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FOREWORD 

The IAEA has been organizing programmes of international model testing since the 1980s. 
These programmes have contributed to a general improvement in models, in the transfer of data 
and in the capabilities of modellers in Member States. IAEA publications on this subject over 
the past three decades demonstrate the comprehensive nature of these programmes and record 
the associated advances made. 

The IAEA organized a programme from 2012 to 2015 entitled Modelling and Data for 
Radiological Impact Assessments (MODARIA), which aimed to improve capabilities in the 
field of environmental radiation dose assessment by acquiring improved data, model testing 
and comparison of model inputs, assumptions and outputs, reaching a consensus on modelling 
philosophies, aligning approaches and parameter values, developing improved methods and 
exchanging information. 

Different aspects were addressed by ten working groups covering four themes: remediation of 
contaminated areas; uncertainties and variability; exposures and effects on biota; and marine 
modelling. This publication describes the activities of Working Group 2, Exposures in 
Contaminated Urban Environments and Effect of Remedial Measures. 

The IAEA wishes to express its gratitude to all those who participated in the work of the 
MODARIA programme and gratefully acknowledges the valuable contribution of the Working 
Group Leader, K. Thiessen (United States of America). The IAEA officer responsible for this 
publication was T. Yankovich of the Division of Radiation, Transport and Waste Safety. 
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SUMMARY 

This publication describes the work undertaken by Working Group 2 (WG2) on Exposures in 
Contaminated Urban Environments and Effect of Remedial Measures (Urban Environments 
WG) of the IAEA’s Modelling and Data for Radiological Impact Assessments (MODARIA) 
Programme. 

The Urban Environments WG was organized within the MODARIA Programme, as part of a 
theme entitled ‘Remediation of Contaminated Areas’. The Working Group has built on the work 
done by the Urban Remediation Working Group of the first phase of the IAEA’s Environmental 
Modelling for Radiation Safety (EMRAS) Programme [1–5] and the Urban Areas Working 
Group of the EMRAS II Programme [6–8]. The goal of the Urban Environments WG was to 
test and improve the applicabilities of models used in assessment of radioactive contamination 
in urban settings, including dispersion and deposition events, short and long term contaminant 
redistribution following deposition events, and potential countermeasures or remedial actions 
for reduction of public exposures and doses following deposition events. 

The Urban Environments WG was involved in four major areas of activity during the 
MODARIA Programme, including four modelling exercises. These WG2 activities include: 

(1) Two modelling exercises applicable to contaminant transport inside an urban area (short 
range); 

(2) A modelling exercise applicable to contaminant transport to urban areas from an external 
location (mid-range); 

(3) A modelling exercise applicable to redistribution and remediation of urban 
contamination; 

(4) A review of models for assessment of public exposures from short term releases. 

The four modelling exercises were designed to enable intercomparison of model predictions 
and, when possible, comparison of model predictions with measurements for selected 
endpoints. Reasons for similarities and discrepancies among model predictions are discussed in 
terms of the modelling approaches, models, and parameter values used by different assessors. 
An important objective is the identification of areas in which models or selection of parameter 
values could be improved. The fourth area of activity was a review of existing models relevant 
to assessment of short term releases of radioactive materials. 

The first modelling exercise was a continuation of a short range atmospheric dispersion exercise 
from the EMRAS II Programme [6]. The exercise was based on data from several field tests 
performed by the Czech National Radiation Protection Institute on a test area belonging to the 
National Institute for Nuclear, Chemical and Biological Protection in Kamenná, near Prague, 
Czech Republic [9]. The exercise was designed to enable comparison of model predictions with 
measurements of surface contamination, time integrated air concentrations, and dose rates, up 
to 50 m downwind. Intercomparisons of model predictions were made for distances up to 
2000 m downwind and for additional modelling endpoints. 

In these field tests, a short lived radionuclide (99mTc) in liquid form was spread by detonation 
of a small amount of explosive in an open field (flat terrain) or in an open field with some 
simulated structures. Measurements included external dose rates, surface contamination, 
radionuclide concentrations in air, particle size distributions, time distributions of dust particles 
in air, and thermo-camera snapshots. The test area was selected for a stable wind direction under 
usual meteorological conditions. 
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Two individual field tests were used in the exercise. Participants in the modelling exercise were 
asked to submit predictions for surface contamination as a function of distance. Participants 
were provided with all available measurements for the four tests used in the EMRAS II 
Programme [6] providing an opportunity for calibration of their models if desired. For the fifth 
and sixth tests, the new ones considered during MODARIA, participants were asked to submit 
model predictions before having access to measurements of the modelling endpoints. 

