentrations

during the night [M060]. Figure 7.9 demonstrate"s the effect of humidity (g·m-3) of

surface air on EEDC at the BILTHOVEN [627] location. Temperature inversions at

night near the ground surface result in the build-up of radon and its decay products.

To avoid confounding factors the data have been selected for daytime (1000_1600

UT) only. From Figure 7.9 it is seen that EEDC and humidity are indeed positively

correlated. Furthermore, the EEDC in surface air can be approximated by EEDC =
Const. + 0.007X(humidity)2 (see Figure 7.9) up to almast 3 Bq·m-3, which is twice

the yearly averaged EEDC at the BILTHOVEN location (1.5 Bq·m-3). A possible

explanation for this square dependence on humidity might be a kind of surface effect

caused by deposition of unattached radon decay products to small water drop lets.

Rainfall

During rainfall or other forms of deposition, part of the decay product activit)r fixed

in the clouds is washed out (see Chapter 4), implying that the me~sured EEDC

would not be' affected by rain. However, measurements show that at least during and

shortly after rain events with southeasterly winds (i.e. continental áir), the EEDC is

reduced by. about 30-50% (significant at the 99.99% confidence level). In

. Figure 7.10 data are given for three stations. The large st effect is" seen for

WIJNANDSRADE [133], where EEDC 'is significantly reduced for rain clouds

coming from all four directions presented in the figure. At the other· two stations,

especially WIERINGER WERF [133], EEDC is reduced significantly but only during

rain from the southeast and southwest. Although one might think thai this

phenomenon is due to rainout of decay products of 222Rn, this process is thought to

be not important (see Chapter 4). 222Rn itself is not expected to wash out because of

its low solubility in water. The explanation might then be that during the formation

of a rain cloud strong vertical mixing occurs in the boundary layer just below the

cloud, thereby reducing the EEDC measured near the ground surface. If these clouds
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Figure 7.12 Oilution of EEDC in surface air for various rainfall
intensities. Vertical error bars indicate error in the mean; horizontal bars

indicate step size (data: 1990-1993).

are produced above the sea this effect is less important because marine air is already

low in radon concentration. Furthermore, during transport across the land the marine

air will be slowly enriched with 222Rn from soil (Figure 7.11). This reduction or

dilution due to vertical mixing even depends on theamount of rainfall (Figure 7.12),

i.e. during or shortly after heavy rainfall vertical mixing will also be stronger than

during a slight drizzle.

Atmospheric pressure

Atmospheric pressure itself is not a controlling variabie of radon transport, but

indicates the source of air masses. High pressure in the Netherlands usually

coincides with continental air and thus high EEDC values (see section on wind

direction). This is in contrast with low pressure fields, which usually indicate

oceanic air. These effects can be observed in Figure 7.13. Especially marine air is

always low in radon content. However, for air from the southeast, EEDC increases

slightly with increasing atmospheric pressure. This increase is not so much

correlated with atmospheric pressure as with wind velocity. High wind speeds, as a
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Figure 7.13 Average EEDC (standard error in mean) vs. atmospheric

pressure for SE winds (0; continental), and NW winds (0; marine), and
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Figure 7.14 Average wind speed versus atmospheric pressure (error bar is

± 1cr) at a station of the Royal Netherlands Meteorological Institute in De

Bilt (near BILTHOVEN [627]).
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mIe, coincide with low pressure fields (Figure 7.14) and vertical mlxmg or

instability ofthe lower atmosphere, as previo~sly stated, is highest during strong
winds, thereby reducing the EEDC at ground surface.

SoU type and EEDC

The differences found in EEDC between the locations, BILTHOVEN [627] and

WIJNANDSRADE [133] and the yearly averaged concentrations found earlier

(Figure 7.2) have already hinted at the variation in concentration among sites.

Besides the meteorological variables, soil type is an important quantity in

detennining the average EEDC, especiaUy on the local scale. However, to positively

correlate the EEDC, as measured by the NRM principal stations, with soil type, it is

necessary to select önly data during windstill weather conditions. The hourly data on

wind speed from nearby weather stations [KNMI90/94] were used. to make selections

from the complete NRM data set. The result is shown in Table 7.1. The average

EEDC values for calm weather conditions are aU higher than the average values

given in Table 7.1, which is fairly typical for coastal regions because of the

predominant 'radon free' seawind. There is a possible correlation with soil type, i.e.

higher values over river and calciferous marine clay, and loess and lower values

over more sandy soils (see Table 7.1). To. check wheth~r a correlation exists

between long-tenn averaged terrestrial ambient dose rate (H*TER' Equation (6.1))

and EEDC during wind-calm periods, see results in Figure 7.15. This figure shows

clearly that where EEDC is averaged over aU occurring wind veloeities, no

significant correlation exists between EEDC and ambient dose rate. However, if only

data for wind-calm periods are selected, a weak correlation may be observed. At

least two important factors affect this correlation: (i) the concentration ratio of

226Ra, and radionuclides of the 232Th series and 4oK, is not constant for different

soils (i.e. different ambient dose rates may accompany the same EEDC) and (ii) th~

emanation, transport and exhalation of 222Rn in and from soil varies with soil type

(i.e. soils with the same dose rate above ground surfac~ may exhale different

amounts of 222Rn and thus give rise to different EEDC data). These factors cause a

spread in the data alongthe ambient dose rate axis as weU as the EEDC axis.
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Table 7.1 Average EEDCs for aH NRM. FAG sites compared with mean values for
wind calm periods only. Data are based on hourly measurementsin the period 1990
through 1993.

NRM location [no.]
Mean EEDCMean EEDC(Bq'm-3)Soiltype

(Bq·m-3)
(windspd < =0.5 m·s-I)

VREDEPEEL [131]

·L7(±0.2)2.7(±0.3)sandy (non calciferous)

WIJNANDSRADE [133]

2.7(±0.4)5.6(±0.4)loess

HOUTAKKER [230]

1.3(±0.2)2.2(±0.3)sandy (non calciferous)

HUIJBERGEN [235]

1.5(±0.2)2.7(±0.7)sandy day

BRAAKMAN [318]

1.8(±0.5)3.5(±0.6)calciferous marine day

VLAARDINGEN [433]

1.3(±0.3)2.0(±0.5)built-up environment

WIERINGERWERF [538]

1.~(±0.2)2.8(±0.7)calciferous marine day

LEIDUIN [540]

1.4(±0.2)1.9(±0.4)dune sand

BILTHOVEN .1627]

1.4(±0.2)2.1(±0.2)sandy

BIDDINGHUIZEN [631]

1.5( ±0.2)3.7(±0.8)calciferous marine day

EIBERGEN [722]

1.6(±0.5)2.3(±0.3)sandy

WAGENINGEN [724]

L7(±0.4)3.3(±0.4)river day

WITTEVEEN [928]

1.3( ±0.2)1.5(±0.3)sandy peat

KOLLUMERWAARD [934]

1.4(±0.2)2.0(±O.4)marine day

7.5 A time:-resolvedillustration

As an illustration of the effect of several of the earl ier mentioned 'variables, we will

discuss a recorded EEDC sequence at the Bilthoven station (Figure 7.16). The period

considered (Friday 8 July-Thursday 14 July 1994) pertains to summer and therefore,

as we have seen, to a period generally showing larger differences between .day and

night than is the case in winter. The period experienced a light min shower on

Thursday rnoming, which is reflected in the reduction of EEDC. Otherwise, no rain

occurred. Atmospheric pressure varied only very slowly in this period and therefore
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Figure 7.15 Mean EEDC vs. il TER for aH principal stations. Data
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did not seem to be of importanee for the measured EEDC.

After a period with wind from the south and temperature inversion near ground

level at night, the wind on Friday tums to the west and the EEDC declines (marine

air). After two days, on Sunday morning, the wind tums again to the south and

drops. Due to a minor inversion' layer (f1T> 0, temperature difference between 2.5

and 1.5 m above ground surface) the EEDC builds up rapidly. In the aftemoon the

wind returns and veers to the northeast, bringing low concentrations of radon. Late

Sunday, a period of three days (Monday through Wednesday) begins, in which south

to easterly winds (continental air), strong ground inversion at night (when

temperature increases with height in the first few metres) and radon starts building

up, and strong radiation from the sun during the day (see global radiation: no

c1ouds) aU resulting in large differences between maximum and minimum EEDC. On

Wednesday aftemoon the wind tums again to the north, c10uds drift in, relative
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humidity (and absolute humidity) increase(s) and EEDC decreases.

Although it is still to early to quantify all effects due to meteorological

parameters, it is quite possible to give a qualitative description of the variations in

the 222Rn concentration or EEDC based on just a few of those parameters.

7.6 Conclusions and discussio'n

This NRM is very suitable for measuring the EEDC as well as the ambient dose rate

(previous chapter). Results are in line with measurements made with more

'appropriate', i.e. radon detectors [e.g. Hö94]. The research results. presented here

indicate a relatively low average EEDC of about 1.5 Bq·m-3, for 222Rn in the

outdoor environment of the Netherl.ands, although fairly typical for coastal areas and

in line with results from .an. earlier survey [Pu86] using passive dosemeter

techniques.

Furthermore, two major periodical variations in the EEDC are found: (i) a

diurnal variation, which is strongest during summer and almost' non~existent during
winter, and (ii) a seasonal variation with a maximum in late autumn and a minimum

in spring. Strong correlations between wind direction and speed, on the one hand,

and 222Rn (progeny), on the other, :lre found in the Netherlands .. Air from the

southeast is higher in radon concentration than air fromother directions. Especially

air from the northwest, North Sea and North Atlaptic is low in radon content.

During periods of high wind velocities; the measured EEDC is reduced, probably

caused by vertical mixing through windshear. A possible explanation is found for. t:l1e

seasonal variatiqn in radon concentration: a slight shift in average wind direction

during the season. This shift results in relatively more air from the southeast (high in

radon concentration) during winter and more air from the ocean (low in. radon)

during spring.

Attachment of decay products of 222Rn is found to be correlated to the amount

of water in the air. Average EEDC increases quadratically with the absolute

humidity of the air. At high humidities the EEDC is almost twice the yearly

averaged concentration. Absolute humidity might be an important indicator of the

equilibrium factor, but more research using methods to measure 222Rn gas

simultaneously is needed to substantiate this factor as a function of time.
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The EEDC in surface air is found to be reduced during rainfall and is roughly

inversely proportional to the rain .intensity. This feature cannot be fully understood

from washout or rainout processes. We suggest that during c10ud formation a

relatively strong vertical mixing occurs right under the c1oud, which reduces the
EEDC at the surface.

Last but not least, a slight correlation is found between time-averaged EEDC

or radon in surface air on the one hand and arribient dose rate (Chapter 6) on the

other. This correlation. is only found during periods of wind-calm weather and is an
indication of the exhalation rate of 222Rn from local soi!.

An advantage. of a network like the NRM is that data at all locations are recorded..
sllnultaneously with. identical detectors .. These data, together with several ".

meteorological variables recorded at weather' stations nearby, may be used for

validating air dispersion .modeis. This makes it feasible to validate results from a

dynamic transport model of 222Rn. An initial modelling approach is described in the

next chapter.
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8 A MODELLING APPROACH

8.1 Introduction

RO BLAAUBOER - RCGM SMETSERS

In the previous .chapters we presented an analysis of the data obtained with the

. National Radioactivity Monitoring network. The analysis is directed at a proper

description of especially the local conditions existing at the measurement sites.

Howe~er, the concentration of 222Rn and its decay products in outdoor air is only

partially the result of local processes like exhalation and diffusion. Because of its

relatively long half-life of 3.8 days, 222Rn may be transported over several hundred

to even thousands of kilometres [Wh92]. This implies that exhalation of radon from

soil· at even remote areas may contribute to the concentration at the various

measurement stations. Therefore, if the concentration of 222Rn, as deduced from

EEDC measurements, is to be explained· quantatively, a descriptive model is needed,

incorporating at least several of the more important transport processes. This model
would enable the measurements made at the separate stations to be linked, providing

a means to validate the model itself and te understand spatial variations.

Furthermore, this model could be made into a predictive tooI using weather

forecasts. This again would support the management of the NRM in explaining
measurement results and discriminate natural from artificial sources .

. In the following sections an initial attempt to create such a radon transport

model is described. It is not the intention, at least in this approach, to produce a new

sophisticated transport. model of which there are already many [Ap85; J093; Ve92].

The model is just a research tooI for studying the transport of 222Rn and local

. variation effects encountered at the NRM stations. First, the spatial extent and

resolution of the model and the processes to be modelled are further defined.

