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Abstract. Model calculations are being performed for the reconstruction of
individual external gamma doses of population evacuated during the Chernobyl
accident from the city of Pripjat and other settlements of the 30-km zone. The
models are based on sets of dose rate measurements performed during the accident,
on individual behaviour histories of more than 30,000 evacuees obtained by
questionnaire survey and on location factors determined for characteristic housing
buildings. Location factors were calculated by Monte Carlo simulations of photon
transport for a typical housing block and village houses. Stochastic models for
individual external dose reconstruction are described. Using Monte Carlo methods,
frequency distributions representing the uncertainty of doses are calculated from an
assessment of the uncertainty of the data. The determination of dose rate
distributions in Pripjat is discussed. Exemplary results for individual external doses
are presented.

1. Introduction

The Chernobyl accident led to heavy radioactive contaminations in the nearby city of Pripjat
and in other settlements of the 30 km zone, with the potential to deliver significant radiation
exposures to the affected population prior to its evacuation. A detailed reconstruction of
individual radiation doses of the evacuees is needed for epidemiological investigations that
could lead to an increased knowledge of the relationship of exposure and the somatic effects
of radiation.

It can be expected that the external gamma component contributed substantially to the
radiation exposure of the evacuated population. In the time between accident and evacuation,
gamma dose rate measurements were conducted at different points of the 30 km zone,
particularly in the city of Pripjat. This data, together with individual behaviour data obtained
by a wide scale public questionnaire survey performed three years after the accident, allows
for a reconstruction of external doses of the population. Using deterministic models, a first
assessment of individual external doses to more than 30,000 evacuees has been performed [1].
The mean external effective dose of Pripjat residents, evacuated about 36 hours after the
accident, is estimated to be 11.5 mSv. The largest part of the population of the 30-km zone
was evacuated after eight to ten days, and a mean effective dose of 18.2 mSv was determined,
with 644 persons having received external doses higher than 100 mSv. The results revealed
large variations between external doses of different individuals, caused by the heterogeneity of
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the dose rate pattern and the variability of individual behaviour, showing the importance of
performing individual external dose reconstruction.

In the present contribution, developments and results of a second stage of individual
external dose reconstruction of the evacuated population are reported. Stochastic models are
developed, which allow for the determination of uncertainty ranges and distributions of the
calculated individual external exposures from an assessment of the uncertainty of the data,
using Monte Carlo methods [2] for calculating the propagation of the uncertainties. Location
factors for a specific typical housing block of Pripjat and for village houses were computed by
Monte Carlo simulations of photon transport for different source energies, various
configurations of radioactive clouds, specific deposition areas of the radionuclides and indoor
contaminations, for numerous positions inside and outside of the buildings. The results allow
to determine location factors for specific radiation scenarios and to quantify the influence of
the uncertainty of source configuration, spectral energy distribution of the emitted radiation
and position of the individual in the building on the uncertainty of the location factors.

From the data set of dose rate measurements in Pripjat, dose rates relative to reference
area were determined from information on the environment of each measurement point and
uncertainties due to measurement errors and environment were assessed. Using the Monte
Carlo sampling program PRISM [3] and incorporating kriging methods [4] for interpolations
in space, uncertainty distributions for dose rates relative to reference area averaged over
different sectors in Pripjat were obtained. Finally, exemplary results for individual external
doses were calculated.

2. Overview of data

Direct dose rate measurements in Pripjat started two hours after the accident in the nuclear
power plant at 1:26 a.m. on April 26, 1986 and lasted until after the completion of the
evacuation two days later. The location of the 31 measurement sites in Pripjat and dose rates
measured 30 hours after the beginning of the accident are shown in Figure 1. On the average,
the measurements were made in intervals of about 3.5 hours, using Geiger Mueller counters at
1 m above ground. The dose rate distribution over the city of Pripjat was highly
heterogeneous, with the highest levels in the hospital area in the south-eastern part of the city.
Residential areas in the north-western part were affected to a much smaller extent. A detailed
description of the radiation situation in Pripjat after the accident is given in [lj.

