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2. MODEL DESCRIPTION

2.1. Name of model, model developer and model user

Model name: FARMLAND (Food Activity from Radionuclide Movement on Land).

It is important to stress that the FARMLAND suite of models was used in a limited selection of
Scenario S calculations.

FARMLAND was used to calculate 137Cs activity concentrations in:

* pasture
* milk
* beef
* leafy vegetables
* cereals

FARMLAND was not designed to calculate:

* activity concentrations in other foods such as mushrooms, moose or wildfowl.
* external dose
* ingestion dose
* inhalation dose
* whole body burden

Other methods detailed in this document were used to calculate these quantities.

Model developer: NRPB Environmental Assessments Department
Model user: Carol Attwood

2.2. Important model characteristics

2.2.1. Intended purpose of the model in radiological assessment

The FARMLAND model was originally developed for use in connection with continuous, routine
releases of radionuclides, but because it has many time-dependent features it has been developed
further for a single accidental release. The most recent version of FARMLAND is flexible and can be
used to predict activity concentrations in food as a function of time after both accidental and routine
releases of radionuclides. The effect of deposition at different times of the year can be taken into
account. FARMLAND contains a suite of models which simulate radionuclide transfer through
different parts of the foodchain. The models can be used in different combinations and offer the
flexibility to assess a variety of radiological situations. The main foods considered are green
vegetables, grain products, root vegetables, milk, meat and offal from cattle, and meat and offal from
sheep. A large variety of elements can be considered although the degree of complexity with which
some are modelled is greater than others; isotopes of caesium, strontium and iodine are treated in
greatest detail.
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FARMLAND is a generic model developed for UK agricultural practices and for use in general
radiological assessments. However, selective information on agricultural practices and countermeasures
have been taken into account. The model is not intended for site specific applications, however it is
sufficiently flexible to be used for detailed studies if required. The purpose of NRPB's involvement
in the Multiple Pathways Exercise has been to test the default, generic, FARMLAND model. There
has been no attempt to fine tune the models to replicate the detail given in the Scenario S outline. This
has had implications for the fit of predictions to observations.

2.22. Intended accuracy of model prediction

FARMLAND is primarily used to study the transfer of radionuclides to foodchains following
accidental or routine releases of radioactivity to the atmosphere. The way in which the model is used
and the assumptions made depend on the application. For routine releases, simplifying assumptions
can be made, eg the releases are assumed to be continuous and constant throughout each year and the
temporal accuracy of calculations required is not less than one year. It is therefore not necessary to
model the time dependence of the transfer to the food in detail. The full complexity of FARMLAND
is used for accidental release applications where predictions of the time dependence of radionuclide
transfer is required as an important input to post-accident management and also, in other
circumstances, to the development of emergency plans. In summary, FARMLAND comprises a suite
of default, generic models which are expected to provide a best estimate of radionuclide activity
concentration in a variety of food products. In the light of uncertainties associated with predictions,
(see Section 2.2.3) FARMLAND tends to err on the side of caution by overestimating food activity
concentrations.

2.23. Estimates of uncertainty associated with model predictions

When the Scenario S assessment was carried out, FARMLAND had no built in mechanism for
the estimation of parameter uncertainty. Work is currently in progress under a CEC contract, to address
the issue of quantifying uncertainties in foodchain calculations as inputs to accident consequence
codes1. NRPB therefore accepts that some estimate of the uncertainty surrounding dose quantities is
desirable and indeed necessary in radiological assessments. However, in normal circumstances,
measures of uncertainty associated with intermediate quantities are not calculated by NRPB as part of
a dose assessment. These might be radionuclide activity concentrations in environmental media, eg
foods, water, air or sediments. However, model predictions are compared with those of similar models
for given conditions (verification), and with a variety of environmental measurement data (validation)
as a first step toward quantifying model performance.

Verification
Throughout the development of FARMLAND the predicted activity concentrations in foods were

checked against hand calculations, and compared with the results given by relatively simple,
multiplicative foodchain models. FARMLAND has also been used in four extensive model
intercomparison studies at various stages of its development, e.g comparison with ECOSYS (GSF
Germany, 2 studies2'3), comparison with dynamic foodchain models produced by Associated Nuclear
Services4 UK for MAFF, and with a foodchain model developed by the Central Electricity Generating
Board. FARMLAND has also been used in the BIOMOVS intercomparison exercise. In the model
comparison studies, the activity concentrations in food predicted by FARMLAND and other models
were in reasonable agreement, and the same pattern of time dependence was seen. Where agricultural
practices were not fixed as input these led to the largest differences between model predictions.
Agreement was generally closest for strontium, caesium and iodine, elements which have been
extensively studied and the largest differences were for plutonium and ruthenium for which data are
poor. In the BIOMOVS model intercomparison the predictions of FARMLAND and other foodchain
models have shown that FARMLAND compares favourably with other major foodchain models in
Europe. The performance of FARMLAND in these exercises gives confidence in the implementation
of the model as differences between models are largely due to the choice of parameter values and
assumptions on agricultural practice.
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Validation
FARMLAND has also been tested against different types of measured data. These were data from

field studies in Cumbria6, activity concentrations in milk from fallout due to weapons testing over the
last 30 years7, and, more recently, measurements made in various foods after the Chernobyl reactor
accident8'9 both from monitoring programmes and site-specific measurements. The comparison of
FARMLAND predictions with measurement data and especially post-Chernobyl measurements has
strengthened confidence in the validity of the model for use in general assessments for which it was
intended. However, where discrepancies occurred these were found to be due to differences between
assumptions made in the default FARMLAND model and the actual conditions encountered, and where
deposition occurred in rainfall. FARMLAND does not account for wet and dry deposition explicitly.

Most models have been validated to some extent by comparing their results with experimental
observations. Such comparisons provide a crude indication of model uncertainty but there is no
guidance on how to determine the likely uncertainty in situations for which the model has not
been validated.

Uncertainty
There are a number of stages in the development and use of a model each of which introduces

uncertainty into model predictions. Different sources of uncertainty can be grouped as follows:

Measurement uncertainty: uncertainty in field or laboratory derived data. Empirical data may form
the basis for the development of a new model or an input to an existing model.

Conceptual uncertainty (or conceptual model uncertainty): uncertainty in the process of model design.
Uncertainties arise when we draw together essentially sketchy information about the behaviour of
radionuclides in the environment from field and laboratory studies into a coherent conceptual model.
A number of conceptual models might be consistent with the data available, given that the data
themselves are uncertain and may be limited. The choice of the most appropriate model can introduce
a major element of uncertainty.

Modelling uncertainty: uncertainty in representing the conceptual model in mathematical and then
computational terms. This includes the use of simplifying assumptions, discretisation and numerical
methods of solution. An example of a simplifying assumption is the representation of the continuous
variation of atmospheric conditions by a finite number of discrete stability classes.

Completeness uncertainty is the uncertainty resulting from the omission of a process which is
important to the situation being modelled. It can be considered as a part of conceptual modelling
uncertainty.

Parameter uncertainty: uncertainty caused by not knowing the most appropriate value to choose for
the various parameters in the model.

The extent to which these uncertainties can be quantified varies considerably. For example, a relatively
large amount is known about the errors involved in using numerical methods to solve equations, (they
are applicable generally to methods in mathematical computing), and the uncertainty from this source
can be constrained. Considerable research effort is currently being devoted to methods of analysing
the uncertainty in predictions, although the emphasis has been on parameter uncertainty. The likely
uncertainty arising from conceptual and modelling uncertainties cannot easily be quantified, and little
progress has been made in this area.

Tables I-IV place the Multiple Pathways Scenario S calculations within the uncertainty analysis
context. The purpose of the tables is to indicate the sources of uncertainty associated with the
calculation of activity concentrations in food using FARMLAND and the transfer factor approach, and
uncertainty associated with the calculation of whole body contents and dose quantities.

The discussion has shown that uncertainties associated with model design, the use of
inappropriate assumptions and to a lesser extent mathematical and measurement uncertainty cannot be
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quantified readily. The extent to which these uncertainties are propagated through a dose calculation
is still less clear. It is important to state precisely what an uncertainty estimate is intended to quantify
when presenting predictions or the results of calculations. Estimates of uncertainty are typically quoted
with the implication that a comprehensive range of uncertainties are accounted for, when the reality
is that only parameter uncertainty has been quantified explicitly.