Second, in the subsequent sections the selected processes are described in more

detail, and some results are presented and compared with actual EEDC

measurements. In conclusion some recommendations on further developments are
made.
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8.2 Methods

CHAPTER 8

Most of the air transport models available, at least those aimed at transport of

radioactive substances, address accidental releases or the transport of pollution after

emission from a stack. These mode Is use standard gaussian plume modelling - a

plume of emitted material is transported in the general wind direction where the

concentration perpendicular to the transport direction has a gaussian width
distributión increasing with time - or more sophisticated applications of this

concept. However, because the soil is the major source of 222Rn, the required

transport model in our case should be capable of modelling a continuous (but not

constant) surface source over thousands of square kilometres. Models that may be

applicable are either very large (e.g. global weather forecast modeis) or address

average concentration profiles using long-term weather average statistics. A new

dynamic model is therefore proposed, restricted to those processes relevant for the

dispersion of 222Rn (progeny).

The methods described below in further detail have been incorporated in a
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Figure 8.1 Outline of exhalation (1), dispersion (4,8), deposition and

plate-out (6), decay (5) and mixing processes (2,3,7) to be included in an

atmospheric 222Rn transport model.
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computer program for a PC, using Turbo Pascal version 6.0.

Processes to be mode lIed

In providing a basic transport description of 222Rn in the lower atmosphere several

processes have to be considered. First exhalation of 222Rn from soil is the driving

force for such a model. After entering the atmosphere the radon gas is dispersed

horizontally and mixed vertically. During these transport processes radon decays and

short-lived produets will be produced. These decay produets are also dispersed and

partially deposited on the ground. For a transport model for 222Rn and its decay

produets (or EEDC) it is therefore necessary to inc1ude the following processes for

an arbitrary location within the area to be modelled (see Figure 8.1):
1 exhalation of 222Rn from soil,

2 vertical transport in the mixing layer i.e. the lower part of the

atmosphere directly above ground surface where atmospheric mlxmg

takes place,

3 exchange process between mixing layer and reservoir layer, i.e. the

atmospheric layer above the mixing layer,

4 horizontal transport in the mixing layer,

5 decrease in the 222Rn concentration (and its decay products) through

radioactive decay,

6 decrease in radioactivity in air due to deposition of decay produets after

plate-out of these produets to aerosols and dust partic1es.

7 vertical transport in the reservoir layer and

8 horizontal transport in the reservoir layer

Spatial extent and resolution

The spatial and temporal resolutions of the transport model are determined by the

resolution of the meteorological parameters and the data on exhalation from soil.

Especially the last data are scarce in the Netherlands and Europe as a whole. Data

on wind speed and direction, and mixing height, are more plentiful. A time

resolution of less than 1 h is, however, unlikely. At present the model can only be
validated at 14 NRM locations in the Netherlands with a distance between locations
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of at least some 25 km. A resolution of less than 25 km is therefore not functional.

The range of the area to be modelled is set by the effective distances over which

222Rn is transported during its lifetime. At average wind speeds of 4-5 m· s-1

(representative for the Netherlands) the effective distance travelled within one half

life (ca. 3.8 days) is some 1500 kilometres. Higher wind speeds do occur, usually

carrying marine air of a low 222Rn concentration. On the other hand, air masses

usually do not travel along a straight line but around low or high pressure areas. A

modelling area that extends to some 1250 km from the centre of the Netherlands

should therefore reasonably satisfy the condition of not missing any radon

transported to the country. However, the validity of this assumption remains to be
checked.

To simplify ca1culations we chose a square model area of 100 x 100 grid cells

Figure 8.2 Seleeted modelling area (100 X 100 eells), with the
Netherlands at the eentre. Grid eell size is 25 x25 km2.
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of 25 x25 km2 (see Figure 8.2), using a rectangular coordinate system

(stereographic Dutch RDM projection) to fit other geographic data. Dn the modelled

scale of Europe this coordinate system will give rise to some minor distortions at the

model boundaries, especially at the corners where the average surface area of a

model grid cell is somewhat larger (ca. 6%) than in geographic 'reality'.

8.3 Process description

Exhalation of 222Rn from SDi!

The major source of 222Rn in outdoor air is soil. Industry, e.g. phosphate

processing, contributes only locally and marginally to the outdoor concentration.

Exhalation from sea water is insignificant due to the low 226Ra content (the NCRP

[NCRP84] gives a value of 10-4 Bq·m-2·s-1 for the exhalation rate from the oceans).
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Figure 8.3 222Rn exhalation rates inferred from the European terrestrial

radiation map [Gr93] using sealing factors according to Table 8.1.
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The average exhalation rate from soil, weighted from measurements for various

soils, is estimated to be 0.016 Bq'm-2's-1 [Wi72], a value adopted by UNSCEAR

[UN93]. Primarily due to differences in 226Ra content, diffusion rates and emanation

factors, this exhalation rate varies between soils. Even variations in time occur as a

consequence of atmospheric pressure changes and wet deposition (see Chapter 4),

although the effect of these changes on the 222Rn concentration in surface air were

found negligible compared to changes through vertical mixing (Chapter 4). The fact

that on average SE winds transport air masses high in 222Rn concentration to the

Netherlands (Chapter 7), the spatial variation in exhalation rates between various

soils, even at distant sites, might be an important variabIe in determining this 222Rn

concentration. At present there is insufficient quantitative knowledge on this spatial

distribution in Europe; we therefore opt for another approach to this problem.

Green et al. [Gr93] produced an atlas of the natural radiation environment for

aU 12 countries belonging to the EC in 1993. One of the variables presented is the

absorbed dose rate in air due to terrestrial 'Y-radiation. As remarked in Chapter 4, a

significant part of the dose rate from terrestrial radiation is determined by
radionuc1ides from the 232Th and 238U series in soil, the latter again dominated by

214Bi and 214Pb, two decay produets of 222Rn. As a fiTst approximation, such a

terrestrial radiation map may therefore be converted to an effective 226Ra-in-soil

map (see Equation 4.15). Then, assuming an average diffusion rate and emanation

factor, this map may again be transformed in a 222Rn exhalation map (see Equation

4.10). In Chapter 7 a weak correlation was found between ambient dose rate due to

terrestrial radiation from soil and EEDC as measured by the NRM for wind-calm

periods. Using several exhalation rate measurements in the Netherlands, with an

average value of about 0.004 Bq'm-2's-1 [Ac88] and the dose rate according to

Green et al. [Gr93], the dose rate map was scaled to refkct the average exhalation

rates in regions of Europe (Figure 8.3). For countries where no terrestrial radiation

data were presented [Gr93], an average exhalation rate of 0.016 Bq'm-2's-1 was

adopted. See Table 8.1 for conversion. Two sealing factors are used to reffect the

difference between soil and rock formations. Because rocks, high in radium

concentration, usuaUy exhale relatively less radon than loose ground, the upper part

of the convers ion range is somewhat compressed. However, this feature is probably

of minor importanee to the radon modelling for the Netherlands.
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Table 8.1 Ranges of absorbed do se rate in air due to

terrestrial 'Yradiation in several EC countries [Gr93]
and an inferred exhalation rate of 222Rn

Horizontal transport

Dose rate in air
[Gr91 ]

nGY'h-1

< 30

30 - 40

40 - 50

50 - 60

60 - 70

70 - 80

> 80

other land

seawater

Exhalation rate
inferred

Bq'm-2's-1

0.0040

O.0080

0.0120

0.0160

0.0192

O.0224

O.0240

O.0 160

o

As a fi.rst approximation the horizontal transport is assumed to take place according

to the prevailing wind speed and direction at the grid-cell location in the mixing or

boundary layer. Due to diffusion and horizontal mixing, caused by destabilising

etfects in the atmosphere such as temperature changes, obstacles and wind speed,

lateral dispersion etfectively provides for a slow increase of the total area occupied

by the 222Rn released from the soil (see Figure 8.4). Horizontal transport and

dispersion are therefore represented by a combination of the grid-cell contents

shifting in the wind direction and an etfective dilution of these contents. The

combination is ca1culated for a grid cell with the indices i and j (in longitudinal and

latitudinal directions, respectively):
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CJt+,dt)

E Ak,l . Ck/t)
k,l

(dX +2 '0)2 {k = i-l,i,i+lwith l = j - 1,j ,j + 1
(8.1)

where the Ak,l eoefficients are the partial surtàee eontributions from the surrounding

eight eells and the eell itself that, after a modelled time step, overlap with the grid

eell designated by i,i and Ck,l' the eoneentration of 222Rn in those eells prior to a

modelled time step. The factor in the denominator represents the dilution taking

place due to the increase in ground surface of the shifted box from dX2 to (dX +
2ox)2, with dX the standard grid eell resolution and 0x the horizontal dispersion

eoefficient. An example of two of those overlaps are presented in Figure 8.4: (1)

eell i,i moves with the wind in a northeasterly direetion (upper half of the figure);

after one time step part (Ai) of the eell (about one-third) still overlaps with the
earlier eell i,i and therefore about one-third of the 222Rn present in the shifted eell is

attributed to eell i,i after the time step; (2) eell i-l,j-l located southwest of cell i,i is

also shifted to the northeast (lower half of the figure); of this eell only about one-

dX+2Gx
1

1---ï
1

1

1----------
1

1

A·
I,J

1

___ !... __ 1 9 rid
1 - 1- - - -

1 1

b):_-:
- 1- - - -

. I
1-.l,j-1

(a)

1

1 - -A '1- !... - - - 1- - i-1,J-
- - I

1 1

(b)

Figure 8.4 Radon in separate grid eèlls affeeted by aIr

transport, before (a) and after (b) a time step. Coneentration

in the new grid eell i,j is the sum of the overlaps of the
shifted grid eells.
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sixth (Ai-1,j-l) is moved to eell i,j after one time step.
At the boundaries of the model grid area, neighbouring non-existent eells are

represented by the nearest existing eell. For instanee, on the left side of the grid,

concentration CO,j (the non-existent eell left of boundary eell l,j) is set equal to the

concentration Cl,}" If air is transported from the boundary to the eentre of the grid,
the boundary eells will then be filled as if their neighbouring eells eontain the same

222Rn eoneentration. If 222Rn is transported aeross the boundary, it will be lost from

the model area. This concept benefits the eontinuity of radon concentrations at the

model boundary. However, the significanee of the model's results near the edges of
the modelled area is limited.

The direction in whieh the eontents of a grid eell are shifted is controlled by

wind speed and direction, both possible inputs for eaeh separate grid eell. For this

purpose the model is linked to the medium-range foreeast fields from the European

eentre for weather foreeasts at Reading, UK (ECMWF fields). These fields eontain

wind vectors (speed and direction) for a large part of Europe for both the 1000 hPa

and 850 hPa isobars, representative for the mixing and reservoir layers, respeetively.

The analysed and ealculated (three days in advanee) wind fields are first eonverted

to the same grid as that of the model. Beeause these ECMWF fields are distributed

for 600, 1200, 1800 and 2400 UT, we also use linear interpolation to produce wind

vectors for every grid eell and every hour of the model eycle.

From the ECMWF fields wind speeds up to 15 m's-l often oeeur in the

boundary layer, espeeially above the North Atlantic. At these high speeds 222Rn

would be shifted out of a grid eell within one hour, thereby invalidating the

ealculation method outlined above, whieh is after all geared to the nearest

neighbouring grid eells. To prevent this problem, a standard model time step is set

at half an hour. At even higher wind speeds modelled time steps may have to be
redueed further.

The short-lived deeay produets of 222Rn reaeh a level of almost the same

concentration as the parent nuclide in 30 minutes, i.e. the standard modelled time

step size. It is therefore not neeessary to ealculate transport of deeay produets to and

from other grid eells; they will be in almost seeular equilibrium.
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Vertical transport

CHAPTER 8

Vertical mixing processes are primarily restricted to the mixing or boundary layer,

hence its name. In fiTst approximation we assumed a homogeneous concentration of

222Rn with height in the mixing layer [Fu88]. During strong turbulence this may be

a good approximation. However, during weak turbulence or even stable conditions

(e.g. an invers ion) a concentration decrease with increasing height above ground will

develop. On the other hand, the short-lived decay products of 222Rn may be

deposited on the ground or obstacles like buildings and trees during strong turbulent

mixing, thereby creating a stronger disequilibrium with 222Rn with decreasing height

above ground and thus a reduction in EEDC, which is what is measured. During

stable conditions this disequilibrium will be less pronounced. At a height of 5 m, the

reference height for NRM FAG measurements, the 222Rn concentration will on

average (i.e. for average weather conditions) be about twice the concentration

ca1culated for a vertically homogeneous distribution over the mixing layer [Ge83].

As far as short-lived decay products of 222Rn are concemed, there already exists an

almost secular radioactive equilibrium at several metres above ground [Be79, P091].

