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1. INTRODUCTION

The CEC's MARIA programme (Methods for Assessing the Radiological Impact of Acci-
dents) was initiated in 1982 to review and build on the nuclear accident consequence
assessment methods in use within the Furopean Community (EC). The project includes a
wide range of theoretical and experimental studies carried out by a variety of organisations
with'n the EC. The main contractors are the Kernforschungszentrum Karlsruhe (KfK, FRG)
and the National Radiological Protection Board (NRPB, UK). Earlier work carried out
under the MARIA programme is described in a report by KfK and NRPB [1] vritten at the
end of the first stage of the programme. Three seminars have also been held at v..ich results
of the programme were presented [2], [3], [4].

One of the objectives of the MARIA programme is to develop a computer program system
for assessing the ofl-site consequences of accidental releases of radioactive material to
atmosphere. This report describes a program system developed as part of the MARIA pro-
gramme for this purpose. The new program system, called COSYMA (COde SYstem from
MARIA), was developed jointly by KfK and NRPB and has been made generally available.
COSYMA is based on the experience gained with the NRPB program MARC and the KfK
program UFOMOD. The MARC and UFOMOD programs were developed for use in risk
assessments in the UK and the FRG. MARC was originally developed in 1981 [$] and and
has been used in several analyses, including some for the Public Inquiries into proposals to
build PWRs at two sites in the UK, Sizewell [6] and Hinkley Point (7], [8]. UFOMOD was
originally developed in 1979 ana has been used for a variety of studies, including the German
Risk Study [9] and and the risk-oriented analysis of the SNR-300 fast reactor [10]. More
recently, it has been completely restructured and revised in all models and data sets and it
was released in 1988 as the program system UFOMOD [11], [17]. COSYMA incorporates
ideas and modules from these programs with new developments, including those from other
MARIA contractors. The report written at the end of the first stage of the MARIA pro-
gramme [ 1] identified a number of areas in which accident consequence models might be
improved. Many of these improvements are included in COSYMA,

This report describes the suite of progrems and data files which comprise COSYMA, the
models included in the programs, the types of results which can be calculated and possible
areas of application of the package, A separate user-guide for the programs is also available
(18]. Other reports which describe in detail the models in MARC, UFOMOD and COSY-
MA have been or will be published (see [11] - [16] and [19], and the reports cited there).
The method of obtaining the COSYMA package is given in Appendix 1.

COSYMA is intended to provide a flexible package which will allow users in a variety of
institutions and in different European countries to investigate special problems by appro-
priate clioice of parameter values and data sets. It enables users to carry out risk analyses,

L INTRODU ZTION



- and also io-lnveitime and understand detailed aspects of the results obtained. COS?MA

is also intended for use by people who are not specialists in accident consequence assess-
mezts (ACA). However, users of the programs must have some familiarity with this area to
enable them to make informed choices of models and parameter values for the particular
application considered. While the program is not intended for “quick and easy” risk calcu-
lations, some guidance is given on the choice of parameter values or simplifications of the
system for such applications.

The possible areas in which accident consequence assessments may be of use were consid-
ered in the report written at the end of the first phase of the MARIA programme [1]. They
can be summarised as evaluating the overall risk posed by a specific or representative nuclear
site, evaluating the risk reduction potential of possible plant modifications, emergency
planning, and some aspects of siting studies. The consequences of accidental releases in
terms of the possible health effects, the impact of countermeasures which may be required,
and the costs of the accident may be an input into such work, and can be evaluated by
COSYMA. Details of the types of consequences which can be considered by COSYMA are
given in Section 2 of this report. Different end-points may be required for the different
applications indicated here. Equally the most appropriate way in which to present the results
of the calculations can depend on the application being considered. COSYMA provides a
number of different ways in which information can be presented, and the user must select
the most appropriate method for his apphcation. The types of output which are available
from COSYMA are described in Section 7.

COSYMA is designed for use in probabilistic sk assessments. This means that the models
included within the system only need to be applicable on average and need not be “correct”
at a specific time and location. While this is particularly true of the atmospheric dispersion
models, it also applies to some other models. Eorally COSYMA uses parameter values
which represent the average situation in the region considered, and so does not attempt to
model the full spatial variation which might be encountered. This means that the COSYMA
system is not suitable for use in real time in the event of an accident.

The COSYMA package consists of three large accident consequence assessment programs
and a variety of supporting programs and data libraries. The different programs are intended
for use in different parts of an overall analysis. Each of the large programs within COSYMA
15 written in a modular fashion. This provides a very flexible system for carrying out accident
consequence assessments for a wide vanety of source terms and applications. The system can
be tailored so that the most appropriate program or model is used for each specific appli-
cation. The programs within the overall package, and the structure of each program, are
described in detail in Section 3 of this report. Section 4 considers the way in which the source
term can be de<ribed. The models included in the programs and the data libraries included
in COSYMA are described in Sections § and 6 of this report.



“The programs in COSYMA were developed without using formal procedures for quality

assurance. The programmers used a variety of less formal techniques for testing the pro-
grams, but the resuits of these many checks were not suitable for documentation. The types
of test carried out to demonstrate the correctness of the resulting programs are described in
Section 8.

COSYMA was written in such a way that uncerta nty and sensitivity analyses into the model
predictions can easily be carried out. A number of programs have been developed for use
with COSYMA in uncertainty analyses. While these programs are not considered to be a
part of the system, they are described in Section 9 of this report, and could be made available
if required.

The user of COSYMA must provide values for a considerable number of parameters either
by user-input or from data libraries. Default values are provided for many of the parameters
in the programs, and standard data libraries are included with the package. These are likely
to be suitable for many applications of COSYMA. However the user of the system must
select appropriate parameter values fc - special cases. In some parts of the programs it is
possibie to change the model by a suitable selection of parameier values. Some guidance 1s
g ven in Section 10 of this report on the various options offered by user input. This section
also gives guidance on how the full suite of programs can be simplified for certain applica-
tions.

This report refers to the version of COSYMA designated 90/1. There are a number of areas
in which the models or data files included in COSYMA could be improved in future versions
of the system. These areas include: the use of different interception factors by crops for
material deposited in dry or wet conditions; the calculation of external y dose in urban areas,
the method of including the effects of decontamination. The health effects models can be
improved by incorporating the dependence of the parameters (1.Dy, or risk coefficient for late
effects) on the dose rate, by improving the model for hereditary effects and the method of
calculating the loss of life-expectancy. The calculation of age-dependent doses may also be
included. The economic module will be extended to consider economic land use data, when
this is more widely available,

1. INTRODUCTION
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2. END-POINTS

Accident consequence analyses could have as their objective the estimation of any of a wide
range of consequences of the accident, These consequences, which are termed “end-points”
of the analysis, encompass the air concentration or deposition of particular nuchides or their
concentrations in foods at selected points, doses received by members of the population, the
individual or collective risks of health effects in the exposed population, the extent and
duration of countermeasures which might be imposed to reduce health effects, and the
associated economic costs. COSYMA can offer the user & wide range of these end-points.
This section gives a briefl summary of the more important end-points which can be consid-
ered using COSYMA.

The techniques generally used in probabilistic accident consequence assessments lead to a
very large number of results for one end-point, as a value is calculated in each of a set of
conditions. Fach of the calculated values has an associated probability of occurring. In
general it 1s not possible to present each of the values calculated, but rather features of the
probability distribution must be presented. The features of these distributions can be pre-
sented in a variety of ways, with different forms being appropnate for different applications
or for different end-points. The ways in which the results can be presented are described in
Section 7,

Health effects following an accident are generally split into two groups, those occurring
within a few months of the accident which are termed “early effects”, and those occurring
over longer periods which are termed “late effects”. The late effects include cancers in the
exposed population and hereditary effects which occur in their descendants. The early effects
and the cancers can be further split into those which are fatal and those which are not.
COSYMA includes models allowing the risks of each of these groups of effects to be calcu-
lated. Table 1 gives a hist of those health effects which are considered in CC “YMA. Both the
individual and the collective risks of each healih effect can be calculated.

The impact of the different types of health effect is clearly very different, and therefore it
would not be adequate to limit the results of COSYMA simply to the total number of health
effects. Equally, however, information on each of these health effects separately may not be
required, and some summation over simular effects 1s carried out within COSYMA. Thus the
results of COSYMA for early death are presented as the total number as well as for each
cause of death separately. In addition the number of fetal deaths is calculated. Not all can-
cers are fatal, and COSYMA provides estimates of both the cancer incidence and the num-
ber of fatalitics. This is provided both in terms of the total numbers of cancers and the
numbers of each of the types of cancer considered in COSYMA,

2. END-POINTS
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Cancers occur after a delay of up to some tens of years after exposure and, with irradiation
from deposited material persisting for many years after the accident, can occur over a period
of time well into the future, and even in people born after the accident occurred. COSYMA
includes models for calculating the time at which these effects occur, and it gives information
on the numbers of cancers induced in these people alive at the time of the accident, and in
those born subsequently, as well as the total number of cancers. More detailed information
on the ume distribution of fatal cancers can be obtained if required.

A variety of countermeasures might be used to reduce the consequences of an accident. The
ones which can be considered in COSYMA are sheltering, evacuation, relocation, adminis-
tration of stable iodine tablets, decontamination of land and buildings, and bans on the
consumption of foods. COSYMA allows the user considerable flexibility in the way in which
the criteria for initiating or withdrawing the actions are specified. The criteria may be spec-
ified in terms of geometric areas or of dose levels. The food ban criteria may be specified in
terms of dose criteria or activity concentrations in foods. Each of the emergency actions
identified above can be considered in isolation. In addition, some of the actions can be
combined. Thus, for example, sheltering may be the only action considered in the event of
a small release, or it may be considered in combination with evacuation for a larger release.

COSYMA includes models which allow the effects of emergency actions in reducing doses
and hence health effects to be calculated, and produces indicators of the impact of the
countermeasures, in terms of the numbers of people, the amounts of food, or the areas
affected by the actions, all as a function of time. Other features about the counter-measures,
such as the probability of evacuation as a function of distance, can be presented, as
described in Section 7.

The final group of items for which information can be obtained in COSYMA relate to the
economic costs of the accident, in terms of the costs arising from the emergency actions and
the costs associated with the health effects. The countermeasures involving movement of
people, food restrictions and decontamination are considered in evaluating the costs of the
accident. The costs of the different emergency actions and of health effects can be obtained
separately, or as a total,



3. STRUCTURE OF COSYMA

3.1 The General Layout of the System

COSYMA comprises a series of programs and data libraries for accident consequence
assessments. There are three major programs within the system intended for different aspects
of the overall analysis. Other programs are used for detailed analysis or the preparation of
input files for the major programs. The system does not include programs for all the calcu-
lations which are requaired, using instead data libraries of values calculated with suitable
programs. These libranss are part of COSYMA, and are included in the package. This sec-
tion describes the programs which form the overall system, indicating the reasons why there
are different programs. Section § describes the models which are included directly within the
programs, while Section 6 describes the models adopted in deriving the data libraries which
are included.