In the 30 km zone, dose rate measurements began on April 26 at 12 settlements close to
the nuclear power plant, and were continued on April 28 at 23 measuring sites and the next
day at 55 sites. After May 1, nearly daily measurements were made at a total of 84 observation
points in settlements. The spatial distribution of the measured dose rates was highly
heterogeneous, the dose rates at some of the more strongly affected villages was more than a
factor of 100 larger than at other areas of the territory. Also the time dependence of the
measured dose rates showed an irregular behaviour, reflecting the various releases of
radionuclides and changes in wind directions.

Information on the individual pre-evacuation behaviour of a large fraction of the
population was obtained by a wide scale questionnaire public survey launched in 1988 and
performed during routine medical examinations. After the data was checked for consistency,
records of 16,193 individuals evacuated from Pripjat and of 19,605 from the settlements of the
30 km zone were entered in a computer data base.

For the survey of evacuees from Pripjat, the city was divided, as indicated in Figure 1,
into eight sectors according to the open air doses accumulated in the 36 hour period until
evacuation. In a questionnaire, the evacuees were asked to reconstruct their location (indoor or
outdoor, and in which sector) hour by hour from the time of the accident until their
evacuation. Furthermore, the storey of their dwelling was recorded. In a similar questionnaire,
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Figure 1. Plan of the city of Pripjat showing the points where dose rate measurements were performed by two
independent teams (triangles respectively circles). Also indicated are dose rates in mGy/h measured 30 hours
after the accident and the subdivision of the city in sectors for the questionnaire survey.

the evacuees from settlements of the 30 km zone were asked to state in which kind of house
they lived (brick house, wooden house or multi-storey building) and to remember, day by day,
in which settlement they were staying and the fraction of time they had spent outdoors.

3. Calculation of location factors

Location factor is defined as the ratio of dose rate at a particular indoor or outdoor location to
a reference dose rate. For radiation from radioactive clouds, the dose rate 1 m above an
infinite smooth air-ground interface irradiated by the same cloud configuration is taken as
reference dose rate. For radiation from deposited radionuclides, it is given by the dose rate
over an infinite smooth lawn under the same deposition conditions as the other urban surfaces
[5]. Location factors for different building types have been reported in the literature (see [5]
and references therein). However, in order to account for construction characteristics of
Ukrainian buildings and the radiation situation during the accident and to allow for an
estimation of uncertainty and variability, location factors were calculated by Monte Carlo
simulations of photon transport using the code SAM-CE [6] for a specific five storey building
and for two types of rural houses typical for the 30-km zone.

The information available on the radionuclide composition of the radiation sources and
the source configurations on the first days after the accident is limited and uncertain.
Therefore, separate Monte Carlo calculations were made for a range of source energies and for
various definite source configurations. Then, combining the results of these calculations,
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location factors for different scenarios of radioactive contaminations can be determined.
Location factors were calculated for source energies of 80 keV, 140 keV, 365 keV, 662 keV
and 1.6 MeV. Simulations were made for radiation from an homogeneous semi-infinite
radioactive cloud and from finite clouds with different orientations relative to the buildings.
Separate calculations were made for different urban areas on which the radionuclides were
deposited, such as roofs, walls, windows, ground, trees and indoor surfaces, allowing to
determine location factors for different relative contaminations of these areas.

The simulated five storey building is very typical for Pripjat, several nearly identical
buildings of this type are located in the residential area in the southern sector of Pripjat, an
area relatively more strongly exposed to radiation after the accident. A complete description of
the building was available and an edge section was simulated in full detail, including the
urban environment with neighbouring buildings, streets, lawns and trees. In order to determine
the variability of the location factors at different positions, a total of 200 indoor detection
volumes and several detection volumes at outdoor positions were defined.

In Table 1, examples of location factors calculated for the building in Pripjat are
presented for a source energy of 662 keV and different source configurations. Finite clouds
were simulated at a distance of 200 m parallel to the long side of the building. For
radionuclides deposited outdoors, a dry deposition was assumed with source strengths relative
to the source strength on lawns of 10% for streets, walls, windows and balconies, 30% for
roofs, 80% for the ground, taken to extend to a distance of 500 m, and a factor of 5 for trees.