The problem of quantifying model parameter uncertainty has received the greatest attention from
modellers. A multiplicative approach to quantifying parameter uncertainty has been proposed in which
the uncertainty in a dose prediction for example, is assumed to be the product of uncertainties incurred
at each level of calculation. This approach relies on the assumption that given the expected range of
a model parameter, each value has an equal chance of being selected. This is not the case and the
process of assigning a distribution to all parameters presents many difficulties.

Acknowledging the problems associated with quantifying uncertainty as outlined above, for the
purposes of this exercise our approach to uncertainty has been pragmatic. FARMLAND does not have
the facility to quantify parameter or any other form of uncertainty. The anticipated uncertainties
presented below are therefore based on experience. They attempt to quantify the range of uncertainties,
ie, those associated with model development, mathematical interpretation of the conceptual model,
empirical data and the use of model parameters.

(1) Estimates of daily intake, total dose, ingestion dose, whole body burden, external and inhalation
doses were expected to be within a factor of 10 of the observed values.

(2) Food activity concentrations were expected to be within a factor of 20 of the observed values.

(3) All predictions were expected to be conservative, ie, food activity concentrations, body burdens
and doses were generally expected to be over-predicted.

2.3. Detailed documentation of FARMLAND
Detailed documentation of the FARMLAND model including descriptions of procedures,

equations and parameters are given in reference 10.

TABLE I. UNCERTAINTIES ASSOCIATED WITH THE
PREDICTION OF FOOD CONCENTRATIONS USING
FARMLAND

Food concentration

Milk

Beef

Green vegetables

Wheat

Rye

Source of uncertainty

FARMLAND model

conceptual uncertainty

mathematical
uncertainty

parameter uncertainty

inappropriate
assumptions, eg yield

Measurement uncertainty

Chernobyl deposition
data for agricultural
regions

Data uncertainty

food production
information
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TABLE n. UNCERTAINTIES ASSOCIATED WITH THE
CALCULATION OF WHOLE BODY CONTENTS

Source of uncertainty

FARMLAND model used to calculate 137Cs concentrations in
foods and environmental materials

conceptual uncertainty

mathematical uncertainty

parameter uncertainty

inappropriate assumptions, eg yield

Measurement uncertainty

Chernboyl deposition data for agricultural
regions

Surface water concentrations (fish only)

Data uncertainty

Food production information

Human consumption rates

Whole body retention data

Gastro-intestinal uptake factors

TABLE III. UNCERTAINTIES ASSOCIATED WITH THE
CALCULATION OF DOSE QUANTITIES

Dose Source of uncertainty

External; cloud conceptual
uncertainty

External; deposited material mathematical
uncertainty

Internal; inhalation of cloud parameter
uncertainty

Internal; inhalation of inappropriate

resuspended material assumptions

Measurement uncertainty

deposition data

Inappropriate assumptions
deposition velocity

factor relating air
concentration to
external dose rate

Dose per unit intake data
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TABLE IV. UNCERTAINTIES ASSOCIATED WITH THE PREDICTION
OF FOOD CONCENTRATION USING THE TRANSFER FACTOR
APPROACH

Food concentration Source of uncertainty

FARMLAND used to calculate environmental
concentration et 137Cs in soil or pasture

Mushrooms conceptual uncertainty

Big game mathematical uncertainty

Small game parameter uncertainty

Pork inappropriate assumptions, eg yield

Fish Measurement uncertainty

Chernobyl deposition data for
agricultural regions

Surface water concentrations (fish
only)

Data uncertainty

Food production information

Selection of equilibrium transfer coefficient for
foodstuff

2.4. Methodology adopted for the Scenario S exercise
The purpose of this section is to outline the procedures adopted for calculating the quantities

required by Scenario S. The prediction of certain quantities, eg total deposition, whole body contents,
external dose, inhalation dose and total dose do not lie within the scope of FARMLAND. These
calculations are described in detail. FARMLAND was used to estimate 137Cs activity concentrations
in various food stuffs. There was no attempt to fine tune the suite of models to replicate the detail
given in the scenario outline. However, minor adjustments to agricultural practices were made and
these are indicated.

2.4.1. Total 137Cs Deposition and Inventory
The mean 137Cs deposition over the entire study region S (Bq m*2) was calculated using the

following methodology:-

(1) Deposition data presented in the Scenario S description Table VII for 11 monitoring stations in
9 subregions were used. For each station, monthly or daily deposition data were summed over
the entire deposition period. Where 2 monitoring stations occurred in one region, mean values
for the deposition period were summed.

(2) Scenario S Figure 4 and Table XII were used to establish the areas (m2) over which the
deposition occurred.

(3) The mean weighted deposition over region S was calculated using the following formula:-

2Ls i ~TT~ (1)
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where
D w s = mean weighted deposition for region S (Bq m'2)
D{ = deposition in subregion i (Bq m "2)
Aj = area of subregion i (m2)
As = area of region S (m2)
n = number of deposition subregions

The 137Cs inventory over the entire study region S (Bq m"2) was calculated using stage 1 as
above and the following formula:-

(2)

where

Is = 137Cs inventory for region S (Bq)
= deposition in region i (Bq m"2)
= area of region i (m2)

2.42. Food items contributing to total diet
For the purposes of model prediction, the entire Chernobyl deposit was assumed to have been

deposited on 27 April 1986.

2.4.2.1. Milk
The FARMLAND soil-pasture-cow module was used to provide estimates of 137Cs activity

concentrations in milk at the times specified, given a unit deposit of 1 MBq m'2. Default grazing
intensities (400 cows km"2) and milk yields (10 1 d"1 cow"1) were assumed. The default model was
adjusted to account for the precise timing of the deposit, the seasonal movement of cattle indoors and
outdoors and the storage and winter consumption of silage. In 1986, it was assumed that the movement
of cows from indoor quarters to the fields was delayed until 26 May. In subsequent years cattle were
kept indoors until 10 May. In all years cattle were brought indoors for the winter season on 20
September. The approach did not account for variation in livestock diet or milk yield from region to
region. Cattle were assumed to eat pasture in the summer and silage in the winter. No other animal
feeds were considered. Milk was taken as having a unit density, ie, 1 kg I"1.

The mean 137Cs activity concentration in milk (Bq kg"1) in region S was calculated for each
output time as follows:

P.
(3)

where
Cmilk = 137Cs activity concentration in milk (Bq kg"1)
Ij = Integrated 13 'Cs inventory in milk from a unit deposit of 137Cs in subregion i. (Bq d m"2

per MBq m"2). Ij = Ig t \i where t2 and tl define the integration period.
Dj = deposition in subregion i (MBq m"2)
Y = daily milk yield (4.0 10"3 kg m"2)

number of days between integrate
Pj = milk production in subregion i. (kg)
Ps = milk production in region S. (kg)
n = number of agricultural subregions

d = number of days between integrated 137Cs inventory predictions (d)
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2.4.2.2. Beef
For the purposes of modelling, beef cattle were assumed to have identical physiological and

metabolic characteristics as dairy cattle and to be subject to the same husbandry. Integrated 137Cs
inventories in cattle meat (Bq d'1 m"2) were generated by the FARMLAND model run for milk as
Section 2.4.2.1. A grazing density of 400 beef cattle per km2 and a yield of 360 kg of meat per animal
were assumed.

The mean 137Cs activity concentration in beef (Bq kg1) in region S was calculated for each
output time as follows:

n I D P<w - E a^ (4)
i=l Y d Ps

where
Cbeef = 137Cs activity concentration in beef (Bq kg"1)
Ij = Integrated 1 Cs inventory in beef from a unit deposit of 137Cs in subregion i. (Bq d m"2

per MBq m'2). I4 = It2 - I t l where t2 and tl define the integration period.
Y = beef yield (0.144 kg nV2)
d = number of days between integrated 137Cs inventory predictions (d)
Pi = beef production in subregion i. (kg)
Ps = beef production in region S. (kg)
n = number of agricultural subregions
Dj = deposition in subregion i (MBq m"2)

2.4.2.3. Leafy vegetables and root vegetables
The FARMLAND leafy green and root vegetable models were run for a unit deposit of

1 MBq m'2. The interception factor was assumed to be 0.3 for green vegetables and 0.4 for root
vegetables. The FARMLAND model assumes yields of 1 kg m*2 and 0.4 kg m"2 for a green and root
vegetables respectively. For short term deposits, FARMLAND models the cropping of green and root
vegetables as a continuous removal from the system. The intention here was to assess the performance
of the default leafy green vegetable module. No adjustments to account for regional variation in
cropping practices were made. The 137Cs activity concentration in leafy green and root vegetables was
calculated as follows:-

n L D P
C - F h ' ' (5)Veg U Y d Ps

 K)

where
Cveg = 137Cs activity concentration in green/root vegetables (Bq kg'1)
Ij = Integrated Cs inventory in green/root vegetables from a unit deposit of 137Cs in

subregion i. (Bq d m"2 per MBq m'2). Ij = Lj - I t l where t2 and tl define the integration
period.