Three participants submitted calculations for the short range exercise. The models represented 
two main types of approaches to modelling atmospheric dispersion and had been developed for 
several different purposes. Model predictions varied considerably in the predicted angles of the 
plume and the amounts of deposited activity. Explanations include differences in the 
computational types, the intended domain size, and values selected for important parameters, 
including wind speeds and directions, dry deposition velocity, and atmospheric stability class. 
Participants also differed in use of mean vs. time dependent meteorological data and use of 
meteorological data from one or several measurement locations. Comparison of model results 
was facilitated by use of contour plots of predicted and measured deposition with the same 
coordinate system and color scale. Comparison of predictions with measurements indicated that 
the models could not fully reproduce apparent instabilities in the actual plume. 

An additional short range exercise was undertaken by two participants to compare their 
respective decision support models. The exercise was based on a hypothetical release situation 
located in a dense urban area in Paris, France and was designed to provide useful information 
about the importance of buildings and street canyons. Two scenarios were employed, one 
involving a 10 minute continuous release from a 5 m stack, and one involving a release due to 
1 kg of an explosive. The modelling results were generally in good agreement between the two 
models, with greater differences observed for the explosion scenario, as expected, given the 
difficulty in accounting for building effects (obstacles) in the vicinity of the explosion. 

The third modelling exercise was a mid-range atmospheric dispersion exercise, intended to be 
applicable to situations such as nuclear power plant accidents (e.g. in the context of emergency 
preparedness), in which contamination from an accident site could be transported to urban 
areas. The exercise was based on the Šoštanj Thermal Power Plant (TPPŠ) in Slovenia, a 
challenging situation with complex terrain and meteorology. Tracer data (concentrations in air) 
from a three week measuring campaign in 1991 were available for use in validation of model 
predictions for selected locations. For other endpoints (e.g. additional locations, deposition at 
any location), it was a model intercomparison exercise. 

Two test cases were prepared from the existing information. The first test case consisted of a 
24 hour period in March 1991 when only one release point was active and wind conditions were 
stable in a single primary direction. The second test case was a 2 day period in April 1991 when 
the meteorological situation as well as the release situation (two release points) were much more 
complex. Requested results for the first case (March) included a time series of ground level 
tracer concentration at a single sampling location and nearby locations, the predicted plume 
rise, and the predicted wind field at the effective release height. For the second case (April) 
prediction of tracer concentrations (as time series) for several sampling locations and of plume 
rise and wind fields for two release points were requested. 

Five participants submitted calculations for this exercise, with one participant submitting 
calculations from two models. Both test cases, particularly the second one, proved to be very 
challenging for the participants. The exercise demonstrated the greater utility of numerical 
Lagrangian particle models over Gaussian models for modelling atmospheric dispersion over 
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complex terrain, as well as the importance of including vertical profiles of meteorological 
conditions in addition to data from ground based meteorological stations. 

The fourth modelling validation exercise focused specifically on urban contamination and 
remediation. The exercise was prepared by the Japan Atomic Energy Agency (JAEA), based 
on monitoring data in an area of Japan evacuated following the Fukushima accident and on 
information about experimental decontamination efforts and human behavioural patterns. 
Initial modelling was kept simple, with the aim of expanding the scenario during the second 
phase of the IAEA’s MODARIA Programme (MODARIA II). The requested results for this 
first phase of modelling included the ambient effective external dose rates for each land use 
definition and the annual effective external dose for designated categories of persons. 
Calculations were made for a 10 year period and assumed that no decontamination was 
implemented. Plans for later stages of this exercise to be carried out under MODARIA II 
include assessment of the effects of various decontamination or remediation measures on 
external doses. 

The final area of WG2 activities was a review of models for assessment of public exposures 
from acute releases. This activity was identified during the initial meeting of MODARIA as an 
area of great interest to many WG2 participants. The goal was to provide a review and 
comparison of models (computer codes) for predicting transport of radioactive contaminants to 
urban environments, especially atmospheric dispersion, deposition and environmental transport 
for situations such as an accident at a nuclear power plant. Although the review is not 
exhaustive, it includes key models in use at the time of the review (or still named in national 
regulations), their applicabilities and needs (computational and in terms of necessary input 
data), intended uses and other important features. The intent was not to provide an evaluation 
of which model is ‘best’, but to provide information that could help a participant to select the 
most appropriate model for his or her own situation. 