Even during transition periods from weak to strong mixing conditions [Be79; Cu94;

P091], average equilibrium factors, Ep' of 0.5 -1 are found. This would indicate an
overestimation of EEDC by at most a factor of 2. At the 5-m height of the air in1et

of the a-detector at an NRM station a stronger disequilibrium between 222Rn and its

decay products is not expected. Typical values for Ep are in the order of 0.7,
resulting in a 40% overestimation of EEDC. Because of this relatively small

difference from unity, deposition and plate-out of 222Rn decay products are not

included in this fiTst approximation model and the short-lived decay products are

considered to be dispersed with 222Rn.

Concluding, the modelled 222Rn concentration will have to be multiplied by a

factor of 2 (to compensate for the existing gradient of 222Rn) and a factor (as

equilibrium factor) of 0.5 for strong turbulent mixing to 1 for stable weather to

estimate the EEDC, or at least to make comparison with the measured EEDC

possible.

Further, we assume that exchange of 222Rn between air from mixing and

reservoir layers only takes place during diumal variations of the mixing height

(invers ion height). This assumption, used in most air dispersion models, is
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reasonable. Due to the strong mixing of air in the reservoir layer the 222Rn

concentration there will be rather low compared to that at the ground surface (e.g.

[Li84], typically a factor of 10 lower). The exchange of 222Rn between the mixing

and reservoir layers therefore signifies an effective dilution of the concentration at

ground level (see Figure 8.5) in the morning, when the mixing height (the top of the

mixing layer) rises (see Figure 4.3). In the evening, when the mixing height comes

down during stabie weather conditions, the mixing volume above ground surface

becomes less. If the radon exhalation rate from the soil beneath remains constant,

this reduced volume will give rise to a higher 222Rn concentration than during the

day. During the night the concentration in the reservoir layer will again decrease due

to mixing processes in the higher atmosphere. The standard mixing heights applied

in the model are selected according to the appropriate Pasquill stability c1ass (A, B,

C, D, E or F) [Pa74]. This c1ass depends on variables such as c10ud cover, wind

speed, time of day and season (solar radiation) . Typical mixing heights during the

night are 200-500 m. During the day mixing heights between 500-1500 m develop,

summer values being higher than winter values, on average. The mixing heights are

selected for the BILTHOVEN [627] location for each hour of the model cyc1e, using

day evening night mornlng

reservoir

layer

- ""+-:ï - - -

.c:
C)
Q)
.c:
C)
c:
><

E

ground surface

Figure 8.5 Exchanges between the mixing and reservoir layers take place

during rise and faU of the mixing height.
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the specific meteorological data necessary following aselection scheme used in the

Netherlands [KC76] and derived from the theory by Pasquill. Then, because of

insufticient data for other locations, the selected mixing height is applied to the

entire model area. This approximation is likely to be rough, although it is used in

several intemationally known long-range transport models [Ap85; Ve92].

8.4 Results

As mentioned previously, the model was implemented in a Pascal computer

program. Using input files on actual wind fields (ECMWF), radon exhalation rates

from soil and dynamic mixing heights for the BILTHOVEN [627] location, the

model calculates the dispersion of radon in the mixing layer for a specified time

step. It produces a radon map for the entire modelled area for each model hour,

thereby making it possible to record a 'radon dispersion film'. By selecting only data

for a specified location from these hourly files, a concentration time-series may be

produced for this location.

Taking the weather sequences in January and July 1994, as presented in

Chapter 7 for station BILTHOVEN [627], the 222Rn concentration was calculated

using the model described. In Figure 8.6 the hourly modelled radon gas results are

compared to the hourly averaged EEDC of 222Rn as measured at this site. Several
remarks can be made.

The model c1early demonstrates a diumal variation during the period depicted

in July in accordance with the measured EEDC. This variation in itself is strongly

correlated ·with the period of increase and decrease in the mixing depth of the lower

atmosphere. However, the maximum concentrations from day to day are also

affected by the differences in wind speed and thereby in radon exhalation from soil.

In the week in January 1994 this diumal variation is masked. Because of relatively

high wind speeds and c10ud coverage the mixing height is relatively low in this week

(up to 500 m during the day and 200 m during the night). In spite of these low

values for the mixing height, the 222Rn concentration, and thus the EEDC measured

at BILTHOVEN, do not increase as much as during the period in July (note the

scale differences in Figure 8.6). Because of the high wind speeds (sometimes above

10 m·s-l in the mixing layer) the EEDC refiects the radon exhalation from soil
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elsewhere or even the radon-free marine air moving in from over the Atlantic.

However, there seems to be a small time discrepancy in the maximum radon

build-up, especially during the summer month (July) when the differences between

high and low concentrations are the most marked. This discrepancy is at least

partially caused by the mixing-height selection scheme used. This scheme sets the
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Figure 8.6 Measured (-) EEDC and modelled (--) 222Rn concentration at

BILTHOVEN [627] during a week in July (a) and January 1994 (b).
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moment of dawn at a specified time per season only, whereas this moment varies by

some two hours between the earliest and latest dawn (per season) in the Netherlands.

Furthermore, the background concentration of 222Rn, i.e. the lowest

concentration during the day, ca1culated using the model, underestimates the

measured EEDC in July, whereas it represents the measured EEDC during the winter

month (January) fairly weIl. This discrepancy is at least partially due to a more

pronounced vertical 222Rn gradient (see previous section) and indicates that the

assumption of a weIl-mixed boundary layer is likely to be invalid during the depicted

week in July. The 222Rn concentration is then underestimated, especially during the

day, when the mixing height quickly rises from 200 m or even less (for instance, for

an invers ion layer) to around 1500 m, whereas vertical mixing processes do not

decrease 222Rn concentrations that fast at the ground surface. Because of the rather

stabie weather during that week, the vertical mixing will not have been as strong as

B -3q .m

.6

5

4

3

2

1

_______Country
border

Figure 8.7 222Rn concentration as modelled for 2400 UT, 9 July 1994

during NW wind. BILTHOVEN [627] is in the centre with a

concentration of ca. 2 Bq·m-3.
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during the week in January, when the assumption of a weIl-mixed layer gives better

results. In this case the modeIled 222Rn concentrations are equal or larger than

measured EEDC by up to a factor of 2 as is expected (see section on Vertical

transport). The larger disequilibrium occurs during strong winds transporting air

masses from far away. Plate-out and deposition of progeny are then relatively high

compared with periods with calm weather.

The results presented in Figure 8.6 constitute just one time sequence out of one

week of hourly model grids across a large part of Europe. An example of these

results using the model to show 222Rn concentration in Europe for the late evening

of 9 Jul Y is presented in Figure 8.7. After comparing these results with the map

presenting the radon exhalation from soil (Figure 8.3), one similarity can be

observed. This similarity is for obvious reasons more pronounced if the wind speed

is low (see, for instance, the previous chapter), although this condition mayalso

produce high concentrations at locations with a relatively low exhalation rate (for

instance, the western part of Austria). The effects of low-radon marine air, with

calculated concentrations of less than 1 Bq·m-3 in large parts, are c1ear for the

United Kingdom and Denmark. These effects are even more pronounced during

strong west wind episodes in autumn and spring, when low EEDC values are

registered by the NRM.

Earlier in the description of the model, we assumed that a model grid of 2500 x2500

km2 would be large enough to not miss any radon in the centre of the model grid.

To check the validity of this assumption, several calculations were performed for

model areas with different radii around BILTHOVEN [627]. Calculations were

performed within the specified radius only, no radon exhalation from soil outside the

area was inc1uded. The results are shown in Figure 8.8 for the two periods of one

week presented in Figure 8.6. The figure shows the percentage of the calculated

radon concentration in Bilthoven originating from within a region with a certain

radius around Bilthoven. It is c1ear from this figure that, especiaIly during the week

in July, radon concentrations are sometimes locally determined (almost 100% from

within 50 km from Bilthoven) and sometimes, especiaIly during the week in January,

determined by radon exhalation in distant areas (500-1000 km from Bilthoven).

Even during stabie weather conditions (week in July, Monday through Wednesday) a

significant portion of the radon concentration ca1culated for Bilthoven originates
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from regions 50-200 km away. However, the entire model area is for the examples

ca1culated large enough to not miss out on any radon. Moreover, almast na
difference was ca1culated for a model radius of 1000 km and the actual distance of

1250 km from Bilthoven to the nearest edges of the square model grid. The
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Figure 8.8 Contribution of soil within a range of 50, 100, 200, 500 and 1000
km radius from BILTHOVEN [627] to the 222Rn concentration calculated for
this location.
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assumptions with the model may therefore be presumed reasonably valid.

8.5 Conclusions and discussion

An initial model approach was aimed at understanding the differences in EEDC as

measured at different NRM FAG locations in the Netherlands. Principal factors

incorporated in the model are wind speed and direction according to analysed

ECMWF fields produced by the European weather forecast centre in Reading and

exhalation of 222Rn from soil. This second factor is derived from a rather rough

European map of terrestrial radiation, assuming an almost linear dependence. Local

information on mixing height was derived for the BILTHOVEN [627] location and

set equal for the entire modelled area.

Taking into account that the model contains only a few basic processes, the

modelled concentrations of 222Rn can be said to be in reasonable agreement with

measured values of EEDC. The results indicate that the major processes have been

adequately modelled, at least for the location, BILTHOVEN [627]. As can be seen

further from Figure 8.7, the calculated 222Rn concentrations across the Netherlands

do not vary much. This feature is seen across the entire time-series. Location

specific conditions (mixing height, surroundings, built-up environment etc.) are

therefore probably important factors in determining the locally measured

concentrations of 222Rn and its short-lived decay products. A good example is

WIJNANDSRADE [133], where local deviations from the modelled values are seen,

especially during the summer months (see also Chapter 7).

The entire modelled area is large enough in most instances to not miss out any

radon in the center of the grid from outside the model area. During periods with

stable weather conditions, the radon or EEDC calculated for the BILTHOVEN [627]

location may even originate from local soils (within 50 km) only, a feature which

was already observed by Put and De Meijer [Pu88]. However, during episodes of

strong winds, for instance, in winter, a significant portion of measured radon may

have originated at locations 500-1000 km away.

As may be observed during stable weather periods, especially in summer, the

vertical mixing height may be as high as 1500 m, but (turbulent) vertical mixing is

rather slow compared with some wintertime conditions, when strong winds also
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indicate strong vertical mixing. The model assumption that 222Rn is weIl-mixed in

the mixing layer at aIl times is therefore not justified during stabie periods.

From the above it may be concluded that in further development of the model,

emphasis should be placed on a more dynamic description of vertical mixing of

222Rn and its decay products and more location-specific and time-dependent data

conceming mixing height and 222Rn exhalation. At a later stage this model mayalso

be combined with a computer model calculating the temporal and spatial variations

in ambient dose rate, yielding a fairly complete picture of the outdoor natural

radiation environment in our region.
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9 SUMMARY AND OUTLOOK

9.1 Introduction

RCGM SMETSERS - RO BLAAUBOER

The fortuitous discovery of natural radioactivity by Becquerel in early 1896,

prompted by the discovery of X-rays by Röntgen a few months earlier, soon led to

the notion that nature is a permanent source of ionising radiation. In spite of the

large number of technical applications of ionising radiation that have emerged in the

past century (e.g. medical applications, nuc1ear industry), nature is still the major
radiation source for humankind, albeit that the actual exposure of the population to

natural radiation is largely influenced by

social developments such as general

lifestyle and the construction of dwellings

(Chapter 3).

The accident at the Chernobyl

nuc1ear power plant on 26 April 1986 led
to the installation of the Dutch National

Radioactivity Monitoring network (NRM).

The NRM is designated as a watch-dog for

nuc1ear accidents, but also allows the

study of natura I radioactivity and radiation

levels in their most natural form, that is in

the outdoor environment, where the

disturbance due to human activities is the

lowest.

The outcome of the study presented here, which is restricted to the exposure

pathways of external irradiation and inhalation, provides a representative picture of

the natural background radiation in the Netherlands and its variations in space and

time. While previous studies yielded primarily time-averaged or momentary data, the

emphasis is here on the examination of dynamic processes. A comprehensive data

analysis combined with the development of a number of models has resulted in a

new level of detail in the existing knowledge on these matters.
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9.2 Instrumentation

CHAPTER 9

Most data used to examine the natural background radiation and reveal the influence

of the various processes responsible for the dynamics of this radiation were obtained
from the NRM. Data on the external dose rate were collected at 58 locations (grid

size - 25 km, see Figure 5.1), yielding over 15 million recordings (10 min.

averages) over the period 1990-1995. On 14 locations (grid size - 50 km) the

airborne radioactivity was monitored every 10 min. as weIl, yielding approximately

3 million pieces of data-bearing information on the occurrence of natural 222Rn

progeny in outdoor air. Since the NRM was basically developed for the management

of nuclear emergencies, it first had to be proven that the NRM data were suitable for

examining the relatively small variations in environmental background levels.