Y = green vegetable yield (1 kg m"2)
root vegetable yield (0.4 kg m"2)

d = number of days between integrated 137Cs inventory predictions (d)
Pj = green/root vegetable production in subregion i. (kg)
Ps = green/root vegetable production in region S. (kg)
n = number of agricultural subregions
Dj = deposition in subregion i (MBq m"2)

2.4.2.4. Cereals
The default FARMLAND grain module was set up without modification to calculate integrated

137Cs inventories in the edible portions of grain (wheat and rye) for the harvests of 1986 to 1990. An
instantaneous unit deposit of 1 MBq m"2 was assumed to occur on 27 April 1986. The sowing date
for grain was assumed to be 20 May. It follows that no interception of the deposit by grain occurred.
In 1986, cereals were assumed to be harvested on 20 August, the second crop was sown on 20 May
1987 and harvested 20 August 1987. During the winter period the ground was assumed to be fallow.
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Continuous cropping was assumed from 1988 onwards, ie, an annual average rate constant is used to
simulate the removal of crops. The 137Cs activity concentration in rye and wheat were calculated as
follows:

• L Dj Pj
grain Z^* v A "D

i=l Y a r s

where
= 137Cs activity concentration in wheat/rye (Bq kg"1)
= Integrated 13 'Cs inventory in wheat/rye from a unit deposit of 137Cs in subregion i. (Bq

d m"2 per MBq m"2). Ij = \a -1^ where t2 and tl define the integration period.
Y = wheat and rye yield (0.4 kg m"2)
d = number of days between integrated 137Cs inventory predictions (d)
Pj = wheat/rye vegetable production in subregion i. (kg)
P s = wheat/rye vegetable production in region S. (kg)
n = number of agricultural subregions
Dj = deposition in subregion i (MBq m"2)

2.4.2.5. Pork
At present there is no dynamic model for the transfer of radionuclides to pigs available at NRPB.

An equilibrium transfer approach was therefore used for the uptake of radiocaesium in to pigs. The
diet of pigs was assumed to consist of grain only. Grain consumed by pigs was assumed to be
harvested in the previous year. The grain eaten in 1986 was therefore assumed to be uncontaminated.
Results produced by the FARMLAND grain model, (see Section 2.4.2.4) formed the basis of the
calculation of 137Cs activity concentrations in pork. 13 Cs activity concentration in grain at the end
of each harvest was scaled for the regional Chernobyl deposit and pork production, multiplied by
consumption of grain by pigs and the equilibrium transfer factor. Pigs were assumed to eat 1 kg d
of contaminated grain.

2.4.2.6. Game
137Cs activity concentrations in large game (moose) and small game (wildfowl) were calculated

using a simple transfer factor approach since there are no models for these foods available at NRPB.

Wildfowl
Information concerning the feeding behaviour and transfer factors for geese and ducks were taken

from a paper by Lowe and Horrill11, (1986). The paper looks at the transfer of radionuclides to man
from the consumption of greylag geese and widgeon which graze the saltmarshes around the
Ravenglass Estuary, Cumbria, UK. The assumption is made that these data are applicable for inland
feeding by wildfowl. To calculate the 137Cs activity concentration in wildfowl 3 quantities need to be
derived:

* Transfer factor for uptake of 137Cs into edible portions of the birds (d kg"1)
* 137Cs activity concentration in the birds' diet (Bq kg"1)
* Daily intake of food by the birds (kg d"1)

(1) Transfer factors for the uptake of radiocaesium into the edible parts of the birds were derived
thus

Tf - !* (7)

where
Tf = transfer factor for uptake of 137Cs into wildfowl (d kg"1)
Cb = 137Cs activity concentration in breast muscle (Bq kg"1)
Ct = 137Cs activity concentration in faeces (Bq kg'1) x mass of faeces produced per day (kg d"1)

at equilibrium. This quantity (Bq d"1) is assumed to be equivalent to the daily intake of
137Cs activity from the birds' diet.
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Therefore: Greylag goose Tf = 0.59 d kg"1

Widgeon Tf = 0.57 d kg1

(2) The diet of widgeon and greylag geese was assumed to comprise 50% grain and 50% grass. The
FARMLAND model was therefore use to derive mean 137Cs activity concentrations in grass and
grain given a unit deposit of 1 MBq m"2, which was then scaled to account for the deposition in
each subregion.

(3) To derive an estimate of the daily food intake of geese and ducks, all birds were assumed to be
adults and therefore were not growing and gaining in weight. It was therefore assumed that the
mass of faeces equalled the mass of food ingested. An estimate of the food intake per day was
made given the defecation rate, dry weight of faeces and the dry weight of the food.

TABLE V. DAILY FOOD INTAKE FOR
DUCKS AND GEESE

Daily food intake (kg d 1 )

Bird

Widgeon

Greylag goose

grass

0.36

0.37

grain

0

0.16

The 137Cs activity concentration in wildfowl in each region was calculated as follows accounting
for differences in feeding habits where applicable:-

(p2 IP1) D c L, T f (IG 2 - IG1)DC Ig Tf

Cb= dYp TTS
 ( 8 )

where
Cb = 137Cs activity concentration in the breast muscle of greylag geese or widgeon (Bq kg'1)
P = pasture
G = grain
I2 = integrated 137Cs inventory in pasture or grain at the end of the integration period. Bq d m*2

per unit deposit, ~(MBq m'2).
Ij = integrated Cs in inventory in pasture or grain at the beginning of the integration period.

Bq d m"2 per unit deposit (MBq m"2)
d = number of days in the integration period (d)
Y = yield (pasture = 0.5 kg m'2, grain = 0.4 kg m"2)
Dc = ground deposition due to Chernobyl accident (Bq m"2)
I = daily intake of pasture and grass (kg d"1 ) as table above.
Tf = transfer factor for uptake of 137Cs in to breast muscle (d kg'1)

Moose
Equilibrium transfer factors for moose (0.02 Bq kg"1 per Bq m"2 for 1986/7 and 0.03 Bq kg"1

per Bq m"2 for 1988) were obtained from the literature^2' . The FARMLAND soil model was used
to estimate the integrated inventory of 137Cs in the surface layers of soil (Bq d m"2) following an
instantaneous unit deposit of 1 MBq m"2. For each time period required by Scenario S, integrated
inventories were converted to a mean inventory in soil (Bq m"2) and scaled to represent the Chernobyl
deposit. The moose transfer factor was applied and the 137Cs activity concentration in moose
meat derived.

2.4.2.7. Mushrooms
The FARMLAND soil-pasture module was used to derive integrated inventories of 137Cs in

the top 1 cm of soil substrate on which edible mushrooms were assumed to grow. Output was
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generated for the times required by the scenario specification. A literature search was conducted to
determine the range of uptake factors for 137Cs in mushrooms. A variety of species, substrates and
growing conditions were explored. For the purpose of the exercise, the mushroom Boletus edulis
growing in beech woodland, with an uptake factor of 1.0 10"1 m2 kg"1(14* was assumed. The 137Cs
activity concentration in mushrooms during the 1986-1990 autumn harvests was calculated thus:

(9)
i=i u

where
Cm = mean 137Cs activity concentration in edible mushrooms in region S. (Bq kg"1)
I2 = integrated 137Cs inventory in the top 1 cm of soil at the end of the integration period.

(Bq d m"2 per unit deposit)
Ij = integrated *37Cs inventory in the top 1 cm of soil at the beginning of the integration

period. (Bq d m"2 per unit deposit)
d = the number of days in the integration period
Dci = ground deposition in subregion i due to the Chernobyl accident (Bq m*2)
Cf = mushroom concentration factor (m2 kg"1)

2.4.2.8. Wild berries
The activity concentration of 137Cs in wild berries was not calculated.

2.42.9. Freshwater fish
Mean 137Cs activity concentrations in surface water for each region and year (1986-1990) were

extracted from Scenario S Table XIV.

(1) The 137Cs activity concentration in surface water was derived for each year as follows:

1986 mean of surface water concentrations for August and October
1987 & 1988 mean of surface water concentrations for March, May, August and October
1989 Mean concentrations for May, August and October
1990 (No data: surface water concentrations were extrapolated from the trend in the

previous years).