Accident consequence assessments (ACAs) require a series of calculations to give the doses
received by people, the associated emergency actions and the resulting health effects and
economic costs. The calculations are carried out for each of a number of areas, defined in
COSYMA in terms of angular segments and distance bands; throughout each area a uniform
level of dose, and hence associated emergency actions and risks, are assumed. The doses in
each of these areas are calculated at a single point, the "grid point”.

The first process to be considered in an accident consequence assessment is the dispersion
of the released material in the atmosphere, and its deposition. There are a considerable
number of models which could be used for this part of the assessment, and the different
models have different strengths and weaknesses and even different areas in which they are
applicable, Most previous ACA programs have been based on the straight line Gaussian
plume dispersion model. Some recent ACA programs have used the straight line Gaussian
pufl model or trajectory models. Strictly, models assuming linear trajectories are only appli-
cable for travel distances up to a few tens o” kilometres, though they can be extended for
application at longer distances. However, t = “e~ome increasingly inaccurate or unreliable
at such distances. Other models, which are mr ¢ «ppropniate for use at longer distances, may
not be appropriate for use at short distances either because of assumptions they make or
because of their limited spatial resolution. Therefore different dispersion models should be
applied in areas which can very loosely be described as “near” to, or “far” from, the site of
the reiease. The COSYMA package includes a set of programs for atmospheric dispersion.
They are based on different approximations and are appropriate in different regions or for
different applications. The models included are described in Section S, some guidance on the
choice of model for a particular application is given in Section 10,
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* There are other cases where diﬂm models or di!l‘&e'r;ti;:omidemiom apply at different

distances (rom the site. The early eflects of radiation only occur if the dose over a short time
period 15 above some threshold value. They are therefore restricted to areas “near” to the site
of the release, and only occur following “large” releases of radioactive material. However the
late effects of radiation arc assumed to occur at any level of dose, and these can therefore
occur at any distance. A similar division can also be made between the emergency actions
which may be considered following the accidental release, with some concerned with avoid-
ing doses in the short term and some with avoiding long term doses,

There are many source terms for which there is no need to consider early health effects or
the emergency actions intended to reduce the high short-term doses which Jead to these
effects. As the amount of computation required for these aspects of an analysis can be sig-
nificant, it 1s logical to further divide the near distance version of COSYMA into two sub-

svstems concerned with carly and late effects.

This emphasis on different distance ranges and different health effects and emergency actions
leads to the structure of COSYMA in which there are three principal sub-systems, each of
which is an ACA program for one of the different areas of application. The applications of

the different programs are illustrated in Figure 1.

The three ACA programs, designated the NE, N1 and FL sub-systems of COSYMA (where
the first letter refers to near or far distance and the second to early or late health effects and
the appropriate countermeasures) are the main programs within the package. The structure
of each of these programs is described in Section 3.2. These programs can be used for cal-
culating the quantities identified as end-points of COSYMA in Section 2.

This division will enable the system 1o be extended in a very flexible manner as other dis-
persion programs are developed to the point where they can be used in ACA programs. It
allows a more detailed model to be used for the region close to the site, in which site-specific
or terrain effects might be important. It also means that trajectory models can be used for
the longer range without having to apply them in the near regions where their predictions
may not be so accurate, or where they would require considerable computer time if used with
a fine distance grid.

In addition to the three main sub-systems of COSYMA, the package contains a number of
other programs for particular facets of an analysis or for preparing input data files for use
by the main programs. These subsidiary programs are indicated in Table 2 and their func-
tions are indicated below. The models and assumptions incorporated in these programs are
described in Section §, which also describes the models in the main sub-systems,



3.2 Program Structure of the Sub-systems
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5. BASIC FEATURES OF THE MODELS IN COSYMA
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MET and RIMPUFF use horizontal
functions of atmospheric stability and release height, with two sets of parameters for smooth
and rough underlying surf -es. The sets of parameter values were derived experimentally,
with the values for smooth surfaces based on work at SCK CEN Mol [25] and those for
rough surfaces from the Karlsruhe - Julich experiments [26]. However, these dispersion
parameters are of the form o = px* and the ».jues of p and g can be changed by user-input.
The horizontal dispersion parameters are applicable to a release duration of 1 hour, which
must therefore be the duration of each phase. The height of the mixing layer is assigned for
each category, and the dispersion model does not allow for decreases in this height during
plume travel.

All three models allow for dry and wet deposiuon. Dry deposition is calculated using the
deposition velocity, with the amount of material remaining in the plume calculated using the
source depletion model, in which the vertical profile of the plume is assumed to remain
Gaussian. The value of deposition velocity depends on the underlying surface, with higher
values applicable to forests than to grass. for example. The value used in the dispersion

*Fcalculations is an average value for the various underlying surfaces. Correction factors can

be applied when calculating doses so that the eflect of different deposition velocities to the
different surfaces can be simulated. Wet deposition is included using a washout coefficient,
which increases with increasing rainfall rate. The value of the deposition velocity and wash-
out coeflicient can be specified separately for each nuchde in COSGA; in ML o0 ¥ 7T or
RIMPUFF values can be assigned for noble gases, aerosols, and iodine in eleinental and

organic forms, or bound 10 aerosols.

All three models include the effects of plume rise using the model develored by Briggs.
COSGAP considers rise due to vertical plume momentum and to its buoyancy, while the
other models only consider rise due to plume buovancy. The details of the models used for

the height of the plume centre-line and for terminating the rise are described in [20] and

[12].

COSGAP allows for the effects of buildings on the dispersion of material released within the
main building wake by using the virtual source model as developed by Barker, and recom-
mended for use by a UK Working Group on Atmospheric Dispersion [23). The user must
specify the effective height and initial plume dimensions.

The effects of down-wash and mixing in the wake of a building are included in MUSEMET
and RIMPUFF using a virtual source modei based on the work of Hanna et al [27). These
models also consider the down-wash of material released from stacks.

.20 -
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512 The ISOLA Dispersion Model

The ISOLA dispersion model [28] is provided in the COSYMA package as part of the NL
sub-system of COSYMA. ISOLA is intended primarly for usec with quasi- stationary
releases of duration weeks to months, and thus closes the gap between accidental releases
and normal operation. ISOLA is a staustical Gaussian plume model in which changes of
atmospheric conditicns during the travel of material are not considered. The program
requires information on the relative frequency of meteorological conditions in terms of the
joint probability distribution of wind speed, wind direction, stability class and rainfall rate,
derived from one or more vear's data. The concentration is averaged across the sectors
considered, assuming that the wind direction is evenly spread throughout the sector and
allowing for material crossing the boundaries between the sectors. The plume dispersion
parameters are the same as those used in MUSEMET.

vy depusmcon is included, with plume depletion calculated using the source depletion

model. Wet deposition is included by using washout cocfficients, The values of the deposi-
tion parameters can be assigned for the same five groups of nuclides considered in
MUSEMET. ’

Building effects are included by increasing the plume dimensions by an amount which allows
for the initial dispersion in the building wake. The ISOLA model does not allow for plume

rise

5.1.3 The MESOS Dispersion Model

The MESOS dispersion model [29] is provided in the COSYMA package as a stand-alone
program. It is appropriate only for use with the FL sub-system of COSYMA.

MESOS uses a data base of atmospheric conditions over a wide region, the data base
included in the COSYMA package covering the whole of Europe. Conditions at the position
of the dispersing pufl are calculated by interpolation from this data base.

MESOS considers the release as a series of puffs released at intervals of 3 hours. The tra-
jectory followed by the pufls is obtained from the atmospheric pressure field, by solving the
equations of motion, The growth of each puff due to small scale turbulence and wind-shear
is also considered. The synoptic spreading is represented by assuming that the material
released over the 3 hour period is spread uniformly between the trajectories calculated for
the puils released at the start and end of the period.

Vertical dispersion is calculated at short distances using plume dispersion parameters based
on the work of Smith [30] Once the plume has spread through the mixing layer, the con-
centration distribution is assumed to be uniform between the ground surface and the rop of

£ BASIC FEATURES OF THE MODELS IN COSYMA
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~ the layer. Changes in the depth of the mixing laver are modelled with material being left

above the mixing layer as its depth decreases. This material 1s prevented from diTusing to
the ground until the muxing layer depth subsequently increases to include 1t. It is assumed
to travel at the same speed and direction as matenal inside the mixing laver.

Wet deposition is included in the model using a washout coefficient which varies w th rainfall
rate. The rainfall rate is obtained by interpolating from the values on the meteoroloyical data
base, and is assumed to apply over the whole of the pufl being considered. MESOS a0
allows for dry deposition, using the source depletion model to calculate the amount o)
matenal remaining in the plume.

As the MESOS model 1s intended for use only bevond some tens of kilometres from the site,
it does not include models for plume rise or building wake effects, as these effects are not
important at such distances.

5.2 Meteorological Sampling

Four of the atmospheric dispersion models included i the COSYMA package allo'w for the
variation of conditions dunng the travel of the plume. In probabilistic consequenve assess-
ments using these models, the atmospheric dispersion and dose calculations must be
repeated for a large number of sequences of conditions selected from the meteorological data
file used in order to predict the full distribution of consequences which may occur. Ideally
the calculations should be performed for every possible sequence of conditions in the data
file, in other words for an accident starting at each hour on the file. Computer resources are
not sufficient for this to be done, and & representative selection of the sequences must be
used instead. The selection should be made 1n such a way that the sequences chosen repre-
sent the complete range of possible sequences, and yield the correct probability distribution
of consequences.

The simplest methods of selecting starting times for the sequences are jo do so either at
random or by selecting every n'th sequence (cycle sampling). These methods tend to sample
the more common sequences frequently, whilst overlooking the more unusual ones. They
can only be used for predicting the higher percentiles of the distributions of consequences if
a very large number of sequences is considered for analysis. However cyclic sampling can
be selected with the MESOS, MUSEMET and RIMPUFF models by setting a parameter in
the input file. It could also be used with COSGAP by providing an appropriate input file.

A more sophisticated method of sampling is stratified sampling, in which the intention is to
group all those sequences of conditions on the meteorological data file for which the conse-
quences are similar. Sequences can then be choasen at random from these within each of the
groups, and assigned a probability based on the number of sequences allocated to each
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group and the number selected from within each group. The sampling procedure adopted
must be tailored in some ways to features of the atmosphenc dispersion model used, and to
other features of the consequence calculations [31]. In particular, one of the criteria in
designing a sampling scheme 1s to give an adequate description of the high consequence part
of the overall probability distribution. The atmospheric conditions for which high conse-
quences are predicted should be identified, and the category scheme adapted to concentrate
on these conditions,

Experience, particularly with the MARC program [32], shows that following a major release
of activity the dose from deposited activity can be a significant contributor to early deaths,
and that sequences in which the plume encounters heavy rain over densely populated areas
neat the site can lead to large numbers of early deaths. Experience with UFOMOD suggests
that releases in initial stable conditions tend to be the ones with high consequences for
releases near ground level. These features should therefore be considered in designing a
sampling scheme.