Table 1 Location factors for different storeys of a housing building in Pripjat, for radiation from radionuclides
deposited outdoors, from an homogeneous semi-infinite cloud and for two finite cloud configurations. Also
indicated are the 5 and 95 percentiles of the distribution of location factors resulting from the different positions
in the respective storey. The source energy is 662 keV.

Location

Ground floor

Second floor

Fourth floor

Source
Deposited

radionuclides
0.046

0.016-0.10
0.035

0.012 - 0.08
0.017

0.005 - 0.04

Semi-infinite
cloud
0.057

0.021 -0.11
0.061

0.023-0.12
0.066

0.025-0.13

Finite cloud
sideways

0.050
0.004-0.16

0.058
0.005-0.16

0.063
0.007-0.17

Finite cloud
above
0.025

0.005 - 0.07
0.023

0.005 - 0.06
0.040

0.016-0.08

It can be seen that the location factors depend, in general, on the source configuration. At
the fourth floor the location factor for a semi-infinite cloud is more than three times larger
than for radionuclides deposited outdoors. They also depend on the floor, particularly for
radiation from radionuclides deposited outdoors, with the uppermost floor shielded more than
two times better than the ground floor. The location factors within one floor can vary by up to
an order of magnitude, and even more for finite cloud configurations. Location factors for
indoor contaminations are around 0.022 for a relative source strength of the indoor surfaces of
2% and become as large as 0.11 if one assumes a relative indoor contamination of 10%.
Similar results were also obtained for the other source energies considered. One finds that for
the lowest source energy of 80 keV the location factors are generally about 35% lower and for
the highest energy of 1.6 MeV about 35% higher than for 662 keV. For indoor contamination
the dependence on energy is less than 10%.

The results provide an data base which allows to determine location factors and their
uncertainty ranges appropriate for the radiation situation in Pripjat during the accident. An
analysis shows that the lack of detailed knowledge on the spectral energy distribution of the
emitted radiation does not contribute very strongly to the location factor uncertainty. The
dependence of location factors on the storey of buildings is opposite for radiation from clouds
and from radionuclides deposited outdoors, and in a mixed radiation situation the dependence
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on the storey becomes less important. Important sources of uncertainty are the lack of
knowledge on indoor contaminations, the variability of building characteristics and the
dependence on the position in a particular storey of the building, particularly for radiation
from finite cloud configurations.

Effective location factors are established by accounting also for the movements of
individuals at indoor respectively outdoor locations. From a first analysis, for Pripjat an
effective location factor of 0.05 with an uncertainty range with a 5 percentile of 0.01 and a 95
percentile of 0.2 was obtained for indoor locations and a factor of 0.8 with an uncertainty
range between 0.5 and 1 for outdoor locations.

4. Stochastic models

The stochastic models developed for the calculation of the individual external exposures of
the evacuated population are based on the individual behaviour obtained by the questionnaire
survey. They are designed with a modular structure, separating the calculation of parameters
which do not depend on the individual behaviour from the final computation of the individual
external dose. The main parameters used are the dose rates for the corresponding positions,
expressed with respect to a reference area and the location factors estimated for the respective
indoor and outdoor locations.

The uncertainties of the model parameters are represented by frequency distributions of
the parameter values. These uncertainty distributions are computed from the assessed
uncertainty of the data and from the results of the calculations of location factors. Monte Carlo
methods, coded in the program PRISM [3], are used to sample values from the parameter
uncertainty distributions. With these values, the external dose for each individual is repeatedly
(for example, 500 times) calculated, obtaining a frequency distribution representing its
uncertainty.

The individual external effective dose distributions E for the population evacuated from
Pripjat are calculated according to

E = C • 2^D(h,s) • At • G(h,s) • L(h)
h = l

with A t = 1 hour, where the summation extends over each hour h, starting from the time of
the accident to the time hevac the individual was evacuated, and
C is the conversion factor from absorbed dose in air to effective dose, appropriate to the

individual according to its age;
D(h,s) is the uncertainty distribution of dose rate with respect to the reference area, for the

hour h and the sector s of Pripjat (see Fig. 1) in which the individual was staying at
this hour;

G(h,s) is a distribution representing the uncertainty due to the variation of the dose rate over
the sector s the individual was at the hour h;

L(h) is the current distribution for the location factor. Depending where the individual had
been at the hour h, it is taken to be equal to the location factor distribution for the
particular storey of his home housing building, for a specific other building (like
school, hospital), for unspecified other buildings or for outdoor locations.