(2) Fish concentration factors for predatory, non-predatory and intermediate fish species were derived
from the literature:

predatory fish 5700 m3 t"1

intermediate fish 4000 m3 t"1

non-predatory 2400 m3 t"1

(3) For each year the mean 137Cs activity concentration in all fish caught in each subregion was
calculated thus:

£ (Cwj x Cf^vj x ^ 1 )+ (Cw{ x C f ^ . x .»ri>\) * (Cwj x Cf^ x _ ^ )
c FTi

Ti (10)

where
Cs = mean 137Cs activity concentration in fish in subregion i (Bq kg"1)
Cwj = 137Cs activity concentration in surface water in region i (Bq L"1)
Cf(pj = concentration factor for predatory fish (Bq kg"1 per Bq L'1)
Cf(NP) = concentration factor for non-predatory fish (Bq kg"1 per Bq L"1)
Cf^ = concentration factor for intermediate fish (Bq kg"1 per Bq L"1)
F(P)i = predatory fish catch in region i (kg)
F = non-predatory fish catch in region i (kg)

= intermediate fish catch in region i (kg)
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FT i = total fish catch in region i (kg)
F T S = total fish catch in region s (kg)

In summary, the calculation of 137Cs activity concentration in fresh water fish has taken account
of the relative contributions of predatory, non-predatory and intermediate fish caught in each
subregion, and the size of the subregional fish catch in relation to the total catch in region S.

2.4.2.10. Animal feeds; Barley and Oats
Calculated as Section 2.4.2.4.

2.43. Human intake
Assumptions associated with the calculation of human intakes arising from the consumption of

contaminated foods are given below:-

(1) The 137Cs contribution from eggs, cheese and poultry meat to human intake were omitted
because activity concentrations for these foods were not available.

(2) Food activity concentrations were calculated as described in Section 2.4.2 with the exception of
the following:-

* Peas and beans were assumed to be the same as leafy green vegetables. The FARMLAND
model was used to calculate 137Cs activity concentrations in peas and beans as described in
Section 2.4.2.3.

* Fruit was assumed to be the same as leafy green vegetables for modelling purposes. Intake
rates for fruit vegetables, fruit (non-berry), garden berries and wild berries were summed and
considered as a single group; fruit.

Consumption rates used to calculate 137Cs human intakes are given in Table VI.

2.4.4. Whole body concentrations
Body contents were calculated for men, women and children for 9 population groups, from daily

ingestion data and daily inhalation data. The latter includes contributions from inhalation activity in
the plume and inhalation of resuspended activity. The contribution from ingested activity is by far the
dominant factor.

For ingestion, a gastro-intestinal uptake factor (fx) of 1.0 was used15. For inhalation, the lung
class was assumed to be Class D15. In the absence of specific information, a particle size (AMAD)
of 1 urn was assumed, corresponding to a lung deposition fraction of 0.63. For both intake pathways,
systematic uptake could be assumed to be instantaneous. Thus, for ingestion, daily systematic uptake
was taken to be equal to daily intake, while for inhalation, daily systematic uptake was assumed to
be equal to (0.63 x daily intake).

Total body activity, \ , on each day, i arising from all intakes from day 1 to day i was calculated
as follows:

where
Aj = total body activity (Bq) on day i
Uj = uptake (Bq) on day j
R(t) = whole body retention of Cs. Where t represents the period between the day of uptake, j and

the day for which whole body activity is being assessed, i.

Activities were calculated for each day between 27 April 1986 and 1 January 1991. Retention
function parameters are given below. The values for children are those for a five year old child.
Retention function parameters are also available13 for the following ages: 3 months, 1 year, 10 years
and 15 years.
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TABLE VI. CONSUMPTION DATA (kg d 1 ) USED IN THE
SCENARIOS CALCULATION OF HUMAN INTAKES

Food product

Milk

Beef

Pork

Game

Fish (freshwater)

Rye

Wheat

Other cereals

Leafy vegetables

Peas and beans

Root veg and
potatoes

Fruit

Wild mushrooms

Men

0.871

0.0641

O.O881

0.00421

0.0151

0.0581

0.1351

O.O381

0.035!

0.01 *

0.262

0.3173

0.00361

Women

0.571

0.0491

0.0541

0.00341

0.01 *

0.0421

0.1091

0.0281

0.0451

0.011

0.22

0.3753

0.00361

10 year
olds

0.744

0.0565

0.0565

0

0.01656

0.0527

0.0527

0.0527

0.0938

0.0938

0.1199

0.22510

0

Notes
1 As presented in Table XXXVII.
2 Sum of consumption rates for root vegetables and potatoes.
3 Sum of consumption rates for fruit vegetables, fruit, garden berries and wild

berries.
4 Mean of milk and milk product consumption rates for 9 and 12 year old

children.
5 Mean of meat and meat product consumption rates for 9 and 12 year old boys

and girls divided between pork and beef.
6 Mean of fish and fish product consumption rates for 9 and 12 year old boys

and girls.
7 Mean of cereal products consumption rate for 9 and 12 year old boys and

girls
divided between wheat, rye and other cereals.

8 Assume consumption rate for vegetables in VAMP scenario applies to peas
and
beans and to leafy vegetables equally. 0.093 kg d'1 applies to peas and beans
as well as leafy vegetables.

9 Mean of potato consumption rate for 9 and 12 year old boys and girls.
10 Mean of fruit and berry consumption rates for 9 and 12 year old boys and

girls.
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Whole body activities were given in Bq which were then converted to activities per mass by
assuming the following body weights:

men 70 kg (ICRP 23: reference adult male)
women 58 kg (ICRP 23: reference adult female)
children 32 kg (ICRP 23: data taken from Figure 7)

TABLE VII. RETENTION FUNCTION
PARAMETERS FOR CAESIUM

Men16

Women17'18

Children16

Fraction

0.1
0.9

0.1
0.9

0.45
0.55

Half time
(d)

2.0
90

2.0
65

9.0
30

2.4.5. Dose calculations
2.4.5.1. Methodology for the calculation of ingestion dose
(1) Population weighted intakes of 137Cs for region S (Bq d'1) were calculated for each averaging

period for men, women and children.

(2) The 137Cs intake during each averaging period (Bq) was calculated by multiplying by the mean
daily intake by the number of days in the averaging period.

(3) Dose per unit intake (DPUI) values for ingestion were taken from NRPB-R24521

men
women
children

1.3
1.3
1.0

10'8

10"8

10"8

Sv
Sv
Sv

Bq1

Bq
Bq1

(4) The committed effective dose to the test person integrated over 50 years (60 years for children)
was derived from the DPUI and the total intake of ^37Cs during the food consumption period.

2.4.5.2. Methodology for the calculation of inhalation dose
Inhalation of the plume
Activity concentrations in air from the air samplers at AIR 1 and AIR 2 were not thought to be

representative of the entire region, however a representative mean weighted deposition for the region
had already been calculated to satisfy the requirements of the Scenario, see Section 2.4.1. Mean
weighted deposition data was used to calculate an integrated mean activity concentration in air for the
region during the period of plume passage as follows:-

A = J^L (12)
Uvel

where
D w s = weighted deposition for region S (Ba m~2)
A = integrated air concentration (Bq s m 3 )
Dv e l = total deposition velocity ( assumed to be 1 10'2 m s'1)
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The air concentration was then used to calculate an individual intake and subsequent dose.

De = A x I x DPUI (13)

where
De = committed effective dose (Sv)
A = integrated air concentration (Bq s m"3)
I = air intake (inhalation) rate (m3 s"1)
DPUI = dose per unit intake (Sv Bq'1)

Inhalation of resuspended materials
A time dependent resuspension factor approach was adopted to calculate doses from resuspended

activity previously deposited during the plume passage. Greater detail of the model can be found in
reference 19 and the equation for time dependent resuspension is given below. The equation gives an
integrated resuspended air concentration which can in turn be used to calculate average air
concentrations over any period of interest. For modelling purposes it was assumed that all the
deposition occurred on 27 April 1986, using deposition data for the different population regions.

Ir = Dp J 1-2 10 ^PV /w; 5 T ^ 1 ^ ^ ( 1 4 )

1 T

where
Ij. = integrated resuspended air concentration (Bq d m"3)
D = deposition in population area of interest (Bq m"2)
X = decay constant for radionuclide of interest (days)
T = time period at which integrated air concentration is required (days)

The average activity concentration, was used to calculate individual intake and subsequent dose.