The format of the review is an Excel workbook with a separate page (worksheet) for each model 
and a table comparing major features or attributes of all of the included models. The latest 
version of the workbook (information collected through 2017) contains information on 
31 models and is available as a complementary Electronic Appendix. Selected material from 
the review is summarized in the main text of this publication. 
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1. INTRODUCTION 

1.1. BACKGROUND OF THE MODARIA PROGRAMME 

The IAEA organized a programme from 2012 to 2015, entitled Modelling and Data for 
Radiological Impact Assessments (MODARIA), which had the general aim of improving 
capabilities in the field of environmental radiation dose assessment by means of acquisition of 
improved data for model testing; model testing and comparison; reaching consensus on 
modelling philosophies, approaches and parameter values; development of improved methods; 
and exchange of information. 

The following topics were addressed in ten working groups: 

Remediation of Contaminated Areas 

 Working Group 1: Remediation strategies and decision aiding techniques 

 Working Group 2: Exposures in contaminated urban environments and effect of remedial 
measures 

 Working Group 3: Application of models for assessing radiological impacts arising from 
NORM and radioactively contaminated legacy sites to support the management of 
remediation 

Uncertainties and Variability 

 Working Group 4: Analysis of radioecological data in IAEA Technical Reports Series 
publications to identify key radionuclides and associated parameter values for human and 
wildlife exposure assessment 

 Working Group 5: Uncertainty and variability analysis for assessments of radiological 
impacts arising from routine discharges of radionuclides 

 Working Group 6: Common framework for addressing environmental change in long 
term safety assessments of radioactive waste disposal facilities 

 Working Group 7: Harmonization and intercomparison of models for accidental tritium 
releases 

Exposures and Effects on Biota 

 Working Group 8: Biota modelling: Further development of transfer and exposure models 
and application to scenarios 

 Working Group 9: Models for assessing radiation effects on populations of wildlife 
species 

Marine Modelling 

 Working Group 10: Modelling of marine dispersion and transfer of radionuclides 
accidentally released from land based facilities 

The activities and results achieved by the Working Groups are described in individual IAEA 
Technical Documents (IAEA-TECDOCs). This publication describes the activities of WG2, 
the Urban Environments Working Group (Working Group 2). 
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1.2. BACKGROUND FOR MODARIA WORKING GROUP 2: EXPOSURES IN 
CONTAMINATED URBAN ENVIRONMENTS AND EFFECT OF REMEDIAL 
MEASURES 

The MODARIA Theme entitled ‘Remediation of Contaminated Areas’ included three areas of 
interest: remediation strategies and decision aiding techniques, assessment of urban 
contamination and remediation effectiveness, and assessment of radiological impacts of 
naturally occurring radioactive materials (NORM) and contaminated legacy sites. The Urban 
Environments Working Group (WG2) has built on the work done by the Urban Remediation 
Working Group of the EMRAS Programme and the Urban Areas Working Group of the 
EMRAS II Programme. In particular, an objective of WG2 has been to test and improve the 
applicabilities of models used in assessment of radioactive contamination in urban settings, 
including dispersion and deposition events, short and long term contaminant redistribution 
following deposition events, and potential countermeasures or remediation efforts for reducing 
human exposures and doses. 

1.3. OBJECTIVES 

The primary objective of the Urban Environments WG was to test and improve the prediction 
of (1) contamination densities and radioactivity concentrations in air following an atmospheric 
dispersion and deposition event, (2) changes in radionuclide concentrations or external dose 
rates as a function of location and time, (3) the most important contributors (e.g. surfaces or 
exposure pathways) to human doses in an urban location following a deposition event, and 
(4) expected reductions in radionuclide concentrations, external dose rates, or doses due to 
various countermeasures or remediation efforts. Specific objectives included the development 
and carrying out of four modelling exercises for different types of situations, plus a review of 
existing models for assessment of public exposures from acute releases. Analysis of the 
modelling exercises included comparison of approaches, models, and modelling results for each 
type of contamination situation. This WG2 publication describes each of the modelling 
exercises, the models used in the exercises, the approaches and parameter selection used by 
individual participants, and the results of each exercise. Section 6 of this publication includes a 
summary of the model review. This publication is intended to provide information about the 
performance of various models in specified contexts, both for assessing the radiological impact 
of a situation and (where appropriate) for evaluating proposed countermeasures or remediation 
measures for a situation. 