It appeared that NRM measurements of the long-range ionising radiation intensity

can be expressed in terms of ambient dose-equivalent rate, ft (10), recommended

today to determine the dose rate due to external irradiation (Chapter 2). The

stochastic scattering of data due to differences between various instruments and long

term drift is limited to 2 % (2a), making NRM dose rate data indeed suited for our

purpose (Chapter 5). The results of a field intercomparison between the NRM do se

rate meters and a Reuter Stokes high-pressure ionisation chamber (the 'de facto'

reference instrument for environmental radiation detection) not only enabled us to

correct for systematic errors but also to incorporate the spatial data from the 'free

field' SAWORA survey (conducted in the early eighties) into this study.

The equilibrium-equivalent decay product concentration of 222Rn, EEDC is a direct

measure of the potential a-energy of inhaled decay products of 222Rn, making it an

important parameter in expressing the risk of 222Rn progeny (Chapter 2). Gross-a

activity concentrations recorded by the moving-tape air samplers at 14 principal

NRM sites were shown to be proportional to the EEDC (Chapter 5). A low detection

limit and a fast response makes this instrument suitable to examining the dynamics

in outdoor concentrations of 222Rn progeny. The total (relative) uncertainty (2a) in
the measurement is estimated in the order of 20-25 %.
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9.3 Data analysis

lnhalation: EEDC

RCGM SMETSERS - RO BLAAUBOER

Compared to most other (e.g. continental) countries the average outdoor EEDC level

of 1.5 Bq·m-3 in the Netherlands is comparatively low. The EEDC is the outcome of

a number of complex processes, inc1uding the emanation of 222Rn in soil and the

exhalation from the soil surface to the atmosphere, the vertical and horizontal

transport of 222Rn, the radioactive decay of 222Rn and its short-lived decay products,

the attachment of decay products to aerosols and the deposition and plate-out of

attached and unattached decay products (Chapter 4). Apart from radioactive decay,

all these processes are highly atfected by a variety of environmental parameters.

Therefore, time-series of outdoor EEDC show capricious pattems covering a range

from virtually zero up to 50 Bq ·m-3. The latter value is, however, exceptionally

high. The probability of large recordings decreases in first approximation

exponentially with increasing value (Chapters 6 and 7) and only some 5 % of aU

recordings exceeds a level of 5 Bq·m-3 EEDC.

The statistical analysis of a large number of EEDC data obtained from the

NRM yielded several correlations between the EEDC and other parameters, and

revealed a number of remarkable pattems (Chapter 7). First, the concentration of

222Rn (progeny) depends highly on wind speed and direction. The EEDC observed at

ground level decreases on average with increasing wind speed due to stronger

vertical mixing. Vertical mixing is also believed to be the dominant factor explaining

why the EEDC is on average some 30-50% lower during rainfaU (Chapter 7),

whereas the rainout of airborne activity due to capture of aerosols by faUing

raindrops is thought to be insignificant (Chapter 4). EEDCs recorded at low wind

speeds reflect the characteristics of the local environment. For instance, one might

expect the amount of locaUy produced 222Rn (progeny) to correlate with the

concentration of 226Ra in soil, and therefore to the terrestrial do se rate (Chapters 4,

6 and 7). A correlation between the time-averaged EEDC and the terrestrial dose
rate was indeed found for wind-calm circumstances whereas this correlation is absent

when aU wind speeds are considered (Chapter 7). When stabie atmospheric

conditions are accompanied by temperature inversion near the earth's surf ace the

EEDC at ground level is further increased. Etfects of atmospheric inversion are most
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obvious in the summer during nighttime, leading to significant diumal variations in

ground level EED Cs; typical night maximum and day minimum ratios range from 2

to 6 during summer, depending on location (Chapter 7).
In the Netherlands the direction of the wind is the most important indicator of

the origin of air masses, which can be divided in marine air poor of 222Rn (progeny)

and continental air bearing higher 222Rn concentrations. EED Cs were indeed shown

to be highly dependent on wind direction. This observation and the fact that

prevailing wind directions vary throughout the season explains most of the observed

seasonal variation in EEDC, highest in November (Chapter 7).

The corre1ation between EEDC and atmospheric pressure is virtually absent,

but an obvious correlation was found when data are restricted to those obtained

during southeastem winds. This observation is partly explained by the fact that the

atmospheric pressure is an indicator for the origin of the air masses and partly

because high air pressure correlates with low wind speed, favouring higher than

normal EEDCs at ground level (Chapter 7). Finally, the EEDC was found to

increase quadratically with humidity (Chapter 7), possibly due to an increased

attachment probability and, consequently, a lower deposition probability of the decay

products (Chapters 4 and 5).

External radiation: ft (10)

The EEDC is not only an appropriate quantity to express the inhalation dose from

222Rn progeny, but is also the dominant radiological parameter to explain variations

in the ambient dose rate. This is due to the coincidence of EEDC being a good

measure for the airborne concentrations of the 'Y-emitting 222Rn daughters, 214Pb and

214Bi, in almost all environmental circumstances (e.g. Figure 5.14). These two

radionuclides are responsible for virtually all the naturally occurring temporal

variations in the ambient dose rate, except for the varying contribution of secondary

cosmic rays (Chapters 4 and 6).

The ambient dose rate in the Netherlands, averaged over space and time, measures

approximately 80 nSv·h-1. This dose rate arises almost completely from equal

contributions of terrestrial and secondary cosmogenic radiation. Contrary to the

cosmogenic do se rate of -40 nSv'h-1, whose site dependence can be ignored in the

220



SUMMARY AND OUTLOOK RCGM SMETSERS - RO BLAAUBOER

Netherlands, the terrestrial dose rate depends on location (e.g. soil type) and is

found in the range 15-75 nSv·h-1. A Geographical Infonnation System was used to

quantify the relation between soil type and terrestrial dose rate, yielding a detailed

terrestrial radiation map based on an existing soil map. The results can be used to

construct a detailed terrestrial radiation map for a large part of northwestem Europe

based on soil properties.

Fluctuations in the 222Rn profile in the topsoil cause the terrestrial do se rate to

drift around the location-dependent average value, but these fiuctuations were found

to vary within a fairly small range of ± 2 nSv'h-1 (2a) (Chapter 6). The complex

underlying mechanisms (Chapter 4) were not examined experimentaIly. However,

with the knowledge on dose rate variations (Chapter 6) and tools (e. g. Soil_ Rad,

Chapter 4) obtained from this study this topic may be the subject of a future

research project. Such a study should be perfonned under 'free-field' conditions (i.e.

not disturbed by building materiais), making variations in the terrestrial dose rate
more manifest.

Most of the remainder of the dose rate in the Netherlands originates from

secondary cosmogenic radiation. Variations in air pressure cause the actual

contribution to fiuctuate around a time-averaged level of approximately 40 nSv' h-1;

the distribution of this variation is fairly nonnal due to the (opposite) linear

relationship found between air pressure and cosmogenic dose rate, and the fact that

air pressure data are weIl approximated by a nonnal distribution (Chapter 6).

Gamma radiation from airborne and deposited short-lived decay products of

222Rn contribute less than 2 % of the annual averaged dose rate, but may

occasionally cause significant short-tenn fiuctuations. In both cases the probability of

a contribution decreases exponentially with increasing dose rate. The dose rate due

to airborne 222Rn progeny can be approximated by a linear relationship (Chapter 6).

However, atmospheric inversion (Chapters 4 and 7) leading to higher than nonnal

EEDC concentrations near ground level and rapidly decreasing concentrations with

increasing height may sometimes disturb this linear relationship.

The washout of 222Rn progeny, responsible for the largest variations in the

natura 1 background, is described by a process involving the decay and ingrowth of

short-lived decay products of 222Rn after being deposited on the ground surface by

precipitation. Coefficients converting the (nuclide-specific) surface activity to

ambient dose rate were obtained from the dose rate model Soil_Rad (Chapter 4).
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The uncertainty in the ca1culated dose rates due to rainfall is dominated by the

uncertainty in the specific activities of 222Rn progeny in rain water. Estimates of the

latter were made on the basis of EED Cs measured at ground level. A linear 'washout

factor' approach, generally practised to estimate the activity of fall-out products in

precipitation, was found to be invalid in the case of 222Rn progeny, especially when

higher than normal EEDC levels are present. The discrepancy between ca1culations

and observations is explained by the fact that high EEDCs at ground level are often

associated with a non-homogeneous vertical profile of 222Rn in air as a result of

atmospheric temperature inversion (Chapters 4 and 7). Using an empirical

relationship based on the assumption that the specific activity of 222Rn progeny in

rain water is proportional to the square root of the EEDC yielded results which are

in better agreement with the observations (Chapter 6).

9.4 Modelling results

Ambient dose rate

Variations in the ambient do se rate can be modelled on the basis of four parameters,

one fairly constant but location-dependent background value and three time-variable

(local) parameters (Chapter 6). The background value at a given site includes the

(time-averaged) terrestrial dose rate. When the concentrations and distributions of

the various radionuclides contained in the surrounding soil are known, the terrestrial

do se rate can be ca1culated using the dose rate model Soil_ Rad (Chapter 4).

Altematively, 'free-field' terrestrial dose rates can be estimated on the basis of

general soil characteristics, using conversion coefficients as presented in Chapter 6.

The time-variable parameters, atmospheric pressure, precipitation rate and EEDC are

readily available (the EEDC since the NRM came into operation). The uncertainty in

the ca1culated results depends on the specific environmental circumstances, but can

be estimated fairly precisely. Based on these results, a compensation method for the

natural radiation background was developed that can be used to identify unusual

events (Chapter 6). Two examples of the power of this technique are illustrated in

Figures 9.1 and 9.2. In one case (Figure 9.1) ambient dose rate is repeatedly

elevated due to human interference; in the other, the (cosmogenic) do se rate
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decreased for a number of months due to a rare natura 1 phenomenon caused by solar

activities (Figure 9.2 shows only the beginning of this event). Both data series

contain recordings deviating by some 5 nSv' h-1 from the expected value. However,

these deviations were not recognized as unusual at the time of recording, in 1991,

because they fell in the range of common natural dose rate variations of about 100

nSv·h-1. It is obvious that such events will no longer be missed when applying the

proposed ' compensation method' .
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Figure 9.1 (A) Comparison of measured ambient dose rates and ca1culated best estimates

(note the shifted vertical axes), and (B), residuals (black line), i.e. measured minus

ca1culated values and 'weighted-square residuals' (scatter) (Equation (6.15». Human-induced

spikes of about 5 nSv·h-1 (arrows), only manifested during office hours, are attributed to the

use of astrong ')'-source at or near the RIVM premises. The dip around 25 March is due to

a sa lar event similar to the one presented in Figure 9.2, but on a much smaller scale.
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Figure 9.2 Comparison of measured and ca1culated ambient dose rates; (A) time-variable

input data, (B) measured data (black line) and ca1culated uncertainty range (white area), and

(C), residuals (black line) and 'weighted-square residuals' (scatter) (Equation (6.15». By the

end of May measured data started to decrease due to a deflectionof the earth'smagnetic

field, hindering galactic cosmic rays entering the atmosphere. This decrease in the

(cosmogenic) dose rate at ground level, noticed at aU the NRM locations, lasted for a

number of months (see Figure 6.9).
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In retrospect, the usefulness of this technique may be demonstrated from the

data collected at the RIVM premises at the time of the Chemobyl accident

[CCRX86]. NRM equipment for the measurement of airborne radioactivity, if it had

been installed at the time, would have produced an automatic warning on 2 May

1986, when the artificial gross-,B-activity concentration in air rose rapidly to weIl

above the waming level of 2 Bq·m3. A dose rate alarm would only be given two

days later when rainfall caused the dose rate to exceed the 162 nSv·h-1 waming level

due to the increased fall-out of 'Y-emitting radionuclides (Figure 9.3). Using the

compensation method for the natural ambient dose rate, elevated dose rate data

would have been identified on 2 May 1986, at the same time or even before the

artificial ,B-warning would have been produced.

This technique makes use of precipitation data which are highly location

dependent. When applying the proposed method it is advised to install automatic rain

gauges at the site where the radiological measurements are carried out.
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Figure 9.3 Elevated external radiation levels shortly after the Chernobyl

accident expressed in ambient dose rate. Data, recorded at irregular time

intervals with a Reuter Stokes high-pressure ionisation chamber, are compared

with the warning level of 162 nSv'h-1 (equivalent to 15 p.Rh-1) as applied in the
NRM since March 1990.
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Outdoor concentrations of 222Rn

CHAPTER 9

Variations in the ambient dose rate are explained by local parameters, making the

dose-rate modelling a comparatively easy job. Airborne concentrations of 222Rn and

its progeny (EEDC), on the other hand, are influenced by a variety of non-Iocal

processes, inc1uding the exhalation of 222Rn in remote areas and the dispersion of

222Rn over considerable distances (Chapter 4). To gain more insight in the impact of

each of these processes a dynamic model was developed to ca1culate the time

variabie concentration of outdoor 222Rn using various soil and meteorological

parameters as input (Chapter 8). Most of Western Europe (over 3 million km2 of

soil) was taken into account as a source area for exhaled 222Rn using a grid of
25 x25 km2. Because data on the exhalation rate are not available, values for each

grid cell were derived from absorbed dose rates in air as published in the literature.