The COSYMA package includes three different programs for selecting sets of sequences for
analysis. These different programs are simular in their aims and are based on similar criteria
for grouping the sequences occuiang in the meteorological data used for the analysis. The
procedures used to group the sequences must however be tailored to some details of the
atmospheric dispersion model to be used, and this is the reason for providing three different
sampling programs in the COSYMA package. The programs are intended for use with the
COSGAP, the MUSEMET and the RIMPUFF dispersion models. The versions of the
sampling program for use with MUSEMET and RIMPUFF differ only in the way that the
atmospheric conditions at the plume are estimated irom the meteorological data files used.
The version for use with COSGAP differs in not allowing for changes of wind direction
during plume travel, and in using some different categonsation schemes. The three programs

are very flexible and allow the user to define his own criteria for grouping the sequences of

atmosphenc conditions.

As indicated above, following a major release of activity sequences in which the plume
encounters heavy rain over densely populated arcas near the site can lead to the prediction
of large numbers of carly deaths, The sampling orograms are designed to identify such
sequences. While all the sampling programs attempt to identify such sequences, the criteria
adopted differ between the COSGAP and the MUSEMET RIMPUFF programs, because
the modelling of wet deposition within these programs is different. Two basic sets of criteria
arc available for grouping the wet sequences, although both sets have several options within
them.

The sampling program for use with the COSGAP model can group atmospheric conditions
in terms of the amount of material deposited in a short distance band. MUSEMET and
RIMPUFT do not have the same description of the vanation of wet deposition with dis-

S BASIC FEATURES OF THE MODELS IN COSYMA
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“tance, and hence this particular option is not appropriate Hr use with those models. How-
ever the deposition can be characterised in terms of the ratio of washout coefficient to wind
speed. This option is available within all the sampling programs. The other options for wet
sequences within the programs are based on the rainfall rate observed within a specified
distance | the site. Details of the schemes are given in the user guide [ 137,

The conditions leading to large numbers of early effects in the absence of wet deposition are
likely to be those in which the air concentration remains high, either for a long period or for
a long distance. The atmospheric conditions leading to this situation are those where the
wind speed is low or the mixing layer is shallow for some hours, where the wind speed drops
at some distance from the site, or in initial stable conditions. All the sampling programs
include a set of options to identify these conditions.

Most of the work done so far on meteorological sampling has been based on categorising
sequences in terms of early effects, and identifying sequences in terms of atmospheric fea-
tures occurring within some tens of kilometres of the site. However, the programs provided
in the COSYMA package are very flexible and could be used to identify sequences in terms
of features occurring at much greater distances from the site, if required.

To date, little work has been carried out to derive a sampling scheme appropriate for use
with the MESOS atmospheric dispersion model, and further investigations are required
before recommended methods can be given. Calculations of consequences carried out using
sampling schemes developed for short distance applications have a number of unsatisfactory
features. This is because the probabilities of weather sequences selected for short distance
may not be valid at larger distances. If the application considered does not require results
from the NL and FL sub-systems to be combined, then cyclic or random sampling seem to
give the best results at present. However, further work is required on this topic.

I'here 15 no meteorological sampling model for use with ISOLA as this model does not
consider changes of conditions during plume travel. ISOLA is used with statistics of the joint
frequency of atmospheric stability category, wind speed and direction, and rainfall rate. The
air concentration and deposition in each of the groups considered is calculated, and the
sequence 1s assigned the frequency of that group.

5.3 Dose Calculations

Doses are calculated within COSYMA either for presentation as an end-point of the
assessment or for use in further calculations of health effects. Both individual and collective
doses can be evaluated. This section describes the methods adopted for calculating doses in
the absence of any emergency actions taken to reduce the doses. The method of allowing for
these actions in calculating doses and health effects is described in Section 5.6. Doses may
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ered in the NE sub-system of COSYMA are those required for use with the dose response
relationships adopted for the calculation of the different health effects. The times considered
can be set by the user with the maymum time considered being | year; the default times are
those used in the dose response relationships. Dose response relationships are described in
Section 5.4,

The other COSYMA sub-systems (N1 and FL) consider different types of health effects, and
difTferent time periods from | to 70 vears over which the doses are integrated.

The pathways considered 1n COSYMA by which people are exposed to irradiation are listed
earlier in Section 5; the ones considered by the different sub-systems are shown in Table 3.
The early health effects of radiation exposure are only observed in those people exposed to
high doses for short periods of time. Ingestion doses over short time periods, and their con-
tribution to early health effects, are not considered in COSYMA because bans on the con-
sumption of food would be enforced if doses from this route might be high. Models are
described in this section for calculating doses from each of the routes of exposure considered
by COSYMA,

The doses are calculated for an average adult member of the population in the current ver-
sions of the NI, NL, and FL sub-systems of COSYMA. However, age-dependent doses and
doses to members of critical groups can be calculated for the ingestion pathway using the
more detailed modeis within the COSING program. The calculated doses (from COSING
and the other sub-systems) can be evaluated and presented with or without allowing for the
effects of countermeasures. The method of calculating late health effects using activity risk
coellicients, described i Section 5.4.2, allows for doses to all age groups of the population.

§.3.1 External Exposure Pathways

External y exposure from material in the cloud and from material deposited to the ground
is calculated within cach of the sub-systems of COSYMA. The doses are calculated by
muitiplying the time integrated air concentration or Jeposit by a precalculated factor
obtained from a data library. In the case of cloud y exposure this factor is the dose per unit
air concentration, while for deposited y dose it is the dose per unit deposit to the appropriate
time period. The models used for calculating these dose conversion factors are described in
Section 6.

The factor for cloud y dose in the data library was calculated assuming that the plume is
semi-infinite and of uniform concentration. Correction factors for plume geometry and dis-
tance from the plume centre-line are included in the dose calculation. Because the dose cal-
culation must take account of the size and shape of the plume of dispersing material, the

& BASIC FEATURES OF THE MODELS IN COSYMA
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 correction factors are evaluated in the atmospheric dispersion module. Methods of calcu-

lating these factors are included in the COSGAP, MUSEMET and RIMPUFF dispersion
models, The COSGAP dispersion model contains a further method for calculating cloud y
doses for use when the plume 1s very narrow in the vertical direction and the centre-line is
well above the ground [20]. The dispersing matenal is approximated by a horizontal line
source at the plume centre line height, and the dose obtained by integrating along the line
source.

The deposited y doses in the data library were calculated allowing for shielding by the soil
from material in the deeper soil layvers. The doses from cloud or deposited y exposure cal-
culated with these factors are therefore appropriate for people who are outdoors, Factors to
allow for shielding by buildings must be specified by the user of COSYMA. The NE sub-
system allows the user considerable flexibility in describing the location of the population
and the shielding effects of buildings for those people assumed to be indoors, The way in
which this is done, and the options for describing the fractions of the population in different
types of housing with different shielding factors, are described in Section 5.6, Calculations
for groups of people with different shielding factors require the use of the countermeasures
routines of the NE sub-system. However an average shielding factor can be included when
calculating potential doses.

Doses from matenal deposited on skin and clothes are also considered in COSYMA. These
are calculated using a data library giving the dose rate per unit deposit and information on
the biological half-life of the material on skin. The dose response relationships for non-sto-
chastic effects are applied with the dose to a small area of skin, and therefore the dose cal-
culated can be used directly. However, for stochastic effects the average dose throughout the
skin should be used in the dose-response relation. COSYMA includes an allowance for only
part of the body being contaminated in calculating this average skin dose. The deposition
density on skin or clothes is taken to be a multiple of that to the ground at the same
location. The user of COSYMA can specify this multiple of the deposition and also the
half-life of material on skin.

5.3.2 Internal Exposure Pathways

5.3.2.1 Inhalation Dose

Material can be inhzled either directly from the radioactive cloud as it passes overhead, or
following the resuspension of material which has been deposited. This second pathway can
lead to intakes over prolonged periods of ime. The dose from inhaled material can occur
over a prolonged period as some radionuclides can be retained in the body for considerable
periods after inhalation.
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The direct inhalation dose is obtained as the product of the inhalation rate, the time inte-

grated air concentra’ion and a precalculated dose per unit activity inhaled. Values of dose
per unit activity inhaled are contained in a library, the models from which they were derived
are described in Section 6. The inhalation rate can b specified by the user.

Resuspension can be caused by the wind or by human activities (eg. traffic or ploughing).
The relationship between the air concentration and the amount of material deposited 1s
described in COSYMA using a time-dependent resuspension factos. In practice, this factor
depends on the fixation of the material onto soil, cnmatic conditions and the amount and
type of human activity in the arca, As there is no detailed reliable inodel for the resuspension
factor, a simple approach is taken in COSYMA and the resuspension factor is taken to be
the sum of two terms, a constant and one varying exponen ally with time [20]. The user can
change the values of each of the coefficients in the relationship.

The air concentrations inside and outside buildings may be different, and COSYMA incor-
porates this by using a “shielding factor” when calculating the amount of material inhaled.
The user can specify different factors for different groups of the population in the NE sub-
system if the countermeasures routines are used. An average factor is used with the other
sub-systems. The factors adopted for direct inhalation of the cloud and for inhalation of

resuspended material need not be the same,

5.3.2.2 Ingestion doses

Ingestion doses are calculated from the amount of activity depositeu, the concentration of
material in foods for unit deposition, the consumption rate and the dose per unit activity
ingested. Information about the concentration of material in foods and the doses per unit
activity ingested are obtained from data libraries, as described in Section 6,

Nine foodstufls (milk milk products, beef, pork, sheep meat, grain products, potatoes, leafy
vegetables, non-leafy vegetables, and root vegetables) are considered in COSYMA, and
information on the concentration of material in each of these foods as a function of time
after deposit is given in the data library, Previous investigations have shown that the time
of year at which the accident occurs may have a marked effect on the concentration in foods,
COSYMA therefore uses different data libraries for accidents occurring at different times of
the vear. In theory a large number of such files could be used, but considerations on the
amount of data which could be handled restrict the number, and COSYMA approximates
the seasonal effects by using two data sets, one for winter (November to March) and one for
summer {April to October). The appropriate data set is selected by considering the date of
the release from the starting time for the atmospheric sequence.

The individual ingestion dose can be calculated in COSYMA using the assumption that all
food is produced at the point at which it is consumed, together with an assumed consump-
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~ tion rate for cach of the nine foodstufly indicated above. Collective doses can be calculated

using one of two assumptions. The first caleulates the individual dose as above, multiplies |
this by the number of people at the grid point, and sums over grid points. The second uses |
information on food production patterns and assumes that all food produced is consumed
somewhere. The collective dose anising from the production at cach grid point is then cal-
B! culared and summed.