1.4. SCOPE 

The Working Group developed and carried out four modelling exercises, including three 
atmospheric dispersion exercises (two short range and one mid-range) and a fourth exercise 
dealing with urban contamination and remediation. In addition to these modelling exercises, 
the Working Group prepared a review of a number of existing models for assessment of 
atmospheric dispersion and/or public exposure from acute releases.  

The first short range atmospheric dispersion exercise was based on field tests involving 
dispersion of a radionuclide by a small amount of explosive. This exercise, which continued an 
exercise from the EMRAS II Programme, involved comparison of model predictions with 
measurements, as well as intercomparison of predictions. An additional hypothetical short 
range modelling exercise was also conducted. The mid-range atmospheric dispersion exercise 
was based on a set of measurements (atmospheric concentrations of a tracer) of releases from a 
power plant and the necessary prediction of the subsequent transport and deposition of the 
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contamination. For each of these exercises, modellers were asked to predict the downwind 
surface contamination densities and radionuclide concentrations in air. The fourth modelling 
exercise focused specifically on urban contamination and remediation, based on monitoring 
data in an area of Japan evacuated following the Fukushima accident and on information about 
experimental decontamination efforts and human behavioural patterns. Initial modelling 
included prediction of the ambient effective external dose rates for several land use definitions 
and the annual effective external dose for designated categories of persons, over a 10 year 
period assuming no decontamination. This publication describes each modelling exercise, the 
models used by participants in each exercise, and conclusions and applications based on the 
exercises. 

1.5. STRUCTURE OF THE PUBLICATION 

Section 1 provides a brief description of the background of the MODARIA Programme and the 
Urban Environments WG, the objectives of WG2 and the scope of its activities. Sections 2–5 
describe the modelling exercises, including the scenario description, the models used in the 
exercise, the modelling results, and explanations for agreement or discrepancies among 
modellers. Section 2 covers the short range atmospheric dispersion exercise based on field tests, 
and Section 3 the comparison of decision support systems based on a hypothetical release 
situation. Section 4 describes the mid-range atmospheric dispersion exercise. Section 5 
describes the contaminant transport and countermeasures exercise. Section 6 summarizes the 
review of models for assessing acute releases of radioactive contamination. Section 7 provides 
some general conclusions and applications based on the modelling exercises. Appendix I 
provides the scenario description and documentation for the first modelling exercise, and 
Appendix II provides supplemental information for the contaminant transport and 
countermeasures exercise. Appendix III provides detailed descriptions of several of the models 
used in the exercises.  

Tables comparing major features or attributes of atmospheric dispersion models are provided 
in a complementary Electronic Appendix to this publication. The format of this model review 
is an Excel workbook with a separate page (worksheet) for each model and a table comparing 
models. The latest version of the workbook (information collected through 2017) contains 
information on 31 models. 
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2. SHORT RANGE ATMOSPHERIC DISPERSION EXERCISE 

2.1. OVERVIEW AND RATIONALE 

The short range atmospheric dispersion scenario is based on experimental data obtained from a 
series of field tests performed by the Czech National Radiation Protection Institute (SÚRO), 
involving the dispersal of a short lived radionuclide with a small amount of explosive [6, 9]. 
The scenario is intended to provide an opportunity to test model predictions for a short range 
dispersion event, including the deposition resulting from the event. The present exercise 
includes two field tests; four earlier tests were previously considered during the EMRAS II 
Programme [6]. The experimental conditions for the two events are summarized in Section 2.2, 
and full details are provided in Appendix I. Input information for each event included the 
amount of radioactive material involved, the arrangement of the various detectors in the vicinity 
of the explosion, and meteorological information. 

The radioactive material, a short lived radionuclide (99mTc) in liquid form, was spread by 
detonation of a small amount of explosive in an open field with a simulated structure to provide 
obstacles to the dispersion. The measurements performed included monitoring of dose rate, 
surface contamination of ground and structures, activity concentrations in air, particle size 
distribution, time distribution of dust particles in air, and thermo-camera snapshots. The test 
area was selected for a stable wind direction under usual meteorological conditions. 