De = Ir x I x DPUI (15)

where
De = committed effective dose (Sv)
Ij = average activity concentration in air (Bq d m~3)
I = intake rate of air (m3 d"1)
DPUI = dose per unit intake via inhalation (Sv Bq"1)

2.4.5.3 Methodology for the calculation of external dose
Gamma irradiation from airborne activity
The dose from gamma irradiation due to activity in air was calculated using the semi-infinite

cloud model as described in reference 20, see equation below. Although 137Cs is not itself a gamma
emitter it is assumed to be in equilibrium with 13 'mBa. An average air concentration derived from the
weighted deposition for the entire region was used as the source term X. A conversion factor of 0.7
Sv Gy'1 was used to convert absorbed dose in air to effective dose. Information concerning the degree
of urbanisation of region S was given in Table XXXIV of the scenario description. The data suggests
that 66% of the population is urban and 34% is rural. Accounting for shielding the urban population
was assumed to spend 90% of their time indoors and 10% of their time outdoors. The rural population
was assumed to spend 50% of their time indoors and outdoors.

D = Kt X £ Ij Ej [ (L,- Q + (Lo CJ ] (16)

where
D = absorbed dose in air (Gy)
Kx = constant (6.36 10"14 Gy per MeV m'3)
X = air concentration (Bq s m'3)
Ij = fraction of photons of initial energy Ej emitted per disintegration
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Ej = initial energy of the photon (MeV)
n = number of photons of particular energies emitted per disintegration
Lj = indoor location factor = 0.2
Lo = outdoor location factor = 1.0
Cj = indoor occupancy (%)
Co = outdoor occupancy (%)

Deposited gamma dose
External doses arising from a unit deposit (1 MBq m'2 ) were obtained from a model as

described in reference 19. External dose from a unit deposit was then scaled by the population
weighted Chernobyl deposition as follows. In acconting for shielding, the population distribution
between rural and urban environments and indoor and outdoor occupancy were considered as described
in the section on cloud gamma dose.

Ds = D £ DEP x ^ [ (L- Q + (Lo Co) ] (17)
i=l *S

where
Ds = mean external gamma dose for region S (Sv)
D = external gamma dose from a unit deposit (Sv per MBq m"2)
DEP = 137Cs deposition in each population region i (MBq m"2)
Pj = population of region i
Ps = population of region S
L{ = indoor location factor = 0.1
Lo = outdoor location factor = 1.0
Cj = indoor occupancy (%)
Co = outdoor occupancy (%)
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2.5. Diagrams indicating the structure of the FARMLAND model
Green vegetables

External
plant 1

W

Internal
plant 2

i:
External
plant 2

Inpus A, = {1 - p) units
Aj « p units

where p is the interception factor (see Table 3.16).

Notes

A

5

External plant (1) is for direct deposition and initial resuspension.

External plant (2} is for soil contamination.

Internal plant (1} is for root uptake.

Internal plant (2) is for translocation of the surface deposit.

k,2 represents initial resuspension on to external plant.

k j , repressns removal due to weathering processes with a 14-day half-life.

The translocation process is represented using the transfer coefficients kj4 . k34 and k41.

Periodic cropping of the plant throughout the year is represented by the transfer

coefficients k^, k

2 crops per year.

j . k M and k^. The value lor these transfer coefficient is based on
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Root vegetables and potatoes

Tuber r

Internal plant

Tuber t

Inputs A, • (1 • p) units

Aj « p units

where p is the interception factor (see Table 3.16).

Notes

1 External plant 1 is for direct deposition and initial resuspension.
External plant 2 is for soil contamination.

2 Internal plant is for ffanslocation of the surface deposit.
3 Tuber t is for tanslocatson of the surface deposit

Tuber r is for not uptake.
4 k,a represents initial resuspension onto the plant

k,, represent removal due to weathering processes with a 14 day half-life.
5 The fransfocation process is represented using the transfer coefficients

6 Cropping of the plant throughout the year is represented by the fransfer coefficients

*22. * w KM- •'SS v a k « b a s e d o n o n e
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Grain

External
grain 1

External
grain 2

f

External
plant

Internal
grain 2

Inputs A, « 1 • (P, • P2) units

Aj * P, units

Aj • P2 units

where P, and P2 are interception factors for the external plant and external grain

respectively (see Table 3.18).

Notes:

1 External plant is for initial resuspension and direct deposition on to the whole cereal plant.

2 Internal grain (2) is for root uptake.

External grain (1) is for initial resuspension end direct deposition on to the grain seed.

External grain (2) is for soil contamination of grain.

3 k,2 represents initial resuspension on to the whole cereal plant in the period immediately

after the input.

kj , represents removal due to weathering processes from the whole cereal plant.

4 k,, represents initial resuspension on to grain seed in the period immediately after the

input.
kg, represents removal due to weathering processes from grain.

5 The translocation process is represented by transfer coefficients kjj. k^ and k41.
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Undisturbed pasture

Internal
plant 3

K l 14

Inputs A, - (1 • p) units

A i e > p units
where p b the interruption (actor (see Table 3.18).

Sotas
1 This is the basic model (or undisturbed pasbre. There is an additional part ol

the mode! for caesium which is described later.
2 External plant (1) is for direct deposition and initial resuspension.

.External plant (2) is for surface sefl contamination ef the plant, represents
all soil consumed by an animal on the pasture.

3 The internal plant companments represent root uptake from the different layers
of sol.

4 fc, 10 represents resuspension on to the plant surface, and k i e , . the losses due
to weathering processes.

5 *s M- ••» u- S w S 1 * a n d * » » ' « r * P r e s e m tosses f r o m ** P 8 5 "" 8 due te its
consumption by animals.

6 1^ represens inhalation by the animal of resuspended material from the soil.
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Cow model for isotopes of caesium

Soil
0-1 cm

1
^k, , ,

j p

Soil
1-5 cm

2

Fixed soil
0-1 cm

11

•'n ii

External
pl&ni 1A

External
plant 2A

13

k~

Noies

1 Enema! plan: 1A is used ler fixed actrvity resuspepded en to plant surfases
External plant 2A s used lor surface eontaminaton by soil cenuinin; fixe- activity,
and indudes any fixed activity consumed by animals.

2 k, , , represens tit process of fixation.
3 k-. represens the less ol activity due to the fixation process in the 1-5 cm layer ef soil.
4 k n , j is a less term representing migration from the suriace scil layer cl fixed anviiy

3. COMPARISON OF OBSERVED DATA AND MODEL PREDICTIONS
3.1. Total deposition and inventory of Chernobyl 137Cs

Observed total deposition (Bq m
mean 19900
lower 95% 9950
upper 95% 29850

Observed total inventory (Bq)
mean 3.5 1015

lower 95% 1.8 1015

upper 95% 5.3 1015

-2):- Predicted total deposition (Bq
mean 9003

Predicted total inventory (Bq)
mean 1.5916 1015

The total deposition and inventory in region S were calculated by manipulation of the data given
in Table VII of the scenario description, (see Section 2.4.1). These data were chosen because they were
considered to represent the type of raw data which would normally be available. Both quantities were
underestimated by a factor of =2 and fail to lie within the observed uncertainty bounds. Three possible
reasons for this are explored:-

(1) Two subregions were represented by a pair of deposition collectors. Samplers 11 and 5
represented region 1, and samplers 9 and 1 represented region 8. Within each region there was
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an order of magnitude difference between the deposition collected by the samplers and it was not
clear from the Scenario description why this should be the case. As a result, the mean deposition
and total 137Cs inventory for the region was calculated using the mean sample deposition for
these regions. The estimates have been reworked using the highest deposition value in regions
1 and 8. The results were as follows:-

Predicted total deposition 10669 Bq m"2

Predicted total inventory 1.876 10f5 Bq

The improvement in predictions is insufficient to support this explanation.

(2) The calculations assumed that deposition occurred uniformly throughout each subregion. This is
unlikely to have been the case, particularly if it rained shortly after the accident. Some areas
could have experienced more or less deposition than was indicated by the sampler. Indeed, the
area over which deposition occurred could have been less than the total area of each subregion.
Since spatial distribution of deposition in each region is unavailable, it is difficult to assess how
far this explains the difference between the observed and predicted 137Cs deposition and
inventory.