5.4 Dose Response Relationships

il The health effects which can be calculated with COSYMA were indicated in Section 2 and
| Table 1. This section lists the dose-response relationships and the default parameter values
which are used in calculating those effects. i

54.1  Early Effects

The calculations ot early effects of irradiation ix only included in the NE version of COSY-
MA. Madels for a range of fatal and non-fatal early effects are included, as indicated in
Table 1, This list of health effects includes all those causes of death for which a dose-res-
ponse relationship has been specified either by NRPB [34] or by USNRC [35). However,
the list does not include all the non-fatal effects of radiation which have been identified. The
subset sclected for inclusion in COSYMA consists of those effects which lead to a severe
disability of the affected person for the rest of their life or which require continuous medical

treatment and/or social care. Those non-fatal effects which are transitory and leave no per- f
manent health detriment are not quantified. ’
The risk of suffering from early effects following irradiation increases rapdly as the dose '-
increases above a thre<hold value, This is modelled in COSYMA using a “hazard function”, -

in which the probability of an individual being aflected, r, is given by

roe | expl ~H)
where i
k
H « In2( L. )s for D = 1 |
Dy :-
| .i
| D is the dose received in the appropriate period, :
i Dy is the dose which causes the eifect in 50% of the exposed population,
' A 18 the shape parameter, which characterises the slope of the dosc-risk function,
! is the threshold dose,
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 Doses which are protracted over a period of time arc less effective than those delivered over
0 a very short period. This is included in the mode! by summing over doses delivered in dif-
ferent time periods with each normalised by an appropriate Dy, The equation above is then
replaced by

s
e, fLa0e
8 = 1) (<E=) forD > T
Lewid D

{ A1)

where

[ is the dose delivered in the time penod i,

Dy is the dose which causes the effect if’ 50% of the exposed population if delivered
in time peniod i,

I is the threshold dose for time period 1.

In the revised version of the USNRC health effects model [35], dose rate dependent models
are proposed for fatal early effects. These account for the fact that dose received at low dose
rate is less harmful than dose received at high dose rate. This dependency is included by
expressing the median lethal dose, LDy , as a function of dose rate. However the modelling
in COSYMA is still based on the fixed time interval approach; therefore the approximating
functions described above are used. Future revised versions of COSYMA may account for
dose rate dependencies.

An allowance is made for irradiation of more than one organ when calculating the total
individual risk of an early health effect. The risks of death from: each organ are combined in
a way which prevents the overall risk exceeding unity.

Parameter values for the hazard function can be selected which give a very good description
of the variation of risk with dose over a wide range of doses. However they do have the
problem of predicting a non-zero risk at any dose, however small. Acute doses of radiation
below a certain threshold are assumed not to carry any risk of causing early effects. There-
fore threshold doses are included in COSYMA with the hazard functions. This threshold is
different for each of the health effects and for each of the dose periods considered. The
default values of the parameters Dy, S and the dose thresholds for each period included in
COSYMA are given in Table 4.

The default parameter values adopted in COSYMA are derived from extensive studies of the
effects of radiation on both humans and animals, as indicated in [34] and [35]. The dose-
response relationships adopted for death from irradiation of bone marrow are based on
studies of those people exposed to radiation from the atomic bombs in Japan, exposure to
fallout in the Marshall Islands and of casualties after the Chernobyl accident, and several }
other sources of information. The default parameter values for death from lung exposure are
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‘based largely on expsriments with dogs, though there is also some human data and infor-
mation on other species of animals.

Using a hazard function form for the dose-response relationships provides a very flexible
program. The user of COSYMA can simulate a wide variety of other dose response
relationships by modifying the parameter values, each of which can be changed through the
mnput file.

542 La’e Effects

The late effects considered in COSYMA are a range of fatal and non-fatal caners in the
exposed population, and hereditary effects in their offspring. The incidence of these heaith
effects is calculated in COSYMA using a linear dose-response relationship without a dose
threshold.

There has been a number of extensive studies of the incidence of late health effects in irra-
diated populations (see, for example, [34], [35] and [36]). These studies have ide~tified the
health effects in the irradiated population and also the methods which should be used to
calculate the risks in other populations having different age structures and different natural
cancer risks from the population studied.

There are two models for assessing the risk of a cancer being induced in an irradiated person,
The absolute nisk or sdditive model assumes radiation produces a risk of cancer which is
independent of the natural cancer risk @ is the same in all populations for the same dose.
The relative risk, or multiplicative model, assurnes that radiation increases the natural cancer
risk by a multiplicative factor which is the same for all populations and is independent of
any differences in the natural cancer risks between the populations. This means that the
overall cancer risk in a populatuon depends on the natural cancer risk and on the age dis-
tribution of the population at the time of the exposure. Different models are considered
appropnate for different cancers. Therefore, some of the risk coefficients used in COSYMA
were derived from the additive model, and some from the multiplicative model depending
upon the particular cancer being considered.

The calculation of the risk of suffering a late health effect as a result of an accident is com-
plicated by a number of features. The exposed population consists of individua's of various
ages. As late effects may not appear for some tens of vears after exposure, some of the
possible risk may not be expressed in the population as people may die naturally before the
radiation induced effect occurs. Most of the routes of irradiation lead to doses being deliv-
ered over & period of time. Even for the case of inhalation where the intake occurs at a
specific ime, material can remain in body tissues for extended periods, leading to doses over
these extended periods. This extended period of irradiation must be considered in calculating
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ountermeasures Options and Criteria

The countermeasures which are included in the different COSYMA sub-systems were out-
hned in Section 3.2 and indicated in Table 3. This section describes in more detail the
countermeasures which can be considered, and the criteria which may be used to initiate and
withdraw the actions. The effects of the actions on the doses received by the affected popu-
lation are also described in this section. Section 5.6 gives a detailed description of the
methods used to calculate doses and heaith effects allowing for the countermeasures
adopted. Some of the countermeasures can be assumed to be initiated automatically in an
area which can be delined by the user. The countermeasures can also be initiated on the
basis of dose criteria. Thesc criteria are summarised in Table 7, and described for cach option
below. The default values for the parameters are also indicated in Table 7.

In many cases the dose criteria are sums of doses from specified routes of exposure, but the
user has the option of selecting which of these routes should be considered in the summa-
tion. In this way the user can simulate the adoption of various types of countermeasures
criteria.

Some of the countermeasures are intended as immediate actions against short term doses,
while others are intended as continuing actions against exposure over longer periods of time.
Therefore different combinations of countermeasures are considered in the carly and the late
sub-systems of COSYMA,

COSYMA considers both evacuation and relocation as means of moving people from their
homes to avoid exposure. The only difference between these two countermeasures in the
COSYMA system 15 the criterion used for their initiation. The same criterion is used for
return from both evacuation and relocation.

5.5.1 Sheltering Oniy

Sheltering as a single countermeasure is considered only in the N1 version of COSYMA.
Sheltening as the only action is initiated automatically in a circle with a radius defined by the
user, The duration of sheltering must be specified by the user.

Sheltering may reduce the external y doses from both deposited material and the cloud, and
internal doses from inhalation of material both in the initial plume and following resuspen-
sion. It may also reduce the amount of material deposited on the skin or clothes if different
deposition factors are used for people indoors or outdoors when the plume passes. The sets

| of reduction factors can be specified by the user, and can include the value of 1.0, corre-
sponding to no reduction in doses during sheltering.
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Evacuation is considered in COSYMA to be an action aimed at reducing short-term expo-
sure, and is therefore considered in the NE version of COSYMA only. It can be assumed to
be initiated automatically in an area defined by the user, and or on the basis of a dose cn-
terion, and can be assumed to be preceded by a period of sheltering. The program assumes
that evacuation is carried out within 24 hours of the release. The timing of early protective
actions 1s shown in Figurc 4.

The area in which evacuation is assumed to be implemented automatically is defined in terms
of a circle and a sector, as illustrated in Figure 5. The direction of the centre of the sector
is defined in relation to the wind direction at the start of the releasc. The user can specify the
radius of the circle, the outer radius of the sector and the angular width of the sector. The
program is sufficiently flexible to cope with two special caces, namely:

¢ limiting the area to a circle by making the radii of the circle and sector equal,
® limiting the area to a sector by making the radius of the circle zero.

Automatic evacuation does not need to be considered if it is not required for & pa.acular
apphication. In this case the radii of both the circle and the sector should be set to zero.

The dose considered in the criterion 1s any combination of the inhalation, deposited y and
cloud y doses, with the periods over which the doses should be integrated specified by the
user. The doses considered are those to people out of doors at the ume of plume passage.
COSYMA allows the user to specify criteria for several organs, with different dose levels and
integration periods for each. Evacuation is assumed if the doses in any of the organs exceeds
the level specified.

COSYMA gives the user the option of increasing the intervention dose level at a selected
downwind distance. Following an accident, it may be considered undesirable to evacuate
large areas, and particularly major cities, at some distance from the release unless the doses
there are larger than those considered in evacuating smaller areas. This enables the user to
model this type of decision.

The detailed sequences of actions assumed, and the method of calculating doses are
described in Section 5.6,

5.5.1 Relocation

Relocation is considered in COSYMA to be an action ~imed at reducing long-term exposure,
and is therefore considered in the NL and the FL sub-systems, but not in the NE sub-sys-
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em. It can be assumed to be mitiated only on a criterion based on the effective dose. Relo-

cation cannot be combined with an earlier period of sheltering in COSYMA.

The doses considered in the criterion are the external y doses from the cloud or from

deposited material, and the internal dosc from inhalation of material in the cloud or of

resuspended material. The user can specify the periods over which the doses and the intakes
from resuspension are integrated. This period can be iny time up to | year, and could be
sufficiently short that the cnterion becomes essentia. ¢ of instantaneous dose rate. If the
periods specified are not ones for which doses are cont ed in the data files, then the doses
are obtained by interpolation. The user has the option of increasing the intervention dose

level at two selected downwind distances, similar to that done for evacuation.

COSYMA assumes that all people to be relocated will leave the area at the same time. This
time can be derived in two ways. The first option is simply to specify the time through the
input data set. The second option is to specify the relocation rate (i.e. the area per day from
which people can be moved); the time at which people are relocated 1s then derived from the
area affected and the relocation rate.

5.5.4 Return from Evacuation or Relocation, Decontamination of Land and Buildings

The same criterion is assumed to be used for returning from evacuation and relocation.
Returning from evacuation or relocation and decontamination are considered together in
COSYMA

Return is assumed once the effective dose in any period specified by the user falls below a
level which is also specified by the user. The dose considered in this criterion can be any
combination of the externa! y dose from deposited material and the internal dose from
inhalation of the cloud and of resuspended material.