All available data for the four earlier tests [6] were provided to the participants to be used for 
model calibration if desired. These data included measurements of surface contamination, dose 
rates, and time integrated activity concentrations in air. The two tests in the current exercise 
(Tests 5 and 6 in the larger set of field tests1) were conducted as fully blind model tests, and 
only the input information was provided to participants during the exercise. Comparisons were 
made with measurements only after the modelling results were submitted. 

Endpoints to be modelled for Tests 5 and 6 included: (1) surface contamination (Bq/m2) as a 
function of distance; (2) time integrated activity concentrations in air (Bq·min·m-3) as a function 
of height and distance along the center line; and (3) estimated percentile contamination zones 
(50%, 75%, 95%) for each explosion event. As described in an earlier publication [6], the 
scenario can also be used for validation of location factors, data assimilation to improve initial 
modelling results, and estimation of the source term from measurements. Full details about the 
scenario are provided in Appendix I and the earlier publication [6]. The analysis discussed in 
the following sections is limited to the predicted and measured surface contamination. 

2.2. SUMMARY OF INITIAL CONDITIONS FOR TESTS 5 AND 6 

Table 1 summarizes the initial conditions for the two events considered as blind model tests in 
this exercise, Test 5 (4 May 2010) and Test 6 (22 June 2010). Table 2 provides a summary of 
the meteorological data for Tests 5 and 6; more detailed meteorological data were provided in 
electronic form (see Appendix I). Meteorological data were provided at heights of 2 m, 4 m, 
and 10 m for one location, and at 2 m for four additional locations. A height of 10 m is generally 
considered the standard for meteorological measurements. 

 
1 Different numbering schemes have been used in some of the documentation of these field tests. This publication 
refers to Tests 5 and 6 in the text or to Tests 5/3P and 6/4P in Tables 25–30 of Appendix I. Dates of the field tests 
are provided in these tables to facilitate identification of individual field tests. 
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TABLE 1. SUMMARY INFORMATION FOR TESTS 5 AND 6 

Test No. Test 5/3P Test 6/4P 

Date 4 May 2010 22 June 2010 

Explosion timea 14:15 12:06 
Time of measurement of 99mTc activitya 11:00 12:00 
Activity of 99mTc (MBq) 2119 2045 
Amount of liquid containing the activity 6 mL 6 mL 

Amount and type of explosive usedb 
Permon 10T 

350 g 
Permon 10T 

350 g 

a Twenty four hour system (12:00 = noon). 
b Descriptions of the explosives were provided separately. 

 
TABLE 2. SUMMARY OF WEATHER CONDITIONS DURING TESTS 5 AND 6a 

Test No. Test 5/3P Test 6/4P 

Date 4 May 2010 22 June 2010 

Temperature (C) 10.1–10.2 18.5–18.9 
Relative air humidity (%) 77–79 41–46 
Condensation point (C) 6.3–6.7 5.2–6.8 
Wind speed (km/h) 3.2–13 4.7–11.2 
Gust wind speed (km/h) 7.9–20.9 6.5–17.6 
Wind direction (degrees) 90–270 0–270 
Air pressure (hPa) 1013.6–1013.7 1013–1013.4 

a More detailed meteorological data were provided in electronic form (see Appendix I). Measurements are at 10 m 
height. The indicated wind direction is the direction wind is blowing from. 
 

For both field tests, a simulated structure was erected in the test area (see Fig. 84 given in 
Appendix I below). The obstacle had dimensions of 11 m  2.5 m  3 m (length, width, height) 
and was located on the centerline of the grid. 

2.3. MODELS USED IN THE EXERCISE 

Table 3 summarizes the models and parameter values used by participants in the short range 
atmospheric dispersion exercise. The models represented two main types of computational 
approaches to modelling atmospheric dispersion (Gaussian and Lagrangian) and were 
developed for various purposes. Three participants provided predictions for this exercise. 
Descriptions of the individual models as used in this exercise are provided in [6] and 
Appendix III of the present publication. 

2.4. METEOROLOGICAL SITUATION DURING TESTS 5 AND 6 

For the simulation of the atmospheric dispersion for Tests 5 (4 May 2010) and 6 (22 June 2010), 
two Gaussian type models and one Lagrangian type model were used (see Table 3). The 
meteorological input data are handled differently depending on the design of the model. 
Specifically, some models make use of averaged data, whereas other models can use time 
dependent data sets with a time resolution of down to 1 minute (transient wind conditions). 