(3) A third estimate using 137Cs deposition calculated for agricultural areas (Scenario S, Table V),
estimated 137Cs deposition over the entire region S at 19500 Bq m'2. This compares well with
the observed value 19900 Bq m"2 and falls well within the confidence limits. Proceeding
similarly for the total inventory, a value of 3.05 1015 Bq is obtained. These data were not used
in the initial calculations because they are 'derived' quantities which have already been subject
to some form of manipulation. It was felt that it was inappropriate to use these data. A
description of how the Cs deposition values for each agricultural area (Scenario S, Table V)
were derived and how these relate to Scenario S, Table VII, Radiocaesium in wet and dry
deposition would be useful.

The dominant source of error in the prediction of the 137Cs deposition and 137Cs inventory for
region S, stems from the choice of data used (Tables V and VII Scenario S), and the various
ways in which the data can be manipulated. This applies to both observed and predicted
quantities.

In subsequent calculations of 137Cs activity in food products a deposition of 19500 Bq m'2 was
assumed. This was based on the data for agricultural areas given in Table V.

3.2.137Cs activity concentration in food items contributing to the total diet
3.2.2.1. Milk and beef

Figures 1 and 2 compare observed and predicted 137Cs activity concentrations in milk and beef
respectively. The overestimation of activity concentrations can be largely accounted for by differences
in diet, particularly for beef cattle. From the feed utilisation data presented for Scenario S,
Table XXVI, it can be estimated that beef cattle in the main beef producing areas of region S consume
an average of about 8 kg d'1 dry weight of natural and processed feedstuffs. The assumption has been
made that the dry weight content of silage and pasture is 20%. Grain accounts for approximately 40%
of this daily intake. In the FARMLAND predictions it has been assumed that both dairy and beef cattle
consumed 14 kg d"1 dry weight comprising silage, pasture and hay.

In 1986 and 1987 the contamination of silage, pasture and hay is several orders of magnitude
higher than that predicted and observed concentrations in grain. By assuming an intake of 14 kg d"1

for beef cattle and assuming all the diet is silage, pasture and hay the concentrations in beef have been
overestimated by up to a factor of 4. This largely explains the differences seen between the predicted
and observed values.

For dairy cows the effect of diet will be less over the summer of 1986 where cows are eating
primarily pasture. The use of other feedstuffs during the winter months with lower contamination
levels will also lead to an overestimation in milk concentrations.
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Another factor affecting the overestimation of milk concentrations during the winter of 1986 is
the concentrations in hay and silage predicted by FARMLAND. These concentrations are likely to
have been overestimated due to the cropping period assumed in FARMLAND. The majority of the
winter diet is silage which is harvested over the period 1 June to autumn in region S. The default
assumptions in FARMLAND are three cuts over the period 1 May to 15 September. The yields
assumed in the model are similar to those given for region S. However, using an extended cropping
period will lead to some overestimation in concentrations. This will also contribute to the
overestimation in beef but to a much lesser extent because of the lower contribution of silage and hay
to the diet.

From 1988 onwards milk and beef concentrations are underestimated by FARMLAND by up to
a factor of 2. An explanation for this could be the overestimation of caesium fixation in soil
in FARMLAND.

3.222. Leafy vegetables
NRPB predicted 137Cs activity concentrations in leafy green vegetables for the months of May

to September 1986. Only one observed value was given for 1986, therefore the results are not directly
comparable. (See also Figure 4.) Comparison of the predicted activity concentration for May (590 Bq
kg"1) with the observed value (3.3 Bq kg"1) shows that FARMLAND has grossly overestimated leafy
green vegetable activity concentrations in the immediate aftermath of an accident in this case.
However, this comparison is not entirely valid, because the predicted value is dominated by 137Cs
intercepted by foliage. Given that the observed leafy vegetable activity concentration is the average
for the 1986 harvest, it is more reasonable to compare this with the lower end of the range of
predictions for 1986. For September, FARMLAND predicted an activity concentration of 4.5 Bq kg"1

which compares more favourably with the observation of 3.3 Bq kg" , and in fact falls within the
upper and lower confidence limits, 1.4 - 8.9 Bq kg"1. Scenario S also states that between 7-15 May

Bq kg'1
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1986 there was a recommendation to postpone the open field sowing of lettuce, spinach and other fast-
growing vegetables. Although it is not clear to what extent this recommendation was implemented
across all regions, the fact that FARMLAND did not account for any delay in sowing also contributes
to the discrepancy between observed and predicted leafy vegetable activity concentrations in 1986.
Differences in assumed and actual lettuce production methods may be a further factor, although this
cannot be considered a major cause of misprediction. In this implementation, FARMLAND treats
lettuce as a field vegetable not grown under glass. The Scenario S description stated that lettuce grown
in greenhouses accounts for 7% of leafy vegetable consumption. This could lead to the overestimation
of activity concentrations through interception and resuspension processes, which in reality did
not occur.

For the years 1987 to 1990, FARMLAND underestimated the 137Cs activity concentration in
leafy vegetables by a factor of between 4 and 10 which is within the uncertainty limits specified in
Section 2.2.3. All estimates of activity concentration in food were expected to be conservative, but this
underestimation merits further exploration. The long term underestimation of activity concentrations
in leafy green vegetables is probably due to the use of inappropriate root uptake factors for
Scandinavian growing conditions. The root uptake factors used were derived for more usual UK and
European Union soil conditions which are dominated by clays. Root uptake factors are generally
higher for non-clay soils e.g organic peats and sandy soils such as those encountered in Scenario S.
In a study by Nisbet and Shaw2* (1994), concentration ratios for 137Cs were greatest for crops grown
in peat by up to an order of magnitude.

3.2.2.3. Cereals
137,Figures 5 and 6 compare observed and predicted 13 /Cs activity concentrations in wheat and rye.

Observed activity concentrations show a peak in 1986 of 4.9 Bq kg'1 and 28 Bq kg"1 for wheat and
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rye respectively, decreasing to 0.26 and 1.0 Bq kg'1 in 1990. A small secondary 137Cs peak in 1988
is also apparent for both crops. FARMLAND generally underestimated 137Cs activity concentrations
in cereals with the greatest discrepancy occurring in 1986, (factor of 13 underestimation). Between
1987 and 1989 FARMLAND underestimated activity concentrations in cereals by factors of between
1.1 and 1.6. The model overestimated by a factor of 1.2 in 1990. FARMLAND predictions decline
slightly through time but fail to replicate the secondary peak in 1988.

FARMLAND was implemented assuming that the cereals were not sown until 20 May, ie, after
the time of deposition. As a result, there was no contribution from external contamination and
translocation. The observations imply that there was external contamination in 1986 as the activity
concentrations are an order of magnitude higher in 1986 than in subsequent years. The assumption
adopted in FARMLAND to delay sowing until 20 May was based on information presented in
Scenario S, Table XIX. The table indicates that in 13 subregions a maximum of 50% of crops were
sown by the end of May 1986, and in some regions much less than this.

On examination of the scenario details, no spring varieties (wheat, oats and barley), were sown
prior to the accident. However, approximately 10% of production in region S is from winter grown
varieties which would have been sown before the accident. From a FARMLAND run for winter sown
cereals an activity concentration in harvest of about 240 Bq kg"1 would be seen assuming the default
harvest of 5 August. The FARMLAND run submitted to VAMP estimated activity concentrations in
spring varieties at approximately 0.4 Bq kg"1. If the assumption is made that 10% of production is
winter varieties this gives an average activity concentration in cereals for 1986 of 24 Bq kg"1. This
is consistent with the observation for rye (28 Bq kg"1) and an overestimate for wheat (4.9 Bq kg"1).

3.2.2.4. Pork
The scenatio description states that domestically grown cereals constitute 60% of pig diet. It is

acceptable to assume that these cereals were contaminated with 137Cs at the time of the accident
because they were grown within region S. An estimate of activity concentrations in pork was made
assuming the following:

* Pig food intake is 3 kg d"1 of which 60% is contaminated, ie, 1.8 kg d"1.
* Wheat activity concentration of 0.2 Bq kg"1.
* Pig diet has 2 components; 30% wheat, 70% barley.
* 10% of the wheat consumed by pigs is grown during the winter.

This led to the following results:-
Year Observed (mean) (Bq kg"1) Predicted (Bq kg"1)
1986 5 0
1987 12 5
1988 6 0.3
1989 6 0.3

These predictions give reasonable agreement for 1987 but underestimate activity concentrations
by an order of magnitude in later years. The assumption that pig diet is composed of cereals harvested
in the previous year meant that activity concentrations in the year of the deposition was completely
mispredicted. Even if we assume that all food consumed by pigs is contaminated, ie, 3 kg d"1, the
activity concentration in pork is still only 1-2 Bq kg"1. This is lower than the observations by a factor
of 2-3. It is important to note the uncertainty surrounding the assumptions about pig diet and the lack
of time dependency in the models used.