Return 1s only considered at a discrete series of times selected by the user, with the possi-
bility of returning in each time period checked in order of increasing time. The program first
checks to see if people could return at the end of a period because natural processes have
reduced the doses to below the level specified in the criterion for return. If this has occurred
then return s assumed and decontamination is not considered. If return is not possible at
the end of a period, then the effects of decontamination are considered. Decontamination is
assumed to be carnied out if it allows people to return during a time period when they would
not be able to do so without the decontamination occurring. The user can specify decon-
tamination factors which may be different for each time period considered.
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555 Stable lodine Tablets

The distribution of stable 1odine tablets is considered in all the sub- systems of COSYMA.
The effect of taking stable iodine tablets on the thyroid dose from radioactive iodine depends |
on the time delay between inhaling the radioactive iodine and taking the stable iodine tab-
lets. However, a simple approach is adopted in COSYMA, and the user is required to input
a value for the dose-reduction factor which 1s used for all locations, irrespective of the
assumed times of plume arrival and of taking the tablets. Todine tablets are assumed to be

distributed automatically within a circle whose radius 1s specified by the user.

5.5.6 Food Restrictions

Food restnctions are considered in the NI arn' oL sub-svstems of COSYMA, and in the
detailed COSING food modelling program. Restrictions can be assumed to be imposed on
the basis of either the radionuchde levels in food or on dose criteria. In either case the
intervention level for imposing and withdrawing the bans need not be the same, and the user

has considerable freedom to specily his requirements. f

If based on levels in food, the user can input the levels for a range of food categories and
nuclide groups (e.g. total iodine). The program will sum concentrations of the nuclides in
cach group, for companson with the criteria. For comparison with the criteria, the concen-

trations make no allowance for delay between harvesting and consumption.

If restrictions are assumed to be based on potential doses then the user can input the organs
to be considered. The dose considered 1s the commutted dose from intakes in one year. The
program can consider several organs with different dose levels and can impose bans on
whichever ¢cnterion is most restrictive at each point. The user can input the consumption
rate to be used for each food, and can specify whether the calculation is to be for infants,
chitdren or adults. If the dose level is based on an average person rather than one with
extreme hahits, the calculations will allow for delay between harvest and consumption. Loss

of activity during normal food processing will be included in caleulating the doses.

5.6 Calculations Including the Effects of Countermeasures '
This section describes the methods used in COSYMA for calculating doses and risks '

including the eflects of countermeasures. It also describes the sequences of actions consid-

{

ered in the early sub-system when sheltering and evacuation are considered. 1
|
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861 Allowance for Sheltering and Evacuation

The modclling adopted in COSYMA to allow for the effects of sheltering and evacuation
when calculating the doses recerved 15 complex and allows the user a great deal of flexibility
i modelling the likely actions, The area of automatic evacuation 1s denoted “Area A", while
that where evacuation is triggered by a dose criterion s denoted “\rea B”. Any arca which
meets the criteria for both areas A and B is assumed to be within area A.

The sequence of events assumed s illustrated in Figure 4. The actions are assumed to take
place first i area A, It is assumed that, after a delay for the authorities to initiate the
actions, people take shelter while the plume remains overhead. Evacuation s assumed to
begin at a specified time after the end of the release. However the program is written in such
a wiay that it can calculate doses correctly if people are evacuated while the plume is stll
overhead. The parameter identified in Figure 4 as TRENID, the time at which the release
ends, is not used anywhere else within COSYMA and can be set to whatever time the user
needs to model the required nmings of the emergency actions. The dose received during the
period while people are evacuating i1s taken to be that which would be received at the initial
point for the time taken to travel out of arca A, Evacuation of area B 1s assumed to begin
after the automatic evacuation has been completed but, by assigning negative values to delay
times, an carhier evacuation can be modelled. The sequence of events in area B 1s the same
as that in area A. The risk of an carly health effect does not increase linearly with the dose,
and consequently it 1s not adequate to calculate an average dose to groups of people at a
single grid point of those groups are assumed to behave in different ways so that they have
different doses. The description adopted in the NI sub-system considers 1+ number of groups
of people with different doses and different risks, as described below. The individual risk 1s
calculated for each group separately,

Up to five groups of people are considered within the areas which are to be evacuated. Some
peopie are assumed to follow the instructions issued by the authorities and shelter and
evacuate as ordered. Allowance 1 made in COSYMA for these people sheltering in different
locations with different shielding factors, and three such locations can be considered. Some
other people are assumed to evacuate as soon as they are told to shelter. The final group
ol people are assumed to remain out of doors dunng the sheltering peniod because they
could not be located and warned; they are however assumed to be evacuated at the same
time as the other people. The user can specify the fraction of the population in each group
and the shielding factors for each. The default values are given in Table 8.

The doses received by people while they are evacuating allows for the time taken to travel
out of the area considered. The spectrum of individual travelling times for leaving the area
is approximated by considering the times taken for three fractions of the population to dnive
for a specified distance for four different population densities. Values for leaving 6 and 10
kmi circles have been derived [37], and are used as the defaults in COSYMA. They are given
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~in Table 9. The choice between them is made separately for areas A and B, based on the
outer radius of the area to be evacuated, and the population density within the evacuation
| area.

If the individual risk is presented as an end-point, then it is averaged over the travel time,
and the risks to each of the group: f people with different shielding factors are presented.
When calculating the number of health effects, a further average over the shielding groups
is carried out.

Outside the evacuation area, further groups of the population in different locations and
therefore having different shielding factors are considered in the NE sub-system. This is
because the program allows for the possibility of there being early health effects outside the
area covered by evacuation, This means that an average dosu .ioes not give ai. adequate
description of the overall risk, and the dose in each group of people must be considered
separately. The shielding factors and the fraction of the totai population in each of the
groups of people considered can be set by the user; the default values are given in Table 10.
| In the NL and FL sub-systems only ore group having average habits is considered, as linear
‘ dose response relationships are used for the health effects considered there.

| It is assumed in COSYMA that people who are evacuated will also be decontaminated, and
s0 the dose from material deposited on skin is assumed to be terminated at a user-specified
time after the end of the evacuation period.

5.6.2 Allowance for Sheltering Only

COSYMA allows for reduction factors for doses received during periods when people are
indoors, Different factors are used for the external y doses from the cloud or from deposited
material. Reduction factors are also included in calculating the doses from inhalation of
material in the plume or of resuspended material. The calculation of the amount of material
deposited on the skin also takes into account whether people are indoors or outdoors at the
time of the deposition. The same factors are used when people are indoors as part of their
normal activities or because they have been told to shelter.

5.6.3 Allowance for Stable lodine Tablets

The issue of stable 1odine tablets to the popuiation is considered in the NE and NL sub-
systems of COSYMA. The reduction in the thyroid dose from the inhalation of iodine pro-
duced by taking stable iodine tablets depends on the time at which the tablets are taken in
relation to the time at which material is inhaled. This complex relation is simplified in
COSYMA, where a reduction factor specified by the user is adopted for all times of inhala-
tion and of taking the iodine tablets.
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5.6.4 Dose Received before Relocation

COSYMA does not consider relocation in combination with sheltering. Therefore the doses
received before relocation are calculated assuming normal activity, with people spending
part of their time indoors and part outdoors. If the area considered has already been evac-
uated, then the dose reduction factors calculated in the NE sub-system are used.

5.6.5 Dose Received after Return from Evacuation or Relocation

The method of determining when people can return from evacuation and or relocation was
described in Section 5.5, The doses received after return are calculated assuming normal
activity, Decontamination can be assumed to be carried out in some areas. Here all doses
from deposited activity are calculated by dividing the dose which would be received in the
absence of decontamination by the decontamination factor appropriate for the time period
at which the decontamination was assumed to occur, In calculating the individual risk of late
health effects, it is assumed that people return to the same point from which they evacuated
or relocated.

5.7 The Tritium Model

The COSYMA package includes a separate program, UFOTRI, for calculating the conse-
quences of a release of tritium gas or tritiated water [38]. The program combines an
atmospheric dispersion model which describes the dispersion and deposition of the material
released and the dispersion of the matenial returning from the ground to the atmosphere with
a dynamic model for tritium transfer through food chains [39].

The present version of UFOTRI 1s based on the Gaussian trajectory model MUSEMET
which 18 in use within the program system COSYMA. MUSEMET was modified for
describing the behaviour of trittum in the environment of both gaseous tritium and tritiated
water vapour, The importance of the re-emission process necessitates dual modelling of the
atmospheric dispersion. MUSEMET calculates the dispersion after a single release event and
the subsequent deposition on soil and plants. In a second step, the re-emission of tritium
from soil (evaporation) and plants (transpiration) is taken into account by an areca source
model specially developed for that purpose and combined with the original model. UFOTRI
uses a simplified assumption which replaces the area source by a single source point in the
centre of the area, with a given initial widening of the plume. An area source is represented
as a number of smaller area sources, each of which combines several grid points from the
onginal atmospheric dispersion step.
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The conversion of tritium gas into tritiated water (HT into HTO), the transport of tntium

into deeper soil lavers, the uptake of trnitium by the plant root system, and the conver
of HTO into organically bound tritium (OBT), are processes which may modify the tot
balance of the available HT or HTO. Therefore, they are taken into account in the at
pheric dispersion module, and in the foodchain pat ' .
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e Ve i, and smethods which may be used to derive the costs for elch ite;n "

The default values adopted within COSYMA for each of the costs considered are given in
Tables 11 and 12, for estimating economic consequences in the UK and FRG.

All costs occurring after one year may be adjusted using a discount factor. This factor should
be cons.stent with the annual rate of interest, and for those costs which are dominated by
labou’ ¢osts, the annual increase in wages should be included by means of an adjusted dis-
co: . factor. The user must spe.ify the discount factor he wishes to use; this raay be zero
t cepresent no discounting.

S5.8.1 Movement of People (evacuation/relocation)

Transport costs:

The emphasis in the model is on the transport costs of evacuation. Repre-entative costs per
journey have been estimated for organised transport using buses and private transport by
cars. These two costs were combined into a single cost for use in COSYMA.

Loss of income costs:

It is assumed that, if people are removed from their homes through evacuation or relocation,
then they will also be unable to reach their workplace and the contribution they would have
made to the economy will be lost.

An individual's contribution to the economy is assumed to be the per caput Gross Domestic
Product (GDP) for the country or region containing the affected area. 1.oss of income costs
occur from the beginning of the evacuation or relocation period and continue up to the time
when recovery of labour income is assumed to have occurred due to individuals finding re-
employment outside the affected area, or to the time when people return to their original
homes. A mean value of two vears is the default value.