Ca1culations with this 222Rn dispersion model show that weather conditions strongly
affect the relative influence of local and remote areas on the concentration of 222Rn

(progeny); under stabie atmospheric conditions over 95 % of the 222Rn present on a

spot may originate from soil within a radius of 50 km from the target site, while on

other, more turbulent, occasions some 60 % of the 222Rn present may have been

exhaled at distances more than 500 km away.

Although the present version of this model contains only a few basic processes, the

ea1culated results of outdoor 222Rn concentrations are in fairly good agreement with

EEDC data measured by the NRM (see Figures 9.4 and 8.6). Nevertheless, there is

room for further improvement. First, the input data ean be improved, especially for

the exhalation rate and the vertical mixing height in eaeh grid eell. Neither

parameter is readily available and simplified values are derived from other data.

Seeondly, the model itself ean be extended; for instanee, the proeesses of attaehment

and deposition of the short-lived deeay produets ean be inc1uded. This is a

straightforward task but here we will again meet the problem of finding the

appropriate parameter values for adynamie assessment of the amount of attaehment,

deposition and vertieal mixing of these non-gaseous deeay produets (Chapters 4, 5

and 8). Appropriate values ean only be derived from other environmental

parameters; however, mueh of the required knowledge is stilliaeking.
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A further elaboration on this model, combined with a validation using NRM

data, may support a future study in this field. This approach will require

simultaneous measurements of both 222Rn and EEDC, yielding the time-variable

equilibrium factor, Ep. Time-resolved 222Rn monitors should be capable of following
the comparatively low 222Rn concentrations in the outdoor air. Such data may, for

instance, be obtained from a quasi-continuous 222Rn monitor, as developed by

KVIIRUG (see Figure 5.18) but preferably with a much increased air volume to

lower the influence of counting statistics.

The value of a model can only be assessed by comparing ca1culated results

with independent data, for instance, data obtained through measurements. In general,

validation is a key element in the development and application of (environmental)

mode Is. However, depending on the kind of models considered, validation may be a

demanding, if not impossible job. In the case of models describing the dispersion of

contaminants through the atmosphere one will require a complex and costly

experimental set-up and a rigorous organisation, for instance, as exercised in the
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Figure 9.4 Measured (-) EEDC and modelled (--) 222Rn concentration at

VLAARDINGEN [433] during a week in November, 1995. The large
discrepancy between model and measurement results during the Friday is

probably caused by strong vertical mixing accompanying the rainfall (sometimes

with thunder) throughout this day, resulting in a low EEDC.
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European Tracer Experiment (ETEX) recently conducted [KPP]. Despite aU previous

efforts, such validation experiments yield only a limited data set, covering but a few

environmental circumstances. On the other hand, a combination of models and

measurements of the kind presented here using 222Rn as a natural tracer gas offers

the opportunity to study aU kinds of complex meteorological processes, inc1uding

vertical mixing, enabling proper validation of the modeUing results.

The exhalation of 222Rn gas is a continuous process taking place over wide

areas of soil. It may therefore be interesting to compare the atmospheric dispersion

of natura 1 222Rn with the behaviour of man-made air poUutants emitted from

extended sources at ground level. An important substance in this category is

tropospheric ozone, resulting from emissions of volatile organic compounds and

nitrogen oxides. It is weU known that temperature inversion in the atmosphere may

lead to increased concentrations of tropospheric ozone due to insufficient vertical

mixing [EEA95]. The underlying process responsible for this so-caUed summer smog

has many similarities with the one leading to the occasional build-up of 222Rn at

ground level, as described in this thesis. The study of the transfer of airbome

substances between the various atmospheric layers may inc1ude the dispersion of

7Be. This cosmogenic radionuc1ide is continuously formed in the upper atmosphere

due to the interaction of cosmic partic1es with air atoms. Whereas 222Rn can be used

as a natural tracer entering the atmosphere at ground level, 7Be can be used to study

the transfer of substances from the upper atmosphere downwards to the earth.

FinaUy, we advise extending the validation of the presented 222Rn dispersion

model to areas outside the Netherlands, although time-resolved monitoring data of

outdoor 222Rn are scarce. For some areas (e.g. Germany) use could be made of

EEDC data comparable to the NRM data coUected in the Netherlands. Otherwise,

estimates of 222Rn progeny in air could be made by analysing the temporal

variations in measured dose rate data (Chapter 6). As such data are widely available

in Europe, this may yield time-resolved radon maps with a fairly high spatial
resolution.
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APPENDIX 1: Soil Rad input data

RO BLAAUBOER - RCGM SMETSERS

Values for several of the parameters as applied in the dose rate ca1culations for

radioactivity in soil and on the soil surface, as weIl as in the computer program

Soil_ Rad [Bl95 and Chapter 4] are given bel ow.

Energy Mass energy (en) and linear

attenuation (a,s) coefficients

air soil

Buildup coefficients

soil3}

/ (keV) Cs Ds

10

15

20

30

40

50

60

80

100

150

200

300

400

500

600

800

1000

1500

2000

3000

4000

5000

6000

8000

10000

0.55

0.15

0.061

0.018

0.0079

0.0048

0.0036

0.0029

0.0028

0.0030

0.0032

0.0034

0.0035

0.0035

0.0035

0.0034

0.0033

0.0030

0.0028

0.0024

0.0022

0.0021

0.0020

0.0018

0.0017

0.59

0.18

0.089

0.042

0.029

0.025

0.022

0.020

0.018

0.016

0.015

0.013

0.011

0.010

0.010

0.0084

0.0076

0.0062

0.0053

0.0043

0.0037

0.0033

0.003

0.0027

0.0024

3444

1075

468

154

76

49

37

28

24

19

17

15

13

12

11

10

9

7.2

6.2

5.1

4.4

4.0

3.8

3.4

3.2

0.033

0.13

0.33

1.1

2.3

3.5

4.2

4.5

4.2

3.3

2.7

2.2

1.9

1.7

1.5

1.3

1.2

1.0

0.84

0.69

0.60

0.55

0.51

0.46

0.43

-0.068

-0.069

-0.061

-0.023

0.023

0.074

0.11

0.15

0.17

0.18

0.17

0.14

0.13

0.11

0.095

0.075

0.060

0.037

0.024

0.01

0.0032

-0.0012

-0.0029

-0.0035

-0.0033

8.3 -0.14

0.97 -0.18

0.46 -0.20

0.24 -0.098

0.39 -0.094

0.62 -0.068

0.94 -0.040

1.5 -0.0099

1.9 0.020

2.1 0.051

2.1 -0.0013

1.9 0.069

1.7 0.062

1.6 0.056

1.5 0.050

1.3 0.040

1.2 0.032

0.98 0.017

0.85 0.0093

0.70 0.00043

0.59 -0.0034

0.51 -0.010

0.46 -0.0079

0.38 -0.012

0.31 -0.010

0.010

0.27

0.60

1.1

1.47

1.67

1.74

1.72

1.65

1.49

1.4

1.31

1.26

1.23

1.21

1.19

1.17

1.15

1.14

1.13

1.12

1.11

1.11

1.11

1.1

1) Kocher [K081]

2) B1atz [B159]; values are for concrete, with density corrected for a soH density of 1400 kg·m-3.

3) Obtained from the data tabu1ated by Kocher and Sjoreen [K085] by 1inear regression; data has

been rounded off to two significant figures.

4) ICRU [ICRU93]
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APPENDIX 2: Soil types and dose rate

RO BLAAUBOER - RCGM SMETSERS

In Chapter 6 the ambient dose rate due to terrestrial radiation ia correlated with soil

type. The soil typing used is taken from the the soil map 1:250.000 of the

Netherlands [StI85; St85]. This map is a generalised soil map compiled from a more

detailed 1:50.000 soil map. This generalised map is used in this study because of the

number of outdoor dose rate measurements (about 1000) available from the

SAWORA programme [Do84; Do85] and the number of soil classes present in the

soil map. Even at this generalised level more than 100 soil types have not been

sampled during the SAWORA survey by a dose rate measurement and thus no

experimentally found dose rate may be assigned. These soil types are often subtypes

or at least similar to the about 150 that were sampled. In the table below the dose

rates above these soil types have therefore been set equal to the dose rates measured

above one of the better known soil types.

Table AZ.l Soiltyping according to a generalised soil map (1:250.000) of the
Netherlands [StI85; St85] and dose rates above these soils (average, one
standard deviation and total number of measurements in the SAWORA

programme [D084; D085]). Dose rate measurements are corrected for cosmic
dose rates (see Chapter 6).

set equal to A4

set equal to intermediate value of A4 and A8

set equal to intermediate value of A4 and A8

continued

Terrestrial do se rate3

No.l
Soil typing2Average St.dev. No.Soil description2

Al

23.925.3[3 Severa[ associations

a

AlO 54.87 Severa[ associations

2

AlO-F 54.87[3.[8 2Severa[ associations

3

Al [-F 62.633.273 Severa[ associations

4

Al2 67.90[Several associations

a

A13 67.90 Severa[ associations

5

A2 29.54[Severa[ associations

6

A3 26.825.00[5Severa[ associations

7

A3-F 29.57[Several associations

8

A3x 27.[04.63[6Severa[ associations

9

A4 27.[56.4[9 Severa[ associations

a

A4x 27.[5 Several associations

a

A5 30.00 Several associations

a

A5-F 30.00 Several associations Interpretation of estimated dose rates of soil types not

sampled during the SAWORA survey

set equal to A 10-F

set equal to A [2
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Terrestrial do se rate3 Interpretation of estimated do se rates of soil types not
No.!

Soil typing2Average St.dev. No.Soil description2sampled during the SAWORA survey

10

A6 58.181Several associations

a

A7 30.00 Several associationsset equal to intermediate value of A4 and A8

11

A8 30.602.525 Several associations

a

A8x 30.60 Several associationsset equal to A8

12

A9 55.557.762 Several associations

a

A9-F 55.55 Several associationsset equal to A9

13

Afgeg 38.871Cut soil

a

bA9 55.55 Several associationsset equal to A9

a

beM2 46.26 Crowny estuarine sea clay set equal to M2

14

beM4 59.811Crowny estuarine sea clay

a

beM5 59.02 Crowny estuarine sea clay set equal to eM5

a

beM9 54.86 Crowny estuarine sea clay set equal to M9

a

bM3 47 Sea clayset equal to M3

15

bM4 41.151Sea clay

a

bM4x 41.15 Sea clayset equal to bM4

a

bM9 54.86 Sea clayset equal to M9

a

bRl 61.79 River clayset equal to bRI-A

16

bRI-A 61.798.184 River clay

17

bRIO 63.521River clay

a

bR2 61.21 River clayset equal to R2

18

bR3 58.3511.42 4River clay

a

bRS 59.29 River clayset equal to R5

a

bR6 33.41 River clayset equal to R6

a

bR8 58.85 River clayset equal to R8

a

bR9 54.19 River clayset equal to R9

a

bV6 25.65 Peat soilsset equal to V6

19

bZ2 30.522.232 Sandy soils low in lime

a

bZ2n 30.52 Sandy soils low in limeset equal to bZ2

20

bZ3 30.466.959 Sandy soils low in lime
a

bZ3/Z4 31.6 Sandy soils low in limeset equal to ave rage of bZ3 and Z4

a

bZ3n 30.46 Sandy soils low in limeset equal to bZ3

21

dL3 67.321Loamy soils low in lime

22

dL4 73.301Loamy soils 10w in lime

a

eMIO 56.18 Estuarine sea clayset equal to MlO

23

eMll 65.3712.83 4Estuarine sea clay

24

eM11v 44.001Estuarine sea clay

25

eM13 63.711Estuarine sea clay
26

eM18 55.071Estuarine sea clay

a

eM2 57 Estuarine sea clayset equal to intermediate value of eM18 and eM22

a

eM22 57.63 Estuarine sea clayset equal to M22

27

eM5 59.026.152 Estuarine sea clay

a

eM6 65 Estuarine sea clayset equal to intermediate value of eM5 and eM7

28

eM7 71.194.582 Estuarine sea clay
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29