For the population evacuated from the 30 km zone, the individual external effective dose
distributions are calculated according to
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= C-^D(d )v)-{G(d,v)-L0 U 1(d)-t0 U ,(d)

where the summation extends over each day d, starting from the day of the accident to the day
devac the individual was evacuated, and
C is the conversion factor from absorbed dose in air to effective dose, appropriate to the

individual according to its age;

D (d,v) is the uncertainty distribution of dose rate with respect to the reference area, averaged
over one day, for the day d and for the particular village v of the 30 km zone in which
the individual was staying at this day;

G(d,v) is a distribution representing the uncertainty due to the variation of the dose rate over
the area the individual moved around outdoors, for the day d and the village v;

Lout(d) is the distribution for the outdoor location factor for each day, according to the
radiation source configuration assumed for this day;

toUt(<i) is the uncertainty distribution for the time spent outdoors by the individual on day d;
K(d,v) is a distribution representing the uncertainty due to the variation of the dose rate at

the position of the particular house in the settlement in which the individual was
staying with respect to the point where the dose rate was measured;

Ljn(d) is the distribution for the indoor location factor for each day, for the specific home
house type of the individual respectively for unspecified other buildings, for the
radiation source configuration assumed for this day;

The uncertainty distributions for the parameters of the models are computed in separate
modules and then used to compute the uncertainty distributions for the individual external
doses, based on the individual histories. In this way, improvements in the modules, leading to
a reduction of the uncertainties, can be made without altering the overall structure of the
models.

5. Modelling of dose rate distributions in Pripjat

For the calculation of individual external doses of evacuees from Pripjat, dose rates relative to
reference area averaged over each sector of the city and frequency distributions representing
their uncertainty need to be determined for each hour after the accident from the dose rate
measurement data and an assessment of measurement errors and the uncertainty due to the
environment of the measurement point. The steps involved can be detailed as follows:
1. Assessment of the uncertainty of the dose rate measurements due to instrumental,

calibration and recording errors. Separate uncertainty distributions are assessed for
statistical and systematic errors.

2. Assessment of the location factors for the different measuring points and estimation of
their uncertainty distributions. Dose rates can be modified significantly by the urban
environment due to shielding by neighbouring buildings and different relative
contaminations of the urban surfaces. In Pripjat, the measurement points were known
precisely and their respective environments surveyed, allowing for an assessment of the
corresponding location factors and an estimation of their uncertainty distributions.

3. By Monte Carlo sampling from these distributions with the code PRISM, uncertainty
distributions of dose rates relative to reference area are obtained for each measurement
point and time.
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4. Interpolation in time of the dose rate distributions by linear interpolation. The uncertainty
due to the lack of information on the temporal dose rate behaviour between measurement
times is accounted for by sampling for these times from appropriate distributions
representing this uncertainty.

5. Kriging interpolation [4] combined with Monte Carlo sampling are used for interpolations
in space in order to obtain dose rates at positions where no measurements had been made
and uncertainty distributions for dose rate averaged over the respective sectors of Pripjat.

In simple terms, kriging interpolation [4] is a means of estimation of interpolated values in
which the interpolation weights are determined from information on the correlation of the
measured values in dependence of the distance between the measurement points. In the
framework of a probabilistic model, the interpolation weights are determined by the condition
that the expectation value of the estimation error is zero and its variance minimal. In this
sense, the method is unbiased and optimal. It automatically incorporates declustering for
inhomogeneous distributions of measurement points and allows for an estimation of the
interpolation error. Results of kriging interpolations for dose rates relative to reference area in
Pripjat are shown in Figure 2.
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Figure 2. Dose rates relative to reference area in mGy/h 30 hours after the accident at the measurement points in
Pripjat (numbers in black fields) and interpolated values on a grid obtained by kriging interpolations. Also
indicated are the different sectors in Pripjat (compare Figure 1).
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Uncertainty distributions for dose rates relative to reference area averaged over the
respective sector were calculated for each of the first 50 hours after the accident. Furthermore,
for each hour the variability of dose rate relative to reference area over each sector was
assessed from the interpolated values. As an example, the dose rate distribution for sector 3 of
Pripjat 30 hours after the accident is shown in Figure 3. For this example, the uncertainty
distribution for the averaged dose rate was combined with the variability distribution over the
sector. The results obtained provide the set of dose rate parameter distributions needed for the
individual external dose reconstruction model for Pripjat discussed in the previous section.