Accommodation costs:

There are two alternative methods by which accommodation costs may be calculated, and
the user must specify which method he wishes to use. Accommodation costs may either be
included by retaimang the housing component in the GDP-based costs which are used in the
calculation of loss of income costs, or by applying a daily cost per person evacuated or
relocated. For the latter, the default costs are based on the market value of housing, 1f the
latter method is used, the GDP costs used for loss of income calculations must have the
housing component removed to avoid double counting. The costing of accommodation
ceases at a time when it 1s assumed that the people relocated will have obtained new per-
manent accommodatic to replace the lost accommodation and the contributions to the
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"~ economy from rents and mortgages will have recommenced. The default assumption in
COSYMA s that this is equivalent to the time when recovery of labour income is assumed
1o oceur.

Cost of lost capital services:

After the recovery process has occurred, the only cost remaining is that representing the lost
services of the capital value of land and assets, due to depreciation, and loss of interest on |
the original investment. The value of land and its assets is subdivided into the categories of :
capital stocn (excluding housing and consumer durables), housing, consumer durables and
land. For each of these categories there are defaclt values for the original (net) value at the
time of the accident of land and assets. The proportion of the original value that is Jost i
during the relocation period is then determined by applying annual depreciation and interest
rates, The depreciation rate varies for housing, consumer durables and other stock.

5.8.2 Food Restrictions

Cost of lost food and capital values:

The basic quantity for expressing the cost of the lost food is in terms of its lost contribution :
to the country’s GDP. In the first year after the accident the gross output value is used, to
include the cost of investment made by the farmer upon which there will be no return. In
subsequent vears, GDP values are applied, in terms of GDP per unit quantity (eg, head of
livestock, area of crop producing land, amount of crop lost, and litre of milk produced). |
These values include an allowance for the effect on food processing industries of bans on the
raw produce, where this is likely to be significant. ,

In the same way as has been assumed for long-term relocation, a cut-off time is applied to
represent the recovery of this part of the economy. The default value is three years. After the
assumed agricultural economic recovery time, the loss of capital value of the land is calcu-
lated in the same way as the lost capital value of land duning relocation, using data on the
capital value of agncultural land per unit area.

Cost of food disposal:

The costs of food disposal are considered in the model, but those of storage, processing or 1'

feeding of contaminated food to animals are not. The default assumptions are that crops and

livestock are disposed of on the farm and therefore incur no additional cost, and that milk

is transported away from the area before being disposed of. The only direct disposal costs

are therefore those due to the milk transport. It is assumed that milk production will cease 1!

{ 100 days after the accident, and that no further disposal will be necessary after this time. 4

Other values can be provided by the user of COSYMA. !
|

5 BASIC FEATURES OF THE MODELS IN COSYMA
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COSYMA allows the user to specify decontamination factors for ew.n of the periods in
which decontamination and return from relocation are considered, as described in Section
5.5. A decontamination cost can also be specified for each of these periods. At present
COSYMA does not consider the *ype of area (e.g. rural or urban) when using these factors,
and the cost used must be an avi ;age for the types of land which are likely to be decon-
taminated. The default costs reflect the processes likely to be required to achieve the speci-
fied decontamination factors at the time after the accident for which thev are applied. The
default data are appropriate to decontamination occurring in the first vear after the accident,
and are in terms of the cost per area of land decontamin.-ed.

5.8.4 Radiation Induced Health Effects

Five main categories of radiation health effects are considercd in the economics model.
These are non-fatal early and continuing effects, fatal early effects, non-fatal cancer, fatal
cancer and hereditary effects.

The model includes the ability to calculate the costs of radiation-induced health effects by
two alternative methods: the human capital approach and a method utilising a subjective
valuation of detriment. The human capital method represents those costs which have &
directly measurable effect on the economy, The components of cost considered are the costs
of medical treatment and the loss of an individual's contribution to the economy The sub-
jective valuation approach has been included to enable the nomn-pecuniary element of tne
cost of health effects 1o be evaluated where required by assigning to each health effect a
monetary value representing an individual aversion to that type of effect. These valuation:
do not include the cost of treatment, and this should be inciuded separately, as in the human
capial approach.

il




6. DATA LIBRARIES IN THE COSYMA PACKAGE

The COSYMA package includes a nur.oer of data libraries which contain either the results
of models which are not included in the accident consequence programs or other information
required in running the programs. This -c.ion identifies the libraries in the package, and
summarises the sources of the information in them. As discussed in earlier sections, there
are a number of areas in which the data included in COSYMA could be improved in future
versions of the system. The data described below are those included in the current version,
designated 90/ 1.

6.1 Radionuclide Data

All of the sub-systems of COSYMA require values for the half-lives of the nuclides consid-
ered. A suitable library is included in the package. The COSGAP dispersion model also
requires information on the y decay schemes of the nuclides considered. A suitable library,
which is derived from the information in ICRP-38 [41], is included in the COSYMA pack-
age.

6.2 Meteor lugical Data

The COSYMA programs require information on the atmospheric conditions affecting the
dispersing material. The package inclndes five difl»reat atmospheric dispersion models,
which require very different amounts and types of lata. The ISOLA, MUSEMET and
COSGAP models require only site-specific data, and 1 18 up to the user of COSYMA to
provide the data for the sites considered. The RIMPUFI" model requires data on the con-
ditions at & series of locations in the area considered or can use data from a single station.
It is up to the user of COSYMA to provide suitable data for this model. The data required
for these dispersion models are described in detail in the COSYMA user guide [18].

The MESOS model requires information on the pressure field cove.. " the whole of Europe
and suitable data for the years 1982 and 1953 are inciuded in the COSYMA package. The
form of the data is described in the user guide.

6.3 Dosimetric Data

The calculation of doses from each of the routes of exposure considered in COSYMA uses
information from libraries, and a series of hibraries containing this informatio.; 1s included

6. DATA LIBRARIES IN THE COSYMA PACKAGE
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n the COS tive data libraries may be provided in future based on
other models.

The calculation of cloud y dose in the CONCEN module of the COSYMA sub- systems uses
a library giving the cloud y dose per unit air concentration for a series of nuclides and a set
of correction factors for the effects of plume size. The values included are based “n work by
GSF [42]. The COSGAP dispersion model uses a difl”.cent method of evaluating the cloud
y dose [20], and suitable libraries for use with this program are provided in the COSYMA

package.

The calculation of extu.rnal y dose from deposited material uses a data library giving the dose
per unit deposit at a sevies of times for each of a large number of nuclides. The values in the
library, which were derived from the GSF model [43], [44] include the contribution from
daughter products formed after the original material is deposited. The model used allows for
shielding by ground roughness and the air in calculating photon fluxes above the ground by
a Monte Carlo technique. Organ doses are calculated allowing for the non-uniform pattern
of irradiation of the body. This model does not in general allow for movsment of the
deposited material into the soil column. Alternative models, which could be used for
obtaining the values in the library, are available. They treat the various steps in the calcu-
lation differently. For example, the model developed at NRPB [19] allows for movement
into the soil column but uses a simpler method of calculating the y flux above the ground.

Doses from deposition on skin are calculated using a librarv which contains values of the
dose rate per unit deposit, derived using the models described in [45].

The COSYMA package contains libraries of values for the dose per unit intake by inhalation
and ingestion which are obtained from metabolic models derived by GSF [46]. The model
includes a description of the ways in which radioactive material moves through the body
after intake and the doses received by organs from material in that orgi n as well as matenal
in other body organs. Other models are available for calculating the requ red values in these
libraries [47].

6.4 Activity Risk Coefficients

The method of calculating the numbers of late health effects adopted in COSYMA,
described in Section 5.4, uses “activity-risk coefficients”. These coefficients require informa-
tion on the time variation of concentrations of activity in food, dose per unit intakes by
inhalation and ingestion, the time variation of external y dose per unit deposit and of the
air concentration from resuspension. They also require information on the risk coefficients
for the different effects considered. The COSYMA package includes activity risk coefficients
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6.5 Food Chain Information
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i R Liosiina g 7. PRESENTATION OF RESULTS

The end-points which are considered by COSYMA were o1 tlined in Section 2. Section 7.1
describes these end-points in more detail. Section 7.2 describes the way in which probability
distributions are calculated, while Section 7.3 describes the ways in which the results can be

presented.

7.1  Endpoints Considered

Accident consequence assessment programs calculate information on the numbers of health
effects in the exposed population, the numbers of people or the area affected by different
countermeasures, the amounts of agricultural production for which restrictions may be
needed and the ofl-site economic costs of an accident. Other quantities, such as the con-
centrations of radionuclides in air, on the g.ound or in foods, or doses from different routes
of exposure or at different times, which must be calculated in order to derive these collective
effects may also be required as the end-point for some applications of the system. This sec-
tion describes the many quantities which can be calculated with COSYMA to represent
these broad categories of effects. The user of COSYMA can select which of the available

endpoints are considered in a particular run.

The health effects considered in COSYMA were indicated in Section 2 and Table 1. Proba-
bility distributions of the numbers of effects can be presented, with separate results for early
and late effects, The results for early effects can be given in terms of the numbers of fatal
effects (totals and in different organs) and of each of the non-fatal effects considered.
Information on the incidence and the numbers of deaths from cancers, both n total and
from different types of cancer, can be obtained, with a breakdown of the numbers of fatal
cancers in different time periods being given. The total number of years of life lost as a result
of all health effects and for each health effect separately can also be calculated, as can the
total number of hereditary effects in all future generations.

The countermeasures which can be considered in COSYMA were described in detail in Sec-
tion 5.5. Infermation on the extent of the countermeasures adopted is given in terms of the
numbers of people and the areas affected by relocation and by evacuation, together with the
numbers of people remaining away from their home and the area from which these people
have been moved at a series of times. The number of people who shelter is also available.
The countermeasures considered in COSYMA include decontamination, and the total area
which is decontaminated and the areas decontaminated at different times are given. The
information on the countermeasures affecting food is represented in terms of the areas and
amounts of food affected by restrictions, with results given separately for the nine foods

7. PRESENTATION OF RESULTS
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Information on the off-site costs of the accident are also caiculated within COSYMA.
Information on various components of the cost in addition to the total is available. Thus the
contributions from evacuation and relocation, decontamination, food bans and health effects
can be obtained separately, both in total and in a series of time periods. The costs can be

further sub-divided so that the costs arising from evacuation and relocation can be expressed
in terms of the costs of transport, of the inability to work, and of the lost capital value of
the land and of assets. The costs of food bans can be subdivided into the contributions from
crops, milk and livestock with the costs of foc ! disposal, lost capital costs and GDP related
costs separately identified. The costs associated with health effects can be divided into the
contributions from the different categories of effects.

7.2 Probabilistic Information

The consequences of an accidental release will depend on the values of & number of param-
eters, including those describing the atmospheric conditions during the release and the sub-
sequent dispersion of the material over the area of interest and the travel times out of the
contaminated area for different groups of people. Unique values can be assigned to many
of the parameters, but it is not possible to do this for the atmospheric conditions at the time
of the postulated accidental release. The wind direction determines the groups of people who
are exposed and the areas of land contaminated, while other conditions determine the rate
at which the material disperses and hence the levels of dose and the magnitude of efTects.
The method used in accident consequence assessments is to consider the consequences
should the accident happen in any set of conditions, and describe the spread of different
consequences for all conditions which might be experienced. Therefore the results of an
accident consequence assessment are normally expressed in probabilistic terms, and partic-
ular features of the distribution of consequences are used to describe the overall distribution.
The following section briefly describes the probabilistic treatment of the results in COSY-
MA. A more detailed example of the construction of probability di ributions is given in an
appendix of [1].