eM8 62.876.822 Estuarine sea clay

a

eM8v 62.87 Estuarine sea clayset equal to eM8

a

KI 25.22 Old clayey soilsset equal to K2

30

K2 25.22IOld clayey soils

a

K2g 25.22 Old clayey soilsset equal to K2

31

K3 42.6314.34 4Old clayey soils

32

K3g 47.841.072 Old clayey soils

a

K4 50.00 Old clayey soilsset equal to intermediate value of K4 and K5

33

K5 69.06IOld clayey soils

34

K6 47.851Old clayey soils

a

Ll 65.33 Loamy soils low in limeset equal to L2

a

Llg 65.33 Loamy soils low in limeset equal to L2

35

L2 65.3311.38 10Loamy soils low in lime

a

L2g 65.33 Loamy soils low in limeset equal to L2

a

L3 67.32 Loamy soils low in limeset equal to dL3

a

L3g 67.32 Loamy soils low in limeset equal to dL3

36

L4 33.84ILoamy soils low in lime

37

L4g 59.26ILoamy soils low in lime

a

L5g 59.26 Loamy soils low in limeset equal to L4g

38

MI 55.29ISea clay

a

MI-F 52.70 Sea clayset equal to ave rage of MI and MI-F/MIO-F

39

MI-F/MIO-F 50.10 ISea clay

a

MI-F/M2-F50.10 Sea clayset equal to MI-F/MIO-F, is also rather similar to

M2-F/MIO-Fa

MlIM2 50.78 Sea clayset equal to ave rage of MI and M2

40

MlO 56.186.5330Sea clay

41

MIO-F 52.907.084 Sea clay

a

MlOv 56.18 Sea clayset equal to MlO

42

Mil 56.667.0533Sea clay

43

Mll-F 52.261Sea clay

a

Mllv 56.66 Sea clayset equal to Mil

44

MI2 55.564.773 Sea clay

45

MI3 59.034.945 Sea clay

46

MB/M2067.311.673 Sea clay

a

MI3v 59.03 Sea clayset equal to MI3

47

MI4 38.829.337 Sea clay

a

MI4-A 38.82 Sea clayset equal to MI4

48

MI5 44.22ISea clay

a

MI5-A 44.22 Sea clayset equal to M 15

49

M15/M1652.821Sea clay

50

MI6 56.737.5910Sea clay

51

MI6-A 54.67ISea clay

52

MI6-F 53.11ISea clay
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53

M17 41.700.642 Sea clay

54

MI8 52.2811.82 15Sea clay

55

M18-F 58.932.733 Sea clay

56

MI9 53.1713.38 8Sea clay

a

M1v 55.29 Sea clayset equal to MI

57

M2 46.261.212 Sea clay

58

M2-F/M10-F 49.034.093 Sea clay

59

M20 57.377.3216Sea clay

a

M20-A 57.37 Sea clayset equal to M20

a

M21 57.37 Sea clayset equal to M20

a

M21-F 57.37 Sea clayset equal to M20

60

M22 57.636.3017Sea clay

61

M23 40.423.933 Sea clay

a

M23-F 40.42 Sea clayset equal to M23

a

M3 47.00 Sea clayintermediate value of M2 and M6

a

M4 47.00 Sea clayintermediate value of M2 and M6

a

M5 47.00 Sea clayintermediate value of M2 and M6

62

M6 48.070.693 Sea clay

63

M7 49.119.6319Sea clay

64

M7-F 43.154.212 Sea clay

a

M7/M13 54.07 Sea clayset equal to ave rage of M7 and M13

a

M7v 49.11 Sea clayset equal to M7

65

M8 52.637.4347Sea clay

a

M8-A 152.63 Sea clayset equal to M8

a

M8-F 52.63 Sea clayset equal to M8

66

M8v 54.3811.67 2Sea clay

67

M9 54.861Sea clay

a

M9-A 54.86 Sea clayset equal to M9

a

M9-F 54.86 Sea clayset equal to M9

a

mRl 56.48 River clay with sta nes inset equal to Rl

top soila

mR3 64.54 River clay with stones inset equal to R3

top soila

mR4-A 60 River clay with stones inset equal to R4

top soil68

mR5 65.14IRiver clay with stones in

top soila

mR7 60.22 River clay with stones inset equal to R7

top soil69

NG 42.0011.64 53Flooded soils

70

Opgeh 50.0918.84 2Raised grounds

a

RI 56.48 River clayset equal to RI-A

71

R1-A 56.482.912 River clay
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72

RIO 57.016.656 River clay

73

R2 61.211River clay

74

R3 64.549.3523River clay

a

R3g 64.54 River clayset equal to R3

a

R4 60.00 River clayset equal to intermediate value of R3 and R5

a

R4-A 60.00 River clayset equal 10 intermediate value of R3 and R5

75

R5 59.2910.76 16River clay

76

R6 33.414.714 River clay

a

R6-A 33.41 River clayset equal to R6

77

R7 60.229.3312River clay

78

R8 58.8513.60 3River clay

a

R8-A 58.85 River clayset equal to R8

79

R9 54.199.992 River clay

a

SI 30.00 Calciferous soils low inset equal to typical value for sandy soils

clay fraction and calci- ferous sandy soilsa

52 30.00 Calciferous soils low inset equal 10 typical value for sandy soils

clay fraction and calci- ferous sandy soils80

VI 36.955.176 Peaty soils

81

VlO 38.276.6910Peaty soils

82

VII 43.9813.48 8Peaty soils

a

Vl1-F 43.98 Peaty soilsset equal to VII

a

VIIIV14 35.82 Peaty soilsset equal to ave rage of VII and VI4

83

VI2 40.3011.11 8Peaty soils

a

V12g 40.30 Peaty soilsset equal 10 V12

a

V12x 40.30 Peaty soilsset equal to VI2

84

V13 26.563.7715Peaty soils

a

V13-F 26.56 Peaty soilsset equal to VI3

a

V 13/Z1126.21 Peaty soilsset equal to ave rage of VI3 and ZII

85

V13/Z8 29.685.105 Peaty soils

a

V13x 26.56 Peaty soilsset equal to V 13

86

V14 27.664.2315Peaty soils

a

VI4-F 27.66 Peaty soilsset equal to VI4

87

V14/Z20 32.331Peaty soils

a

V14/Z7 24.78 Peaty soilsset equal to ave rage of V14 and Z7

88

V14g 25.251Peaty soi1s

89

V15 34.940.823 Peaty soils

90

V2 28.057.466 Peaty soils

91

V3 34.1410.76 6Peaty soils

a

V4 27.00 Peaty soilsset equal to intermediate value of V3 .. V8 series

92

V5 24.675.738 Peaty soils

a

V51V13 25.62 Peaty soilsset equal to ave rage of V5 and VI3
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a

V5/Z8 25.75 Peaty soilsset equal to ave rage of V5 and Z8

a

V5x 24.67 Peaty soilsset equal to V5

93

V6 25.654.8319Peaty soils

94

V6/V14 26.802.292 Peaty soils

95

V6x 33.561Peaty soils

96

V7 25.556.572 Peaty soils

97

V8 32.715.574 Peaty soils

a

V8-A 32.71 Peaty soilsset equal to V8

a

V8/V14 30.19 Peaty soilsset equal to average of V8 and V14

98

V9 45.158.117 Peaty soils

99

W 0.000.009 Water for use in map this value was reset to 0

a

WM 0.00 Waterset equal to W

100

ZI 50.5511.46 2Sandy soils low in lime

101

Z10 36.719.293 Sandy soils low in lime

102

ZlOx 36.071.222 Sandy soils low in lime

103

ZII 25.854.0613Sandy soils low in lime

104

Zllg 28.741Sandy soils low in lime

105

Zllx 32.428.7413Sandy soils low in lime

106

Z12 25.685.0323Sandy soils low in lime

a

ZI2-F 25.68 Sandy soils low in limeset equal to Z 12

107

Z12g 30.303.152 Sandy soils low in lime

108

Z13 27.754.9213Sandy soils low in lime

109

Z14 35.614.167 Sandy soils low in lime

110

Z15 30.636.383 Sandy soils low in lime

111

Z16 30.297.0228Sandy soils low in lime

a

Z16g 30.29 Sandy soils low in limeset equal to Z 16

112

Z16x 34.023.983 Sandy soils low in lime

113

Z17 23.913.832 Sandy soils low in lime

114

ZI7g 36.71ISandy soils low in lime

a

Z17x 36.71 Sandy soils low in limeset equal to Z 17

115

ZI8 29.344.4828Sandy soils low in lime

a

Z18/Z26 30.03 Sandy soils low in limeset equal to ave rage of Z 18 and Z26

116

Z18g 29.221.992 Sandy soils low in lime

117

Z18x 29.084.507 Sandy soils low in lime

118

ZI9 26.348.125 Sandy soils low in lime

a

Z19x 26.34 Sandy soils low in limeset equal to Z 19

119

Z2 41.448.537 Sandy soils low in lime

a

Z2-F 41.44 Sandy soils low in limeset equal to Z2

a

Z2-H 41.44 Sandy soils low in limeset equal to Z2

120

Z20 29.075.0240Sandy soils low in lime

121

Z20-F 23.651Sandy soils low in lime

122

Z20/R4 26.26ISandy soils low in lime

123

Z20g 31.64ISandy soils low in lime
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a

Z20v 29.07 Sandy soils low in limeset equal to Z20

124

Z20x 30.234.954 Sandy soils low in lime

125

Z21 27.707.157 Sandy soils low in lime

a

Z21-A 27.70 Sandy soils low in limeset equal to Z21

126

Z21g 25.323.893 Sandy soils low in lime

a

Z21x 27.70 Sandy soils low in limeset equal to Z21

a

Z2Ix-A 27.70 Sandy soils low in limeset equal to Z21

127

Z22 21.59ISandy soils low in lime

128

Z23 24.983.254 Sandy soils low in lime

129

Z23g 24.08ISandy soils low in lime

a

Z23n 24.98 Sandy soils low in limeset equal to Z23

a

Z23x 24.98 Sandy soils low in limeset equal to Z23

130

Z24 35.084.744 Sandy soils low in lime

a

Z24x 35.08 Sandy soils low in limeset equal to Z24

131

Z25 27.026.353 Sandy soils low in lime

132

Z25n 14.901Sandy soils low in lime

133

Z26 30.727.619 Sandy soils low in lime

134

Z26g 34.032.642 Sandy soils low in lime

a

Z26x 30.72 Sandy soils low in limeset equal to Z26

135

Z27 29.346.1130Sandy soils low in lime

136

Z28 29.637.674 Sandy soils low in lime

a

Z2n 41.44 Sandy soils low in limeset equal to Z2

137

Z2v 48.591Sandy soils low in lime

138

Z3 35.596.894 Sandy soils low in lime

a

Z3-F 35.59 Sandy soils low in limeset equal to Z3

a

Z3-H 35.59 Sandy soils low in limeset equal to Z3

a

Z3/Z4 34.17 Sandy soils low in limeset equal to ave rage of Z3 and Z4

139

Z3n 32.561Sandy soils low in lime

140

Z4 32.745.089 Sandy soils low in lime

a

Z4/Z27 31.04 Sandy soils low in limeset equal to average of Z4 and Z27

141

Z5 33.168.377 Sandy soils low in lime

a

Z5g 33.16 Sandy soils low in limeset equal to Z5

a

Z5g/K3g 40.50 Sandy soils low in limeset equal to average of Z5 and K3g

142

Z6 28.572.526 Sandy soils low in lime

143

Z7 21.902.142 Sandy soils low in lime

a

Z7g 21.90 Sandy soils low in limeset equal to Z7

a

Z7x 21.90 Sandy soils low in limeset equal to Z7

144

Z8 26.824.6572Sandy soils low in lime

145

Z8-A 30.811Sandy soils low in lime

a

Z8-F 26.82 Sandy soils low in limeset equal to Z8

a

Z8/Z26 28.77 Sandy soils low in limeset equal to ave rage of Z8 and Z26

146

Z8g 25.094.5212Sandy soils low in lime

147

Z8x 32.9610.8117Sandy soils low in lime
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Terrestrial dose rate3

No.l Soi! typing2 Average St.dev. No. Soil description2

Interpretation of estimated do se rates of soi! types not

sampled during the SAWORA survey

148 Z8x-F

149 Z9

a Z9x

24.66

24.38

24.38

1

3.71 3
Sandy soils low in lime

Sandy soi!s low in lime

Sandy soils low in lime set equal to Z9

2

a: added; For this soil type no do se rate measurement was available. Dose rates have been estimated from other soil

types (see last column).

99: due to an inaccuracy in positioning 9 SAWORA locations correspond with water in the soil map; these data have

therefore not been used in further calculations

Soil type codes and descriptions are according to the genemlised soil map (1:250.000) of the Netherlands [StI85; St85].