1 2 3 4 5 6
Dose rate (mGy/h)

Figure 3. Frequency distribution of dose rate relative to reference area in sector 3 of Pripjat (compare Figure 1),
30 hours after the accident. The distribution reflects the uncertainty of the average dose rate of the sector and the
variability of dose rate within the sector.

6. Examples results for individual external doses

Based on the distributions of dose rates relative to reference area determined for Pripjat and
the assessed location factors, individual effective external doses of 12,653 evacuees from this
city are being calculated. In a first step, deterministic calculations were performed with this
data, obtaining a mean external effective dose for this population of 11 mSv, which is only
slightly lower than the value of 11.5 mSv reported in [1]. The resulting frequency distribution
of individual external effective doses of the population considered is shown in Figure 4.

The calculation of uncertainty distributions for individual external doses of population
evacuated from Pripjat is being performed. On the other hand, preliminary results of
uncertainty distributions of individual external doses have been obtained for individuals
evacuated from the village of Paryshev, one of the settlements of the 30-km zone, situated 18
km to the south-east of the power plant and having a population of 678 inhabitants, of which
335 were surveyed. The village was evacuated eight days after the accident.

As an illustration, the frequency distribution of external effective dose calculated for a
female worker from this village, who lived in a wooden house and stayed mostly outdoors
during the day is shown in Figure 5. The uncertainty distribution is close to lognormal, with a
mean value of 7.34 mSv, a 95% percentile of 17.2 mSv, a geometric mean of 6.04 mSv and a
geometric standard deviation of 1.85. In this case, uncertainties in the assessment of dose rates
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were the main source of uncertainty. Such frequency distributions of individual external doses
were computed for the whole surveyed population of the village.
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Figure 4. Relative frequency distribution of individual external effective doses for 12,653 evacuees from Pripjat
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Figure 5. Frequency distribution of external effective dose calculated for an individual from the village of
Paryshev in the 30 km zone.
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The result is only of an exemplary nature, as it is based on preliminary assessments of the
uncertainty distributions for the corresponding dose rates. For the settlements of the 30-km
zone, interpolations in time over two to three days are necessary for some measuring points,
particularly for the time span of the first days after the accident. Geostatistical conditional
simulation methods [4] allow to simulate the time dependence of the dose rate between two
measurement times, using information on the covariance of the dose rate between different
times. These methods are being combined with the Monte Carlo sampling calculations with
the PRISM code in order to obtain more realistic uncertainty distributions for time averaged
dose rate distributions for the settlements of the 30-km zone.

8. Conclusions

In this study, the development of stochastic models for the calculation of individual external
doses of population evacuated from the contaminated territories after the Chernobyl accident
has been discussed. It was shown that Monte Carlo sampling methods can be used for
determining frequency distributions representing the uncertainty of dose quantities. The
models were designed with a modular structure; distributions for dose rates and location
factors, which do not depend on the individual histories, are calculated separately and then
used as parameters for the calculation of individual external doses.

Location factors were calculated by Monte Carlo simulations, allowing to estimate
effective location factors and their uncertainty ranges to be used for the population of Pripjat.
It was shown how dose rates relative to reference area averaged over sectors in Pripjat are
determined from the measurement data and how distributions reflecting their respective
uncertainty and variability are determined by Monte Carlo sampling incorporating kriging
interpolation procedures.

Using these results, individual external doses were calculated for evacuees from Pripjat.
A mean external dose of 11 mSv was obtained, which agrees closely with the result that had
been reported from a first stage of dose reconstruction [1]. The corresponding uncertainty
distributions are being calculated.
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