Consider a release which gives rise to a value C(i) for a particular consequence in a set of
conditions which occur with a probability fli). The probability of the sets of conditions
considered must be defined in such a way that the sum over all sets of conditions s equal
to unity. The overall probability distribution for this consequence 15 then constructed by

evaluating the consequences for all possible set of conditions.
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One way used in COSYMA to present the probabilistic information is the complementary
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summed over those values of r and i such that the consequences equa! or exceed C. Other
features of this distribution can be obtained in the same way as for the distributions for a
single release.

7.3 The Form of Results

COSYMA can be used to produce estimates of consequences from a wide range of condi-
tions, or from a small number of sets of conditions. The main sub-systems and the stand-
alone evaluation programs allow this information to be presented in a wide variety of ways,
so that the method which is most appropriate for a particular application can be chosen. In
addition a large amount of detailed information is written to files for passing between the
different modules of the system. Further programs could be written by users who require
access to this detailed information.

The various end-points from provabilistic runs of COSYMA are most casily presented in
terms of the complementary cumulative frequency distribution (CCFD) described in Section
7.2. The COSYMA programs write files giving information enabling these distnibutions to
be plotted, using a graph-plotting package provided by the user. The resul:s can be presented
either in terms of cumulative probability distributions or in terms of the class frequency
distributions. In addition characteristic quantities of the distribution, such as the expeciation
value, the value at a series of percentiles and the probability of zero effects, are tabulated
by the program. Results can also be presented in the form of pie harts, and tables of con-
tributions to some selected consequence.

In obtaining the results for the end-points identified above, values for a large number of
intermediate results must be calculated, COSYMA allows the user to print out information
on many of these intermediate quantities, either in terms of their values in selected atmos-
pheric sequences or in terms of their probability distributions over all atmospheric sequences
considered. The three sub-systems NE, NL and FL can themselves give considerable infor-
mation on these intermediate results. In addition a group of evaluation programs, which run

independently of the three sub-systems, are available to give alternative presentations of the
results,

Information on the vanation with distance from the site of air concentration and amount
of material deposited can be presented in terms of the probability distribution at selected
distances or the vanation with distance of the characteristic quantities of the distribution.
The value of the quantity concerned is calculated in each atmospheric sequence at each gnd
point at a particular distance. These values forin the set for which the probability distrib-
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arsund the site. The expectation value 1s averaged over all atmospheric sequences and anglef
from the site belore being presented. An example of this form of presentation is given in
Figure 7. The results can also be given in terms of the areas where the deposition lies within
different ranges. COSYMA allows the user to obtain a considerable amount of information
on the contributions to doses made by different nuclides and different pathways. Probability
distributions of each dose considered at each distance can be obtained. These can be pre-
sented in terms of the characteristic quantities at each distance, or the variation of the
characteristic quantities with distance. Information on the collective dose can also be
obtained. The information on doses can be presented for potential doses (those which would
be received in the absence of countermeasures) or for actual doses taking account of the
effects of countermeasures. Informaticn on the distribiation of collective dose in individual
dose bands is also available. The fraction of the totai dose received from the different routes
can be obtained for each distance considered, as illustrated in Figure 8. The contribution of
each nuclide to the dose from each of the routes considered at selected distances can also
be presented. A further breakdown in terms of the contribution of each route of exposure
to each of the late health effects is also available.

The consideration of countermeasures to reduce doses is an important part of any accident
consequence analvsis, and COSYMA can be used to provide a considerable amount of
information on the effects of countermeasures. The end-points reflecting the 'mpact on the
population as a whole were described in Section 7.1. In addition to these, results for the
probability of imposing different countermeasures as a function of distance are available,

Information on health effects 1s available in terms of both the numbers of effects in the
whole population and of the risk to an individual at a particular distance from the site. The
results for the whole population are presented in terms of probability distributions and their
characteristic quantities, as described in the previous section. Time-dependent results can
also be obtained as illustrated in Figure 9. The individual risk can be presented in terms of
the probability distribution at each distance, or the variation of its characteristic quant
with distance.

COSYMA also allows the user to investigate the correlations between different end-points
and between individual and coliective doses. An example of the collective dose in individual
dose bands 1s given in Figure 10,

7. PRESENTATION OF RESULTS
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8. QUALITY ASSURANCE

As stated earlier, the programs in the COSYMA package were written without using any
formal quality assurance procedures. However, a number of tests have teen carried out on
the programs, both whiie they were being written and subsequently. Large parts of the pro-
grams in COSYMA are denived from the MARC and UFOMOD programs which have been
tested [55] and have been uscd extensively. Those tests and their results are equally appli-
cable to parts of COSYMA.

A number of these tests consisted of identifving calculations which are sufficiently simple
that they can be done by hand, but sufficiently complex that they test the computer pro-
gram. A comparison of the results of hand and computer calculations then acts as a test for
the programs.

Further tests have been carried out by comparing the results of programs in the COSYMA
package with those obtained by other computer programs or given in reports. This is par-
ticularly appropriate for atmospheric dispersion programs, as a number of reports giving
model calculations are available.

The COSYMA package contains some programs which can be made to generate the same
results, such as doses at specified times. As the programs were written independently of each
other, demonstrating consistent results gives confidence in the correctness of the programs.
The countermeasures calculations of the NL and FL modules are very similar so that results
of the two sub-systems can be compared and used to check those parts of the programs. The
countermeasures calculations have been checked by selecting criteria which do not involve
any actions and showing that the resuits of POTDOS and LATDOS arc the same.

Many parts of the COSYMA programs consist of simple operations on precalculated
quantities taken from data libraries. The correciness of results of the COSYMA package
depends on the correctness of these data libraries. The values contained in the libraries were
generated either in the FRG, though not necessarily at KfK, or by NRPB, In virtually all
cases data sets of equivalent values have been compiled totally independently at both NRPB
and KfK. The two sets have been checked for consistency where possible, and in the
majority of cases agree sufficiently to give confidence in the ccrrectness of the data sets
included in the COSYMA package. The contents of some of the libraries have also been
checked against equivalent results from o.her sources. Benchmark studies liave been under-
taken for food chain models (see, fur exa aple, [52]). These studies help to demonstrate the
correctness of the data libraries.

8. QUALITY ASSURANCE
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9. UNCERTAINTY ANALY!

An important part of accident consequence assessments is to estimate the likely uncertainty
in any of the results obtained. The COSYMA package does not include any programs spe-
cifically for carrying out uncertainty analyses. However the programs forming the main
sub-systems are written in such a way that all the variables can be set from the input which
must be supplied by the user. The COSGAP dispersion program also allows many of the
model parameters to be set from the input data.

Technigues are available for describing the range in which the most appropriate value for
each parameter used in calculations might lie. Techniques are also available for selecting
values for each parameter from their range to form the input for a number of runs of pro-
grams such as those in COSYMA. Further techniques are available for analysing the
relationships between the output values generated and the sets of input values.

Uncertainty analyses of parts of UFOMOD have been carried out, and the techniques are
equally applicable to analyses of the same parts of COSYMA. Programs [56] have been
written which form an interface between the parts of UFOMOD considered and the uncer-
tainty analysis programs written at Sandia National Laboratories [57], [58). The programs
[56] will read the output file produced by the Sandia sampling program and write input files
for COSYMA in the correct format. They also read the output files of COSYMA and write
files in a form which can be read by the Sandia analysis program.

While these programs are not part of the COSYMA package, they could be made available
if required. They could be modified moderately easily for use with other programs for
selecting parameter values and analysing the relationships between input and output values.

9. UNCERTAINTY ANALYSES USING COSYMA

. 65 -




L]

10. CHOICE OF SUB-SYSTEMS AND PAR-\'\HZ'II‘-.R VALUES

10.1 Choice of Sub-System
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10.1.1 Choice of “Earlv” or “Late” Sub-System

10.1.2 Choice of "Near” or “Far” Sub-System
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102 Default Values for Parameters and Data Libraries

The user of the COSYMA package must provide values for all the parameters used in the
analysis programs. These parameter values may be input to the programs from data libranes
or from the user-specified input files. In many cases the programs provide default values for
the parameters, and standard versions of the data libraries are contained in the package. The
user-guide shows which parameters in the user-specified input streams have a default value,
and gives the value. Earlier sections of this report heve described the models used to derive
the values in those libraries (such as dose per unit intake) containing the results of pre-cal-
culations made with models which are not included in the COSYMA package, and also the
contents of those libraries (such as the population data) containing gridded information.
This section gives some indication of the conditions for which the default values are appl-
cable. However it cannot cover each of the parameter values required in a COSYMA run,
and the user must ensure that the values assigned to the many parameters involved are
appropriate to the particular application of the system being undertaken, or must use other
models.

Perhaps one of the main areas where the parameter values must be chosen with care is in
specifying the criteria for the countermeasures to be considered, both in terms of the dose
levels at which the actions are assumed to be undertaken and the assumed timing of those
sctions, The COSYMA system allows a wide range of emergency actions to be considered,
and leaves the user a considerable flexibility in setting the critena.

The COSYMA package contains a library of deposited y doses which was calculated allow-
ing for shielding by “surface roughness”. The values from this library are applied, with fur-
ther shielding factors for people in different (urban and rural) locations, and also for people
inside buildings. Studies with the NRPB model EXPURT have examined the relationship
between duses in different areas [ 59]. Similar studies have examined the relationship between
doses inside and outside buildings, including the contribution to dose from material depos-
ited in the building. This type of work should be considered in selecting values for shielding
factors. Consideration should also be given to the type of buildirg for which the shielding
factors are being applied. Brown [60] has reviewed information on shielding factors for dif-
ferent types of building.

Some of the quantities in the data hbraries have concealed in them parameter values which
the user may wish to alter. For example, the “activity risk coeflicients” are derived from a
process which considers the time-variation of concentration of material in food and of the
deposited y dose after deposition, and the risk coefficients for late health cffects. Concen-
trations in food reflect agricultural practices which can vary between countries, particularly
for the duration of the growing season or the time when animals are fed on stored food.
Deposited y dose rates are calculated assuming some shielding by the rough nature of the

10. CHOICE OF SUB-SYSTEMS AND PARAMETER VALUES
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undertaken.

The methods required within the NE sub-system need a considerable amount of computer
time, because of the complexity and flexibility of the models adopted. Therefore the NE
sub-system should be used for the minimum number of distances for which emergency
actions are likely to be required.