Dose mtes are according to the SAWORA outdoor survey [D084; D085] for terrestrial radiation only, see Chapter 6.
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NEDERLANDSE SAMENVATTING

INLEIDING

SAMENVATTING

In het voorjaar van 1896 ontdekte Becquerel min of meer bij toeval dat uraniumerts

van nature een soort straling uitzendt die veel overeenkomsten vertoont met de

enkele maanden eerder ontdekte röntgenstraling. De ontdekkingen van ioniserende

straling en (natuurlijke) radioactiviteit zijn van grote betekenis geweest voor de

ontwikkelingen binnen de natuurkunde en de geneeskunde in de afgelopen 100 jaar.

De nieuw verkregen kennis leidde op termijn tot belangrijke technologische toepas

singen; vooral de atoombom en de kernreactor zijn bij de samenleving bekend. De

milieuverontreiniging, veroorzaakt door de honderden bovengrondse kernwapenex

plosies die 35 jaar geleden plaatsvonden en de lozingen en afvalprodukten van de

nucleaire industrie zorgden ervoor dat de aandacht lange tijd sterk gericht is geweest

op kunstmatige, d.w.z. door mensen gemaakte radioactiviteit. Het ongeval met de

kerncentrale in Tsjernobyl, op 26 april 1986, heeft dit nog versterkt.

De risico's van kunstmatige toepassing van straling en radioactiviteit verdienen

terecht aandacht, maar feit is dat natuurlijke bronnen (radon, met name) verreweg de

grootste bijdrage leveren aan de stralingsbelasting van de wereldbevolking. En in

veel landen, waaronder Nederland, geldt verder dat de (gemiddelde) stralingsbelas

ting door medische toepassingen vele malen groter is dan die afkomstig van alle

civiele en militaire toepassingen van kernenergie samen, inclusief de fall-out van de

kernwapenproeven en Tsjernobyl. De aandacht voor de verschillende stralings

bronnen zou, volgens ons, wel wat evenwichtiger mogen zijn dan soms het geval is.

Aandacht voor natuurlijke straling is niet alleen gerechtvaardigd vanwege het

dominante aandeel in de totale stralingsbelasting. In Nederland (en in veel andere

landen) worden strenge milieunormen gehanteerd. Het maximaal toelaatbare

stralingsniveau voor menselijk handelen is factoren lager dan de natuurlijke

stralingsachtergrond en vaak zelfs aanzienlijk lager dan de normale variaties hierin.

Om goed onderscheid te kunnen maken tussen (oncontroleerbare) vormen van

natuurlijke straling en een eventuele extra stralingsbijdrage ten gevolge van mense

lijk handelen is een gedegen kennis van de natuurlijke (onverstoorde) situatie een
vereiste.
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Dit proefschrift beschrijft de uitkomst van
een studie waarin de invloed van de diverse

bronnen en processen op de (natuurlijke)

stralingsachtergrond in het Nederlandse
buitenmilieu nader onderzocht is. De resul

taten leveren een representatief beeld op

van de ruimtelijke en dynamische variaties

in de stralingsachtergrond en verbeteren het

inzicht in de processen die hieraan ten

grondslag liggen.

NATUURLIJKE BRONNEN EN

PROCESSEN

In wezen zijn er maar twee natuurlijke

bronnen die het stralingsniveau in het

buitenmilieu bepalen. Ten eerste is er de

straling die ontstaat bij het radioactief
verval van stoffen in de aardbodem of

daaruit afkomstig. De concentraties van

natuurlijke radionucliden in de bodem, en

dus ook de bijbehorende terrestrische (uit

de aarde afkomstige) stralingsniveau 's (-y

straling), zijn afhankelijk van de bodem

soort en daarmee plaatsafhankelijk. De

radioactieve kalium-isotoop 40K is een
voorbeeld van een radionuc1ide die sterk

bijdraagt aan de terrestrische straling.

Andere belangrijke radionuc1iden maken

onderdeel uit van de zogenaamde primordi

ale (van oorsprong aanwezige) vervalreek

sen. Primordiale vervalreeksen zijn reeksen

die voortkomen uit zeer langzaam verval-
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lende radionuc1iden die al sinds het ontstaan van de aarde aanwezig zijn. De

belangrijkste zijn de 238U (uranium) reeks en de 232Th (thorium) reeks. In deze

reeksen wordt het radioactief evenwicht echter verstoord: één van de vervalpro

dukten is gasvormig en ontwijkt ten dele uit de bodem (exhalatie). Het gaat dan om

twee isotopen van het edelgas radon, te

weten 222Rn e38U-reeks) en 220Rn e32Th
reeks). Met een halveringstijd die korter is

dan één minuut heeft de laatstgenoemde

radon-isotoop vrijwel geen tijd om zich te

verspreiden in de buitenlucht en is daarmee

van ondergeschikt belang voor deze studie.

Voor 222Rn, met een halveringstijd van

bijna 4 dagen, is dat wel mogelijk. Deze

isotoop heeft vier kortlevende vervalpro
dukten die ook wel 222Rn-dochters

genoemd worden. De 222Rn-dochters, die

o.a. a-straling uitzenden en daardoor bij

inademing een gezondheidsrisico veroor

zaken, zijn niet gasvormig en zullen,

afhankelijk van de omstandigheden, meer

of minder snel zich aan voorwerpen of

stofdeeltjes hechten en ten dele uit de lucht

verdwijnen. Het neerslaan van 222Rn_

dochters op het aardoppervlak verloopt

sneller als het regent. Tijdens een hevige

regenbui zien we daarom het externe

stralingsniveau in het buitenmilieu (het

zogenaamde omgevingsdosistempo ) vaak

sterk oplopen. Zo'n verhoging, veroorzaakt

door het uitregenen van de kort levende

vervalprodukten van 222Rn, is na enkele
uren weer verdwenen.

De tweede natuurlijke stralingsbron is van buitenaardse oorsprong. Kosmische

straling (voornamelijk protonen), afkomstig uit de melkweg (galactische straling) of
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van de zon, dringen de atmosfeer binnen en reageren daar met de kernen van de

luchtmoleculen. Daarbij ontstaan diverse reactieprodukten. Op zeeniveau wordt de

stralingsdosis door kosmische straling vrijwel uitsluitend bepaald door deze

reactieprodukten (muonen, met name). Op hun weg door de atmosfeer worden deze

deeltjes gehinderd door de aanwezige luchtmassa; het kosmische stralingsniveau op

aarde is daarom afhankelijk van de luchtdruk.

Het externe stralingsniveau bestaat uit vier componenten: "(-straling van

radionucliden die zich in de bodem, in de lucht of op het grondoppervlak bevinden,

en (secundaire) kosmische straling. Het externe stralingsniveau kent een zekere

achtergrondwaarde waarbij weers- en bodemgesteldheid zorgen voor de nodige

variatie in tijd en plaats.

Onder normale omstandigheden wordt de radioactiviteit in de buitenlucht

gedomineerd door 222Rn en kortlevende vervalprodukten. Hierbij zijn de dochter

produkten die a-straling uitzenden het meest belangrijk omdat die bij inademing de

grootste stralingsdosis leveren. Ook nu bepalen weers- en bodemgesteldheid de

variaties in tijd en plaats. Door het grillige karakter van de verspreiding van 222Rn is

de dynamiek hier veel groter dan bij het externe stralingsniveau het geval is.

RESULTATEN ~N DIT ONDERZOEK

Het in dit proefschrift beschreven onderzoek concentreerde zich op de variaties in

tijd en plaats in de natuurlijke achtergrondstraling in Nederland. De resultaten zijn

voor het merendeel gebaseerd op gegevens afkomstig van het Landelijk Meetnet voor

Radioactiviteit (LMR). Dit waarschuwingsmeetnet, dat ontwikkeld is naar aanleiding

van het Tsjernobyl ongeval, bepaalt sinds 1990 iedere tien minuten op 58 plaatsten

het externe stralingsniveau en op 14 plaatsen de radioactiviteitsconcentratie in lucht.

Het hier beschreven onderzoek stelde echter hoge eisen aan de precisie van de

meetgegevens en het was niet op voorhand duidelijk dat de meetdata van het LMR

geschikt zouden zijn. De eigenschappen van de LMR-apparatuur zijn daarom

uitvoerig onderzocht. Uiteindelijk bleek het mogelijk om uitgaande van de

uitkomsten van de monitoren de van nature aanwezige externe straling en de

concentratie van 222Rn-dochters in de lucht nauwkeurig te beschrijven. Naast LMR

data zijn er gegevens gebruikt van het nationale onderzoeksprogramma SAWORA dat

begin jaren '80 is uitgevoerd.
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De ruimtelijke variatie in het externe stralingsniveau in Nederland correleert

sterk met de verschillende bodemtypes. Deze correlatie is nu met behulp van

Geografisch Informatie Systeem (GIS) zodanig in kaart gebracht dat op grond van

bodemtype een goede schatting gemaakt kan worden van het (gemiddelde)

terrestrische stralingsniveau. Verder blijkt het mogelijk om met behulp van slechts

drie parameters, te weten luchtdruk, regenval en de concentratie van 222Rn-dochters

in de lucht, de tijdsvariatie in het externe stralingsniveau tot binnen een kleine

onzekerheidsmarge te kunnen bepalen. De resterende variatie, in de orde van ± 3 %

van de gemiddelde achtergrondwaarde, wordt verklaard door andere effecten, zoals

fluctuatie in terrestrische straling vanwege het ontwijken van radon in de bovenste

bodemlaag. Ook is incidenteel een verlaging van het kosmische stralingsniveau

vastgesteld die werd veroorzaakt door een sterke verstoring van het aardmagnetisch

veld als gevolg van zonneactiviteit. Op grond van deze resultaten kan een

compensatietechniek voor natuurlijke straling toegepast worden. Daardoor kunnen

kleine afwijkingen in het externe stralingsniveau sneller en nauwkeuriger opgespoord

worden. Zulke afwijkingen kunnen het gevolg zijn van menselijk handelen (bv.

industriële activiteiten of radiologische ongevallen) of uitzonderlijke natuurver

schijnselen (bv. zware aardmagnetische stormen).

Ook is de waarschijnlijkheid waarmee verhogingen optreden nauwkeurig

omschreven. De bijdrage van sommige bronnen kan gekarakteriseerd worden door

een normale fluctuatie rond een gemiddeld niveau (kosmische straling, beïnvloed

door variaties in luchtdruk, bijvoorbeeld) terwijl bij andere bronnen de kans op een

zekere bijdrage exponentieel afneemt met de grootte van die bijdrage (bv. ')'-straling

afkomstig van 222Rn-dochters in de lucht en, na uitregening, op de grond). Hiermee

zijn we nu in staat om de kans uit te rekenen dat vanwege een natuurlijke oorzaak

een bepaald stralingsniveau (een alarmdrempel in een waarschuwingsmeetnet,

bijvoorbeeld) wordt overschreden.

Verder is er naar wetmatigheden gezocht in het grillige verloop van de
luchtconcentratie van 222Rn-dochters. Met name in de zomermaanden kan kort na

zonsondergang dicht bij de grond een zogenaamde temperatuurinversie ontstaan, met

als gevolg dat de concentraties van 222Rn en vervalprodukten op leefniveau 's nachts

sterk oplopen. Op een meetlokatie in een kleine vallei in Zuid-Limburg, waar de

jaargemiddelde concentratie veruit de hoogste waarde van Nederland heeft, kan de

nachtelijke concentratie onder extreem stabiele weersomstandigheden oplopen tot
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zo'n 20 keer de dagconcentratie. Dit dag-en-nacht effect is in de winter vrijwel

afwezig.

Daarnaast blijken de 222Rn-(dochter)concentraties sterk afhankelijk te zijn van

de windrichting, met over het algemeen hoge concentraties bij continentale wind uit

het zuid-oosten en lage bij zeewind uit het noord-westen. Bij lage windsnelheden zijn

de concentraties het hoogst; met toenemende windsnelheid daalt de gemiddelde

222Rn-(dochter)concentratie en vervlakt de ruimtelijke variatie. In de herfst zijn de

concentraties gemiddeld iets hoger wat voor een deel verklaard wordt door de dan

wat vaker optredende zuid-oostenwinden. Verder zijn er verbanden vastgesteld

tussen de concentratie van 222Rn en vervalprodukten enerzijds en de atmosferische

druk (bij verschillende windrichtingen), de vochtigheid van de lucht en de mate van

regenval anderzijds.