Wind speed and direction are essential for good results when measurements and model 
predictions are compared. For Tests 5 and 6, the meteorological situations were not as 
homogeneous as expected. Figures 1 and 2 show the 1 minute averaged wind speed and the 
wind direction at 10 m height for Tests 5 and 6, respectively, at a location 20 m behind the 
dispersion point (grid coordinates: 0, –20). The time of the explosion is indicated by a triangle. 
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TABLE 3. COMPARISON OF MODELS AND SELECTED PARAMETERS USED IN THE 
SHORT RANGE ATMOSPHERIC DISPERSION EXERCISE 

Model name ADDAM/CSA-ERM LASAIR URD 

Participant and 
country 

S.L. Chouhan 
Canada 

H. Walter 
Germany 

B.K. Tay 
Singapore 

Type of model Gaussian Lagrangian Gaussian puff 

Purpose of model 
ADDAM: safety 

assessment for accidents; 
CSA-ERM, research tool 

Decision support Decision supporta 

Domain size 
ADDAM: centerline 

from 100 m; CSA-ERM, 
fine grid 

40  40 km² 
5 m grid, increasing to 

the outside 

2 km 2 km at 10 m 
resolution; 40 m  60 m 

at 1 m resolution 

Calibration Tests 1 and 2 [6] None None 

Stability classes 
Test 5: Class A 
Test 6: Class A 

Test 5: Class D 
Test 6: Class D 

Not applicable 

Wind speed (m/s) 
Test 5: 1.44 
Test 6: 1.46 

Test 5: 0.5–3.6 
Test 6: 0.5–3.6 

Time dependent 
measurements at 10 m 

height 

Wind conditions 
(transient or steady 
state) 

4–10 minutes average 
(all heights and 

locations) 

Transient; time 
dependent measurements 

at 10 m height 

Transient; time 
dependent measurements 

at 10 m height 

Dry deposition velocity 
(m/s) 

1 × 10–1 

< 2.5 µm, 1 × 10–3 
2.5–10 µm, 1 × 10–2 
10–50 µm, 5 × 10–2 
> 50 µm, 2 × 10–1 

Calculated within a 
deposition model in 

URD 

Source term 
partitioning 

–b 
Uniformly distributed 

within initial cloud 
Uniformly distributed 

within cloud 

Column dimensions 
(x,y,z) 

Height = 12.9 m 
Width = 11 m 

Effective release height = 
6.45 m 

Height = 7 m 
Base = 3 m  3 m 

(box shaped) 

Height = 11 m 
5 initial puffs of same 

size 

Surface roughness 
Grass terrain; roughness 

length, 0.4 m 

Test ground, 0.1 m 
close vicinity (trees), 

1.0 m 
obstacles regarded with 

actual heights 

Grassland 
(roughness = 0.05 m) 

Particle size 
distribution (% of 
activity per particle size 
intervals) 

–b 

0–2.5 µm, 40% 
2.5–10 µm, 40% 
10–50 µm, 10% 
≥ 50 µm, 10% 

< 0.39 µm, 40% 
0.39–1.3 µm, 12% 
1.2–0.2 µm, 38% 
> 10.2 µm, 10% 

Time to set up and run < 30 min < 5 min < 15 min 

Time to process results < 30 min < 10 min < 15 min 

Number of Lagrangian 
particles 

Not applicable 500 000 Not applicable 

a The URD (Urban Release and Dispersion) model, developed by the Technical University of Denmark (DTU), 
was used as part of the ARGOS decision support system (developed by PDC-ARGOS) under test and evaluation 
by the participant's organization at the time of the exercise. 
b Not provided. 
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FIG. 1. Wind speed and wind direction (1 minute averages) at 10 m height for Test 5 (4 May 2010). 
The triangles indicate the time of the explosion. 

 

 

FIG. 2. Wind speed and wind direction (1 minute averages) at 10 m height for Test 6 (22 June 2010). 
The triangles indicate the time of the explosion. 
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In Test 5, the wind speed varied from 1.8 m/s, dropping down to below 1 m/s roughly 2 minutes 
after the explosion, increasing significantly to 3.6 m/s for another two minutes, and then falling 
back to an average of 1.5 m/s. Wind direction data indicate a steady wind current for roughly 
8 minutes after the explosion, then showed two peaks (270° and 0°). As most of the material 
after the explosion is dispersed or moved within a few minutes, it was expected that the models 
were likely to be able to reproduce this meteorological situation. 