3.2.2.5. Game
Small Game: duck and geese
Figure 7 compares observed and predicted 137Cs activity concentrations in duck and geese. At

worst, Cs activity concentrations were underestimated by 2 orders of magnitude. The reasons for
this were as follows:
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(1) The most important species contributing to the small game bag in scenario S are hare, waterfowl
and terrestrial birds. NRPB considered activity concentrations in waterfowl alone. These results
were compared with activity concentrations averaged over all species in the scenario S small
game bag.

(2) The intake of 137Cs by geese and ducks was dominated by the assumed pasture diet. Although
geese were assumed to eat grain, the impact of this foodstuff on 137Cs intake was negligible.
This might have more to do with the underestimation of grain activity concentrations as
discussed in Section 3.2.2.3 than any process operating in nature. Further, the transfer faaors for
waterfowl were derived from UK data relating to saltmarsh grazing and may therefore not be
totally applicable to inland grazing. No account was taken of any other contaminated feed other
than pasture and grain.

(3) Daily intakes by the waterfowl were based on defecation rate data for birds on Cumbrian
saltmarshes and are therefore subject to uncertainty.

(4) The calculation ignores direct ingestion of soil particles by birds.

(5) The equilibrium transfer factor for uptake of 137Cs into edible portions of the birds (d kg"1) takes
no account of time dependency in the calculations.

Big Game: Moose
An appropriate transfer coefficient for 198612*13, 0.02 Bq kg"1 per Bq m"2 was applied to the

NRPB estimate of total deposit, 19500 Bq m~2 to predict the concentration in moose meat. This gave
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by a

rCs activity concentration of 390 Bq kg"1 in moose meat for 1986 overestimating observed values
. factor of 1.6.

137,
3.22.6. Mushrooms

Figure 8 shows the relationship between observed and predicted 1 J /Cs activity concentrations in
wild edible mushrooms for the harvests of 1986 to 1990. At worst, the transfer factor approach
described in Section 2.4.2.7 overestimates mushroom activity concentrations by a factor of 7 in 1986,
and at best underestimates by a factor of 1.5 in 1989 and 1990. Figure 9 presents results for the same
period for a variety of mushrooms grown on different substrates and serves to illustrate the dependence
of mushroom activity concentration on the transfer factor adopted. Observed 137Cs activity
concentrations in mushrooms reached a peak in 1989, whereas predicted activity concentrations showed
a gradual decline. The latter trend was a function of the FARMLAND estimate of 137Cs activity in
the top 1 cm of the soil. The predictions might be improved by accounting for the precise timing of
the mushroom season. In the absence of other information, the harvest was assumed to occur in
September, as in the UK. The fit of observations and predictions could also be tightened by
considering regional variation in the substrate on which mushrooms grow and applying an appropriate
transfer factor. However, these adjustments are unlikely to influence the ingestion dose estimate
because the contribution of mushrooms to the overall diet is insignificant.

137,
3.2.2.7. Freshwater fish

Figure 10 reveals a close agreement between observed and predicted mean 1 J 'Cs activity
concentrations in freshwater fish for region S. For 1986, the method outlined in Section 2.4.2.9
overestimated 137Cs activity concentrations in the edible parts of freshwater fish by a factor of 2.5,
and for the following years, underestimated by a factor of approximately 2. These uncertainties lie well
within the expectations set in Section 2.2.3. This is a pleasing result given the wide range of
freshwater fish concentration factors presented in the literature. What seems like an overestimation of
137Cs activity concentrations in fish in 1986 may well be a function of the timing of fish
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measurements. Ten percent of the surface area of region S is covered by water and received direct
deposition from the plume. Two phases of surface water contamination can be envisaged after an
accident. The first involves a rapid increase in surface water concentrations as a result of direct
deposition on to lakes and rivers. The second is a period of more gradual increase in 137Cs water
concentrations due to transfer of radionuclides through the catchment hydrological system. Therefore,
measurements of 137Cs in fish during the first phase cannot account for the full impact of deposition
on lakes and rivers. The predicted fish activity concentrations for 1986 used an average of surface
water concentrations for the 2 months supplied in the Scenario description, August and October. Their
data account for a proportion of the second phase of radionuclide influx to lakes. It is unlikely that
fish were sampled in all areas at a time directly comparable with the averaging applied to surface
water concentrations. For 1986 in particular, it is dangerous therefore, to over emphasise the
discrepancy between observed and predicted fish activity concentrations.

137,
3.2.2.10. Animal feeds: barley and oats

Figures 11 and 12 compare observed and predicted i 3 /Cs activity concentrations in barley and
oats. The calculation of 137Cs activity concentrations in barley and oats was as for wheat and rye. For
an analysis of observed to predicted activity concentrations see Section 3.2.2.3.

3.3 Human intake and mean whole body contents (man)
Predicted daily 137Cs intakes for males were estimated and presented to VAMP in June 1993.

The predicted daily intakes were derived using estimates of 137Cs food activity concentrations, which
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for some foods, (milk, beef, pork and moose), were in poor agreement with the observed values
provided by VAMP. Subsequent analysis of the methods used to derive food activity concentrations
revealed the following errors:

(1) Milk and Beef
The first estimates of 137Cs activity in milk and beef underestimated observed concentrations in
the months to the end of 1986. Careful examination of the FARMLAND input files set up for
this scenario, revealed that the parameter representing transfer from the gut to blood was entered
incorrectly for all times considered. A value of 1.48 10'1 was used instead of the correct value,
1.48 101. This explains the underestimation of 137Cs activity concentrations in milk and beef in
the months immediately after the accident. In the years following the accident, observed milk
activity concentrations were in close agreement with observations. Use of the incorrect transfer
factor for gut to blood had shifted the entire curve of predictions bringing it in line with
observations. The FARMLAND model was run a second time with the transfer factor corrected
and these results are presented here (Section 3.2).

(2) Pork
In the original results there was poor correspondence of the observed and predicted 137Cs activity
concentrations in pork. This was because the activity concentration in pig feed (cereals), used in
the calculation of pork activity concentrations was an order of magnitude too low; 0.02 Bq kg"1

was used rather than the correct value of 0.2 Bq kg"1 estimated by FARMLAND. In
addition improvements were made in the way the diet of pigs was modelled. This is explained
in Section 3.2.2.4.
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(3) Moose
The original predicted 137Cs activity concentrations in moose were underestimated by at least 2
orders of magnitude. A close look at the spreadsheet deriving activity concentrations in moose
meat revealed that an integrated inventory of 137Cs in pasture had been used instead of the
integrated inventory in the top layers of the soil. Corrected concentrations were estimated as
discussed in Section 3.2.2.5.

Human intakes have not been recalculated following the corrections to the activity concentrations in
milk, beef, pork and moose. Therefore, no results are presented here. However, a number of general
observations can be made based on the earlier analysis.

* Milk and beef dominate the 137Cs intakes. This is a function of their importance in male diet.
* Food ingestion made the largest contribution to human intakes. The influence of inhalation

was negligible.
* Uncertainties may accumulate over each level of calculation. Uncertainties in initial

calculations can therefore effect end points such as human intakes, whole body burdens
and dose.

3.4. Dose calculations
Section 2.4.5 outlined the way dose from internal and external pathways were calculated. The

purpose of this section is to compare VAMP estimated and NRPB predicted results. Analysis is
necessarily restricted because information on how the VAMP dose estimates were achieved has not
been provided. Before the VAMP estimates were released, NRPB set out uncertainty expectations for
the calculation of doses as follows :-

* Predictions of total, external, inhalation and ingestion doses were expected to be within a
factor of 10 of the VAMP observed (estimated) values.

* All predictions were expected to be conservative.

With the exception of doses arising from the inhalation of resuspended material, NRPB tended
to overestimate doses. All NRPB predicted doses were within a factor of 10 of the VAMP estimated
values, although they exceeded the confidence limits suggested by VAMP. A comparison of observed
and predicted dose quantities are given in Tables XIII-X. Ingestion and total doses were presented
to VAMP in June 1993; however, as discussed in Section 3.3, a number of errors were found in the
input to these calculations. It has not been possible to recalculate these doses and so they are not
presented here.