Ondanks de wetmatigheden die gevonden zijn, blijft het erg moeilijk om het

gedrag van 222Rn en zijn vervalprodukten goed te beschrijven. Desalniettemin is een

eerste aanzet gerealiseerd. De verspreiding van 222Rn is beschreven in een tweelaags

boxmodel, dat voor een groot deel van Europa met een tijdsresolutie van één uur de

222Rn concentratie berekent op een raster van 25x25 km2. In dit model zijn de meest

belangrijke processen, zoals exhalatie van 222Rn uit de bodem, horizontale dispersie,

verticale uitwisseling en radioactief verval opgenomen. Men zou verwachten dat een

groot deel van het 222Rn dat men op een bepaalde plaats aantreft, vanwege zijn

halveringstijd van bijna 4 dagen, afkomstig is van verre oorden. Modelberekeningen

tonen echter aan dat de invloed van afstand, in ieder geval 's zomers als er vaak

temperatuurinversie optreedt, relatief gering is; veel 222Rn wordt dan tussentijds

getransporteerd naar hogere atmosferische lagen. Voor realistische situaties bevatten

de modeluitkomsten op dit moment nog een tamelijk grote onzekerheid omdat de

plaats- en tijdafhankelijkheid van sommige parameters, zoals de hoogte van de

menglaag en de mate van exhalatie van 222Rn uit de bodem, nog onvoldoende

bekend zijn.

Het hier gepresenteerde onderzoek heeft de kennis over de bronnen en processen die

het stralingsniveau in het Nederlandse buitenmilieu bepalen meer inhoud gegeven.

Naast de zuiver wetenschappelijke waarde kunnen de resultaten o.a. helpen bij de

identificatie van straling in het milieu die het gevolg is van menselijk handelen. Ook

kunnen uit de resultaten procedures afgeleid worden ter ondersteuning van het
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beheer en de data-validatie van het stralingsmeetnet. Op een paar punten wordt

verder onderzoek aanbevolen dat tot verbetering kan leiden. Een aantal aanbeve

lingen is erop gericht om de onzekerheid in enkele belangrijke parameters van het

radonverspreidingsmodel te verkleinen. Zo kan men bijvoorbeeld op basis van een

Europese bodemkaart de ruimtelijke variatie in exhalatietempi verfijnder in kaart

brengen. Het model kan ook nog verder uitgebreid worden, onder andere door de

hechting aan aërosolen en depositie van vrije en gebonden 222Rn-dochters te
modelleren. Tenslotte kunnen aan de hand van model- en meetresultaten

meteorologische processen, zoals verticaal transport van deeltjes in de atmosfeer,

nader onderzocht worden. Dankzij de zeer gevoelige meetapparatuur kan hierbij een

snelle, gevoelige en betrouwbare onderzoekstechniek verder worden ontwikkeld. -
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R.O. Blaauboer

Roelf Onno Blaauboer werd op 25 Januari 1960 geboren te Dordrecht. Na het behalen van

zijn Gymnasium-,6 diploma aan het 'Johan de Witt Gymnasium' begon hij in 1978 een

natuurkundestudie aan de Rijksuniversiteit van Utrecht. In 1986 legde hij met goed gevolg

het doctoraal examen experimentele fysika af. In hetzelfde jaar kwam hij, kort na het

kernongeval te Tjernobyl, als wetenschappelijk medewerker in dienst van het Laboratorium

voor Stralingsonderzoek (LSO) van het Rijksinstituut voor Volksgezondheid en Milieu

(RIVM) te Bilthoven. Anvankelijk bij de afdeling 'Risico-analyse', en later bij de afdeling

'Modellen en Processen' van het LSO werkte hij onder andere aan de CCRX-verslaglegging

van het Tjernobyl ongeval, de Stralingshygiënische verslaglegging (STRAVE) en het

Basisdocument Radon. In 1995 werd hij benoemd als senior-wetenschappelijk medewerker.

In de laatste vier jaar combineerde hij zijn baan met een promotie-onderzoek aan de

Rijksuniversiteit van Groningen.

R.C.G.M. Smetsers

Ronaid Cornelius Gerardus Maria Smetsers werd op 17 september 1957 in Tilburg geboren.

Nadat hij in 1975 van de 'Rijksscholengemeenschap Koning Willem 11' zijn Gymnasium-,6

diploma ontvangen had, begon hij een studie natuurkunde aan de Katholieke Universiteit van

Nijmegen (KUN). In 1982 ontving hij zijn doctoraal examen experimentele fysika, samen

met een onderwijsbevoegdheid. Na een jaar natuurkundeles te hebben gegeven op de

'Nijmeegse Scholengemeenschap' keerde hij in 1983 als wetenschappelijk medewerker bij de

KUN terug. Aanvankelijk bouwde hij een aantal experimentele opstellingen voor de

opleiding van na-kandidaats studenten, later was hij betrokken bij de oprichting van OPTEL,

een universitaire onderzoeksgroep die zich bezig hield met ' contract reserach' op het gebied

van opto-elektronische en lasertoepassingen. In 1988 werd hij bij het Laboratorium voor

Stralingsonderzoek van het RIVM aangesteld als projectleider voor de implementatie en

verdere ontwikkeling van het Landelijk Meetnet voor Radioactiviteit. In 1990 werd hij hoofd

van de afdeling 'Monitoring en Meetmethoden' , twee jaar later van de afdeling 'Modellen en

Processen' . In deze periode voerde hij tevens zijn promotie-onderzoek uit aan de

Rijksuniversiteit van Groningen.
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Naast enige persoonlijke inzet vormen gelegenheid en kritische begeleiding

onmisbare factoren voor het succesvol af kunnen ronden van een promotieonderzoek.

Gelegenheid is ons zowel thuis als op het werk geboden. Wij zijn daar dankbaar

voor en willen de RIVM-leiding, voor ons vertegenwoordigd door John Moen, hoofd

van het Laboratorium voor Stralingsonderzoek, bedanken voor de loyale

ondersteuning die wij de afgelopen jaren ontvangen hebben, en voor de

mogelijkheden ons geboden om tijd en middelen in te zetten voor dit onderzoek. Dit

onderzoek heeft tevens een flink beslag gelegd op onze 'vrije tijd'. Aanwezigheid in

de huiselijke kring (en het uitvoeren van huishoudelijke werkzaamheden) was

daardoor soms beperkt. Lieve Monique, Stephanie en Maart je, bedankt voor jullie

jarenlange geduld! Hopelijk kunnen we de verstoorde balans weer spoedig herstellen.

Ook met die kritische begeleiding zat het goed in ons geval. Beide promotoren

hebben, ieder op hun eigen wijze, voortdurend hun vingers op de zere plekken

gelegd en daarmee een belangrijke bijdrage geleverd aan de uiteindelijke kwaliteit

van dit proefschrift. Veel besprekingen, vooral in de laatste fase van het onderzoek,

vonden plaats in huize 'Van der Woude' . Vergeleken met het KVI had deze

entourage veruit onze voorkeur, niet zozeer omdat het onze reistijd enigszins

bekortte maar vooral omdat de verzorging aldaar meer dan uitstekend was. Bij deze

willen wij Mevrouw van der Woude (en Adriaan zelf natuurlijk) nogmaals bedanken

voor de gastvrije ontvangst. Besprekingen van concept-teksten vonden vaak op

donderdag plaats. Om in Haren de weg te vinden hoefden we alleen maar de

opschriften 'VRIJDAG OUD PAPIER' te volgen. Waarom die containers op de Weg

van de Jagerskampen neergezet waren, is ons nooit helemaal duidelijk geworden!

Ook de leden van de leescommissie, Prof.dr.ir. IIM. de Goeij (TU Delft),

Prof. dr. R. Morgenstern (RU Groningen) en Prof.ir. N.D. van Egmond (Universiteit

van Utrecht), verdienen een woord van dank voor hun onafhankelijk en kritisch

oordeel dat ons gesterkt heeft in het vertrouwen in ons eigen werk.

De gegevens verkregen van het Landelijk Meetnet voor Radioactiviteit (LMR)

zijn cruciaal geweest voor de totstandkoming van dit proefschrift en de kwaliteit van

de LMR-data heeft sterk bijgedragen aan ons succes. De kiem van deze kwaliteit is

reeds gelegd in de ontwikkelingsjaren van het meetnet, zeg de periode 1988-1990.

Het gaat te ver om al diegenen die in die tijd hun bijdrage geleverd hebben, de
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vertegenwoordigers van de opdrachtgever (DGM/HIMH), medewerkers van het

Energieonderzoek Centrum Nederland (ECN), leden van de LMR-klankbordgroep,

de vele RIVM-ers (waarvan sommigen nu verbonden aan het Nationaal

Meetinstituut), hier persoonlijk te bedanken. Maar er is geen regel zonder

uitzonderingen; met name Charles Deurwaarder en Gerrit Groen van het ECN

verdienen wat ons betreft een eervolle vermelding voor hun inzet tijdens de

afnametesten van de LMR-apparatuur en hun vastberadenheid om van de

leveranciers het uiterste te vergen. Van de kwaliteitsverbetering die op grond

daarvan gerealiseerd is, is gedurende de hele operationele fase van het meetnet

geprofiteerd.

Iets opbouwen tot iets moois is één, maar houden wat je hebt is iets anders. Bij

het jarenlange beheer van het LMR zijn zeer veel personen, van diverse diensten,

betrokken geweest (en nog steeds), en zij allen hebben ervoor gezorgd dat de

operationaliteit en de kwaliteit van het meetnet door de jaren heen gewaarborgd

werden. Wij bedanken daarom alle betrokken medewerkers van het Facilitair

Bedrijf, het Laboratorium voor Luchtonderzoek, het Laboratorium voor

Stralingsonderzoek en alle diensten en medewerkers die hier niet specifiek genoemd

worden, voor hun loyale inzet.

In de onderzoeksperiode zijn wij bij velen te rade gegaan en de belangstelling

van bekenden en relatieve onbekenden voor onze tocht door de woestijn was

hartverwarmend. Naast de nodige meewarige blikken die ons toegeworpen zijn,

vooral van mensen die dit proces al eens van nabij hadden meegemaakt en het nu

grijnzend van de zijlijn konden aanschouwen, is ons veel hulp geboden. De

volkomen belangenloze wijze waarmee Bert Aldenkamp zijn tijd en motorjacht aan

ons, schier onbekenden, ter beschikking stelde voor de bepaling van de kosmische

stralingscomponent werd en wordt door ons zeer gewaardeerd. Deze ene meetserie

op de Kagerplassen, hoewel slechts kort beschreven in dit proefschrift, is van groot

belang geweest om de met het LMR gemeten stralingsniveau's in Nederland in.
absolute termen te kunnen vaststellen.

Ook zijn wij dank verschuldigd aan het KNMI voor het ter beschikking stellen

van gedetailleerde klimaatgegevens, aan de medewerkers van de vakgroep

'Natuurlijke radioactiviteit in het leefmilieu' van het Kernfysisch Versneller Instituut

van de RUG en aan de diverse RIVM-collega's waar wij te rade gingen voor

specifieke expertise op het gebied van bodem- en luchtonderzoek. Ruth de Wijs
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bedanken we voor haar meer dan loyale inzet die ertoe geleid heeft dat wij dit

boekwerk zonder rode oortjes naar de UK kunnen sturen, zou iemand er om vragen.

Casper ter Kuile, enthousiast weer- en sterrekundige buiten en binnen kantoortijd,

danken we voor zijn buitengewone belangstelling, boeken, tijdschriften en adviezen.

Casper, het is jouw stuurkunst op de digitale snelweg die ons de verklaring geleverd

heeft van de raadselachtige stralingsdip in de zomer van 1991!

Veel LSO-collega's zijn op een of andere manier bij ons onderzoek of de

ontwikkeling of beheer van het LMR betrokken geweest. Er zijn er echter een paar

(een paar apart, zogezegd) die in alle categorieën passen. Antoon van Lunenburg en

Paul van Westerlaak zijn daarmee paranimfen in de 'letterlijke' betekenis van het

woord. Antoon en Paul, wij hopen dat ons succes ook op jullie afstraalt!

Helaas drijft er een donkere schaduw over dit gebeuren. In dit proefschrift

wordt met grote regelmaat verwezen naar het STRAVE-eindrapport, het basis

document Radon en de rapportages van de CCRX. Bij al deze projecten speelde

Lieuwe Vaas een hoofdrol. Lieuwe is in februari 1996, op veel te jonge leeftijd,

overleden aan de gevolgen van een schaats ongeval. Verwijzing naar [Va91] en

[Va93] heeft voor ons een zeer speciale betekenis gekregen en het spijt ons oprecht

dat hij nu niet in ons midden kan zijn.

Als laatste genoemd, maar meest belangrijk, willen wij onze ouders bedanken

die ons in onze jeugd de mogelijkheden geboden hebben om het pad naar de

wetenschap te betreden, en die ons ook in later jaren gestimuleerd hebben om verder

te gaan. Tenslotte past een woord van dank naar onze schoonouders voor hun blijken

van medeleven tijdens dit promotieonderzoek; het is jammer dat het niet eenieder

gegund was om de bekroning van dit proces mee te mogen maken.

Bilthoven, 1 maart 1996
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