In Test 6, the wind speed fell back from roughly 2.2 m/s to 1.4 m/s after the explosion and then 
varied from 0.4 to 3.1 m/s within the next 12 minutes. Wind direction data show similar but 
more significant changes. Within 2 minutes there was a change of 90° and back to the previous 
wind direction, and during the next 8 minutes the wind direction changed counterclockwise 
from 270° to 20°, coming back to the former direction (270°) after another 4 minutes. This is a 
typical convective and unstable situation where air masses were lifted (e.g. due to insolation) 
and therefore create a change to the main wind direction; after a while, when the updraft has 
finished, it switches back to the main wind direction again. Atmospheric dispersion models can 
handle such a situation only if the input data for wind speed and wind direction correspond to 
the meteorological situation. Rapid change in wind direction, in particular, can cause errors 
within the simulation when only averaged input data are used. This is the case especially for 
Gaussian type models. 

2.5. ANALYSIS OF MODELLING RESULTS 

2.5.1. General approach 

This analysis concentrates on the predicted and measured deposition (surface contamination), 
using an approach developed during the EMRAS II Programme [6]. Deposition profiles were 
defined by the dispersion point (0,0) and the coordinates of points with predicted or measured 
deposition (Bq/m2). Comparisons were made of the measurements and the model outputs 
(predictions) from the participants. Only the area of the test site (the area with measurements, 
or the grid area) was considered. Although some model predictions extended to greater 
distances, there are no measured values at those distances for comparisons. Measurement points 
used during the tests are shown in Appendix I. The selected area for comparisons is slightly 
larger than the actual measurement area in order to contain all the points, both measurement 
points and points with model predictions. 

Values of activity concentrations were calculated from measurements using a Multilevel 
B-Spline interpolation [10] method with System for Automated Geoscientific Analyses 
Geographic Information System (SAGA GIS)2 software, and the interpolated values were used 
instead of the measured values [6]. Both the model predictions and the measurements were 
interpolated, using the same method and settings, so that the results could be easily compared 
for the same set of point locations. Negative values obtained from the calculations were 
replaced with zeros. Thus, interpolated grids were created for each set of model predictions and 
for the measurements, and these grids were used as data input for the profiles discussed later in 
this section. For the comparisons, it was necessary to put all model outputs into the same 
coordinate system, which was a custom Cartesian system with the planned dispersion direction 
to the North. The development of the grids was described in detail in Ref. [6]. 

  

 
2 http://www.saga-gis.org/saga_module_doc/2.1.3/grid_spline_4.html 
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SÚRO (measurements) ADDAM/CSA-ERM (Chouhan) 

  

LASAIR (Walter) URD (Tay) 

  

FIG. 3. Cloud axis profiles of the predicted deposition from models (ADDAM/CSA-ERM, LASAIR, 
URD) in comparison with the measurements (SÚRO) for Test 5. The white dot indicates the dispersion 
point, and the black line indicates the cloud axis. 

 



 

14 

SÚRO (measurements) ADDAM/CSA-ERM (Chouhan) 

  

LASAIR (Walter) URD (Tay) 

  

FIG. 4. Cloud axis profiles of the predicted deposition from models (ADDAM/CSA-ERM, LASAIR, 
URD) in comparison with the measurements (SÚRO) for Test 6. The white dot indicates the dispersion 
point, and the black line indicates the cloud axis. 

 



 

15 

The plots of the processed data sets (see Figs 3 and 4 above) show the predictions and 
measurements in the same coordinate system and with the same color scale. The plots thus 
provide a visual comparison of the 2-D predicted or measured contamination and the degree of 
contamination. For Test 5, the measurements show deposition to the grid east, with components 
to the north and eventually to the south. In contrast, the models predicted the primary deposition 
to west-northwest, south-southwest, and southeast (the last actually looks like dispersion to the 
south-southwest but displaced slightly to the east from the dispersion point). For Test 6, the 
measurements show deposition largely to the grid north, slightly to the northeast. Two models 
predicted deposition to the north-northeast or the northeast, consistent with the measurements, 
while the third predicted deposition largely to the southeast. For both tests, the measurements 
indicate that the plume was not stable in direction during the deposition event, and the models 
did not fully reproduce this effect. 