Groups of people:

The NE sub-system considers groups of people with different behaviour during the sheltering
and evacuation periods. The number of health effects in the population reprt sents the sum
over those in the different groups. Unless the shielding factors for the groups are very dif-
ferent, the risks to the various groups may be similar, and calculations assuming a smaller
number of groups may be adequate.
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Early effects:

Death from irradiation of

Morbidity from irradiation of

Late effects:

Fatal and non~fatal cancers

Hereditary effects

bone marrow

fung

GI tract (external irradiation only)
skin

fetus

lung

lens of the eye

thyroid

fetus (mental retardation only)

leukaemia, breast, lung, thyroid, bone,
GI-tract (colon, liver, pancreas,
stomach), skin and "remainder"

Table 1. e health effects considered in COSYMA
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dose in organ/tissue slope median dose Ds‘ [SU]“’ ihreshold for exposure
effect parzmeter upper end of exposure interval [days) during tiee interval
external internal s ¥i (Sv)
irradiation irragiation i 7 14 21 30 200 365 1 2 3 “
mortality g
tung ung pulmonary syndrome 7.0 9.3 - 9%.0 - - 220.0 S40.0 { 5.0 &7.0 110.0 270.0 i
red bone red bone haematopoielic 6.0 8.7 - a.5 - 17.7 - - 2.3 8.2 8.5 =
Barrow Rarrow syndrome
-~
ralainderr” - gastrointestinal 10.0 5.0 B4 -~ - 2 - - w.e 239 - * ‘:‘
syndrose E
skin - skin burns (5%) 4.7 35.0 50.0 - - - - - 23.0 &5.0 - - =
]
-
ovaries ulerus pre-~ u;d neonatal 3.0 1.8 - - - - - - 0.1 - - - ;
death ’
£ 3
g - o
morbidity = ~
R ;
tung fung iung function 7.0 6.6 - .0 -~ - 1.0 270.0 | 2.3 23.0 955.0 135.90
imp3irsent g
thyroid thyroid hypothyraidiss 1.3 §0.¢ - — - external expoasure 2.0 - - = -s
- — E 300.9 iodine inhalation w.e - - - &
=
b 1
skin - skin burns 4.7 35.0 50.8 -~ - - - = 23.8 45.0 - - é
skin - catsracts 1.5 3.1 - 6.2 - B - 9.3 1.0 3.0 8.5 - .z
e B
ovaries uterus mental retardation' >’ 1.0 5.1 = . 5 - - - 0.1 - - - §
Wotes Z
(1] In accidents invelving relesses of a-emitters, the absorbed dase should be multipiied by a factor to avcount for the relative bisicgicai S
3 effectiveness of acute a-irradiation 4
{2} Since the dose conversion factors for the Gl-tract were Aot included in the GSF-data, the calculations are based on the dose to the r
reémainder organs, -
~§ §3) Risks predicted using these parameiers have to be auitiplied by 0.07 to Le applicable to the general population, tc allow for the fraclion %
- of that population whu are pregrant al any one Lims. [l
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grgan/tissue

S
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effect | model'? j
| !
i |

Fraction

|

persons and 10

SO

per 108

C
»V

bone surface

breast

lunag

red bone Mmarrow

Stochastic somati

leukaemia

cancers

cancers

mnceds

i
1
|
|
|

cancers

ancers

effects considered and model parameters
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Time after :
exposure Excess cases“} i
(vears) Lifo(z)
lost
Age at (days)
exposure 3 1¢ 15 20 25 30 35 40 | 45 50 55 £0 65 70 75 80 | 83 90 | 95 {150
{yeats)
o o c 8 0 o G 1 2 3 8 ie 33 55 79 {162 j117 {123 {125 125 |12% . 565
5 bs] o 0 0 ¢ 1 2 & 8 18 33 { 55 80 102 1117 1124 [126 1126 |126 | - .568
10 0 2 L 0 1 2 [N 8 18 34 55 80 [103 |118 124 {126 {126 {126 - » .569
i5 1] L] (4 1 2 4 2 18 36 55 8C |103 {118 25 j126 (127 1127 - - - 571
b3 s o 1 2 & 8 18 3% 58 80 1103 118 125 (127 [127 127 - - - - 572
2 4] o 1 3 8 16 31 50 74 94 1108 114 (116 (116 |18 - = - = e -522
30 0 b 2 5 11 20 33 | 48 62 72 76 77 17 72 - - - - = - . 342
as 0 1 3 7 14 23 34 [¥A 51 53 54 54 54 - - - - - - = .239
40 Q 2 5 10 18 26 34 39 42 &2 42 4z ~ - - - ~ - - - .181
45 e} 3 7 14 21 8 32 34 34 as 3s ~ - - - - - - ~ = 142
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60 o 8 15 20 22 22 23 2 = = = o - = - x = e e - .067
65 Q 9 H 18 19 1% 19 - - 2 = - = e o - = = " = .46
70 0 10 14 15 15 15 - - - o - - - - - - - - - = .029
75 0 7 3 10 10 ] = - - - = - - - - = = - 3 - - .015
80 ¢ i 4 4 4 | - - - - - ~ - ~ - - = = - % = % 005
Notes:

(1) Assuming the natural cancer risk for men in
{2} This is the average period of life lost for the members of the population.

the FRG pcpulaticn.




pr——

I able

Do

{

i

tating

OUNTerme

o

il e

per

344
r

valus

o smasac s esseed

iod




shielding factor

percentage :
‘. residence
of population cloudshine groundshine
30 % pone. 1.00 0.70
(spontaneous evacuation)
S—
30 % in cellars 0.05 0.03
in buildings with
15 % e Al 0.30 0.10
low shielding
in buildi iith
15 % O e 0.01 0.01
high shielding
10 % outside, rural area 1.00 1.00

'normalized to external radiation from ground surface with shielding factor of about 0.7

Table 8.

sponding shielding factors

COSYMA: Probabilistic treatment of population behaviour in areas A and B and corre-

iia driving time [min] for
t f
population density PD (1/'km?) o dge Iy
population R= &km R = 10 km
10 13 14
PD < 100 40 11 12
S0 6 6
10 25 50
100 < PD < 500 40 18 35
50 8 12
10 70 125
500 < PD < 1000 40 50 85
50 15 i5
10 160 500
1000 < PD 40 110 290
50 25 60

Table 9.

Parameterization of driving time




percentage of shielding factor

sopulation residence
P

cloudshine groundshine '
8 % outside, rural area 1.00 1.00
8 % outside, urban arca 0.30 (.50

™ in bui!dipgs 'with 1.00 0.50
iow shielding

35 % . h‘uxldmg.s wflh 0.30 0.10
medium shielding

, in buildings with
40 % i e 0.01 0.01
high shielding

Inormalized to external radiation from ground surface with shielding factor of about 0.7

Table 10.  COSYMA: Probabilistic treatment of population behaviour outside areas A and B and
corresponding shielding factors
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Subjective health effects costs
~ early mortality £1,000 000
- early morbidity £100,000
~ fatal cancers £1,000,000
~ non~-fatal cancers £100,000
= hereditary effects £1,000,000
Default annual int.rest rate 5%
Defauit annual depreciation rate - housing 2%
Default annual depreciation rate - stock 6%
Default annual depreciation rate - consumer 10%
durables

Table 11.  Summary of default economic data for the UK

NOTES

& B owow

e

10,

As a default, it is assumed that 80 % evacuate by private means and 20 % by public
means.

UK average value, regional data also available for the UK, see [40].

Assuming annual depreciation rate of 2 % and annual interest rate of 5 %.
Gross output values should be used in the first year of food restrictions, see [40].
Default data are also available for low and high levels of efTfectiveness, see [40].

Costs are averages for the categories; for default costs for individual health effects see
[40].

Costs are for hospitalisation; different levels of treatment are also discussed, see [40].
This average cost does not apply to cataracts and mental retardation, see [40].

This cost is for fatal efTects; for default values for the costs of certain non-fatal cancers,
see {40].

This is the discounted cost of hospital treatment for a period of 16 years.
An average yearly cost of £ 20,000 was assumed and a discount rate of 3 %.

for applications for which the undiscounted value is appropriate, a cost of £ 320,000
may be assumed.

The loss of income during treatment will be the product of the average gross yearly
carnings and the treatment duration in years discounting during the treatment period
is not included in the default case.
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: Linear model (COSGAP)
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wind direction in |
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o Figure 3. The different patterns of contamination predicted using different models for describing |
b ehanges of wind dicection during plume travel |
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area A

area B

TACC TREND
G g7 i | : ’
i ! | 1 i i
B TDELA
1 i |
TINA TSHA TDRA | TSKIN :
¥
; | TDELB
s
TiNB TSHB = TSHA + TDRA + TDELB + TINA - TINB TDRB TSKIN
TACC = time of actident {end of chain reaction)
TREND = time of end of reiease (=~ $5 %)
TINA, TiNB = initial delay, area A, B
TSHA, TSHB = duration of sheltering period, area A, B
TDELA = delay time between end of release and end of sheltering period, area A
TDELB = delay time between end of evacuation in area A and begin of evacuation in area B
TORA, TDRB = driving time to leave area A, B
TSKIN = time between leaving area A, B and skin decontamination

Timing of early proteciive actions

Figure 4,




o)
 HE

area A:
actions: sheltering and/or evacuation
definition: keyhole shaped area with inner radiusr,
outer radius R and sector angle o
(e.g.,r = 24km,R = 5.6 km,a = 60°)
area B:
actions: sheltering and/or evacuation
definition: dose to lung, bone marrow Gl-tract, thyroid or

effective dose above organ specific thresholds

Figure & Modelling of protective actions in the early phase
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#) Integral
representation
1ot
Probability
that %
suRfeavaRets; 10° 90th percentile
will exceed,
N
-3
10 29th percentile
10”4 - Js
1 10
Number of consequences, N ~ arhitrar? units
b) Differential
represestation
0.28 [
Q.2 oo
Probability
that 1
consequences
will be in
the range 0.1 e
indicated ' - @
* =
n.08 ""L_r' 23
1 A |
0 1 10 102 103
to to to to. to
1 10 102 IOJ \0‘
Number of consequences in specified ranges - arbitrary
units
¢) Characteristic quantities
Number of Number of Probability of
Quantity consequences, N consequencas, N exceeding N
(arkitrary units) (arbitrary units) (%)
Mean 530
Median 210 1 93
10 81
Percentiles
T 100 b
lst (4]
80th 820 1,000 B
80th 1,400
99th 3,900 16,000 0

Figure

6. Hlustrative example of output from COSY MA showing the distribution of consequences

(arbitrary units) expressed in different formats
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CONCENTRATIONS (BQ/tee2) NOT EXCEEDED ON 951 OF OCCRSIONS
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7. Example of the 95th percentiles of the activity concentrations on ground surface
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Figure 9. Example of the time dependent mean numbers of late fatalities for different cancer types
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