TABLE VIII. DOSE ARISING FROM INHALATION OF THE
CLOUD

VAMP estimated inhalation NRPB predicted inhalation
dose (nSv) dose (nSv)

220 2070

NRPB over predicted the inhalation dose from the cloud by a factor of 10. The reason for this is as
follows. Activity concentrations in air from the air samplers AIR 1 and AIR 2 were not thought to be
representative of the entire region. NRPB chose to calculate integrated air concentrations during plume
passage using the mean weighted deposition for the region and a deposition velocity of 1 10 m s"1.
This calculation, described in Section 3.1, resulted in an adult dose of 2070 nSv. A second estimate
of inhalation dose from the cloud was derived using the 137Cs activity concentrations in ground level
air at station AIR1, see Table I of the Scenario S description. An integrated air concentration for the
period 28 April to 2 June was calculated, 1.476 105 Bq s m"3. This value was used in the calculation
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of inhalation dose presented in Section 2.4.5.2. A dose to adults of 338 nSv was derived and this
compares well with the estimate of 220 nSv provided by VAMP.

Table IX compares observed and predicted doses from the inhalation of resuspended materials.
NRPB's results are in good agreement with those provided by VAMP.

TABLE IX. DOSE
INHALATION OF
MATERIALS

ARISING FROM
RESUSPENDED

Dose integration period

27

27

27

Apr

Apr

Apr

86 to

86 to

86 to

30 Apr 87

31 Dec 90

lifetime

Dose (n

VAMP
Estimat
ed

15

15

20

Sv)

NRPB
Predicte
d

13

15

19

Deposited gamma doses predicted by NRPB are within a factor of 1.2 of values estimated by VAMP
when shielding is taken in to consideration, see Table X.

TABLE X. Deposited gamma dose

Dose integration period

Deposited gamma dose
(mSv)

VAMP NRPB
Estimated Predicted

27 Apr 86 to 30 Apr 87 0.060 0.069

27 Apr 86 to 31 Dec 90 0.190 0.227

27 Apr 86 to lifetime 0.670 0.767

A cloud gamma dose of 6.02 10"6 mSv was calculated by NRPB accounting for shielding.
Estimates of cloud gamma dose were not supplied by VAMP.

4. EXPLANATION OF MAJOR SOURCES OF MISPREDICTION
The purpose of this section is to explore the major sources of misprediction identified in NRPB's

involvement in the Multiple Pathways Exercise Scenario S.

(1) FARMLAND
The problem of representing agricultural practices described in Scenario S with the most
appropriate model assumptions was probably the single most important source of misprediction.
As stated in Section 2.2.1, the intention was not to fine tune models to every last detail presented
in the scenario, rather, to use the exercise as a test of the default FARMLAND model. However,
adjustments to sowing, harvesting and animal husbandry are easily incorporated into
FARMLAND. Other factors are less easy to change due to interaction with other model
parameters, eg yield which affects foliar retention and interception, and transfer parameters such
a root uptake. Predictions might have been improved by changing root uptake parameters for the
more organic soils encountered in Scandinavia. Countermeasures were described in some detail
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in the description. Where these involved a delay in the movement of animals or sowing of crops,
these were accounted for as far as possible. Otherwise the FARMLAND default model was used
without alteration.

(2) Equilibrium transfer factors
The transfer factor approach was used because for certain foods suitable dynamic models were
not available. The approach is subject to flaws such as the lack of time dependency, and lack of
appropriate data for the environment of interest. Misprediction was largely due to the uncertainty
range surrounding the equilibrium transfer factors used. Figure 9, illustrating the variation in
predicted 137Cs activity concentrations in mushrooms according to the equilibrium transfer factor
exemplifies this point. Equilibrium transfer factors provide a simple model for radionuclide
transfer into environmental media and so do not describe the time dependence of activity
concentration. Results obtained from this approach are highly dependent on the quality of data
to which transfer factors are applied, eg pasture and soil Cs activity concentrations.
Equilibrium transfer factors are relatively easy to use, (in comparison to setting up dynamic
models). In the absence of alternative techniques to calculate radionuclide uptake into food
products, eg deterministic formulae or dynamic models, transfer factors derived for specific
conditions are more likely to be applied to situations for which they are inappropriate.

(3) User error
An important source of misprediction arose from the need to adjust FARMLAND for the specific
application. Errors which may occur during this process are less likely to be discovered by an
inexperienced user. This was certainly the case for milk and beef FARMLAND input files, for
which the 137Cs transfer parameter for gut to blood was set two orders of magnitude too low.
This exemplifies the need for rigorous quality assurance of newly created files, although the
experienced user has a greater chance of detecting errors.

The Multiple Pathways Exercise, Scenario S has shown that retrospective analysis can only be
as good as the data provided. It is fundamental that in model validation exercises such as this, only
like quantities should be compared. It is clear that sampling and averaging employed in the derivation
of observations may go some way to explain apparent mispredictions. A document describing
sampling, measurement, regional averaging, weighting, extent to which countermeasures were
implemented and any problems encountered in deriving observations would have improved the
participants' analysis of results.

5. SUMMARY OF LESSONS LEARNED FROM THE SCENARIO
NRPB considers validation to be an important part of its work in developing models for use in

radiological assessments. Involvement in Multiple Pathways Scenario S under VAMP was seen as a
good opportunity to validate the default FARMLAND food chain model against a comprehensive data
set, to compare its performance with similar models and to learn from the experience of others
working in the field. It is important to stress that the FARMLAND suite of models was only used for
a limited subset of the calculations required by Scenario S. Namely, to calculate 137Cs activity
concentrations in pasture, milk, beef, leafy vegetables and cereals. Considerable effort was allocated
to the first set of predictions, ie, food concentrations, body burdens and doses. Effort required for
exercises such as Scenario S should not be underestimated. NRPB acknowledges the benefits of a
second attempt at the simulations with the intention of improving predictions. Owing to many other
commitments, effort has not been available for this last stage of the work. However, analyses presented
in Section 3 will provide a good starting point should we wish to follow this up in future. The most
important lessons learned from involvement in this exercise are summarised below.

(1) For the prediction of the mean 137Cs deposition and inventory for region S the dominant source
of error stems from the choice of data used and the various ways in which data can be
manipulated.
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(2) FARMLAND has been described as a generic model for UK and EU practices but with sufficient
flexibility to allow its use in site specific studies. The model is expected to perform well over
a range of sites but not necessarily at one specific site if all agricultural practices are not taken
into account. This study has shown that if it is to perform well in such applications, it is essential
that site specific information be considered, eg timing of deposit in relation to sowing, cropping
practices, greenhouse or field production, crop yields which may differ from the UK default,
animal diet and husbandry. Some of these factors are interrelated and are therefore difficult to
adjust for site specific applications, eg yield is linked to interception and retention of
radionuclides on die foliage. A change in the yield requires similar adjustments to interception
and retention. During the first year of simulation, the most important area of uncertainty is
agricultural practice. In the second and subsequent years uncertainty in model predictions are
more likely to be a function of the transfer factors used in FARMLAND.

(3) In most cases, anticipated uncertainty criteria were satisfied at the intermediate stages of dose
calculation, ie, activity concentrations in food. The model performed reasonably well in its
default form, detecting the trend, if not the precise magnitude of food activity concentrations.
Errors in the prediction of activity concentrations in food were passed on to dose calculations,
eg beef and milk. However, the uncertainty criteria for dose calculations, i.e that dose estimates
should be within a factor of 10 of observed values and tend toward the conservative, are likely
to have been met.

(4) The transfer factor approach can provide a reasonable estimate of food activity concentrations
for which dynamic foodchain models are unavailable as results for fish and mushrooms in this
exercise testify. Results are dependent on the magnitude of the transfer factor and the validity
of data describing radionuclide activity concentrations in appropriate substrate. The following
recommendations can be made about this approach:

* Search the literature for the most appropriate transfer factor for the conditions under
consideration.

* Use measurement data for activity concentrations in the substrate, eg surface water, soil etc,
wherever these are available.

* Transfer factors provide an implicitly simple approach to the derivation of activity
concentrations in foods. Over complicated methods to derive quantities required for the
transfer factor approach are incompatible with this simplicity. For example, Section 2.4.2.6
describes the effort required to derive the 137Cs activity concentration in wildfowl diet and
the daily intake of food. Data manipulation and calculations such as these are prone to error
and reduce the effectiveness of the transfer factors.

(5) Analysis of observed and predicted results in exercises of this kind could be much improved if
a detailed description of how observations and estimates of dose were obtained.
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