2.5.2. Maximum activity and total activity in the grid area 

Tables 4 and 5 summarize the maximum deposited activity (Bq/m2, with the coordinates for the 
location) and the total activity deposited in the grid area (MBq) for the measurements and for 
each set of model predictions, for Tests 5 and 6, respectively. 

For Test 5, predicted maximum deposited activity varied from 5.9 × 105 to 1.4 ×106 Bq/m2; 
Two models (ADDAM/CSA-ERM and LASAIR) were very close, and the third (URD) was 
about a factor of 2 higher. The measured maximum deposited activity was 2.1 × 106 Bq/m2, 
which was greater than the predicted values by a factor of 1.5–3.5. The predicted total deposited 
activity within the grid area ranged from 67 to 330 MBq, a range of about a factor of 5. The 
measured total deposited activity within the grid area was 202 MBq. One model (URD) was 
very close, while the other two were a factor of 3 lower (LASAIR) and a factor of 1.6 higher 
(ADDAM/CSA-ERM). The total activity dispersed by Test 5 was 2119 MBq. 

For Test 6, values of the predicted maximum deposited activity from the three models were 
very close, ranging from 5.3 × 105 to 6.4 × 105 Bq/m2. The measured maximum deposited 
activity was 9.6 × 105 Bq/m2, about a factor of 1.5–1.8 higher. The predicted total deposited 
activity within the grid area ranged from 123 to 382 MBq, a range of about a factor of 3. The 
measured total deposited activity within the grid area was 38 MBq; the model predictions were 
a factor of 3–10 higher than the measured value. The total activity dispersed by Test 6 was 
2045 MBq. 

2.5.3. Profiles from (0,0) to maximum 

Profiles of model predictions from the dispersion point (0,0) to the point with the maximum 
value of deposited activity (Tables 4 and 5) were developed as previously described [6]. 
Tables 6 and 7 provide the predicted or measured profile integrals (profiles of deposited 
activity) along the line from the dispersion point through the maximum deposited activity for 
each model for Tests 5 and 6, respectively. Results are shown both in units of Bq (total activity 
under the profile) and as normalized values. 

Figures 5 and 6 show the normalized profiles of the predicted deposition in comparison with 
the measurements, for all participating models. Only the range from the dispersion point (0,0) 
to the maximum was plotted. The stepped shape of the graphed lines is caused by differences 
in resolution between the profile and the grid. All profiles were checked to be sure that they 
crossed the maximum value of the input grid (the maximum value predicted by the model). 
Differences in the predicted directions of the profiles are not reflected in Figs 5 and 6. 
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TABLE 4. PREDICTED AND MEASURED MAXIMUM VALUES OF DEPOSITED 
ACTIVITY AND TOTAL ACTIVITY DEPOSITED WITHIN THE GRID AREAa FOR 
TEST 5 

Model 
Coordinatesb Maximum 

deposited activity 
(Bq/m2) 

Total activity deposited 
within the grid area 

(MBq) X Y 

Measurements (SÚRO) 0 3.0 2.1 × 106 202 
Model Predictions 

ADDAM/CSA-ERM (Chouhan) -5.0 1.0 6.3 × 105 334 
LASAIR (Walter) -1.0 -6.0 5.9 × 105 67.2 
URD (Tay) 6.0 -9.0 1.4 × 106 207 

a The total dispersed activity for Test 5 was 2119 MBq. 
b Coordinates for the locations of the maximum predicted and measured activities, assuming a dispersion point 
(origin of the explosion) at (0,0); distances are in m. 
 

TABLE 5. PREDICTED AND MEASURED MAXIMUM VALUES OF DEPOSITED 
ACTIVITY AND TOTAL ACTIVITY DEPOSITED WITHIN THE GRID AREAa FOR 
TEST 6 

Model 
Coordinatesb Maximum 

deposited activity 
(Bq/m2) 

Total activity deposited 
within the grid area 

(MBq) X Y 

Measurements (SÚRO) 0 3.0 9.6 × 105 38.0 
Model Predictions 

ADDAM/CSA-ERM (Chouhan) 0.5 4.5 5.3 × 105 382 
LASAIR (Walter) 3.0 5.5 5.3 × 105 189 
URD (Tay) 5.5 -8.5 6.4 × 105 123 

a The total dispersed activity for Test 6 was 2045 MBq. 
b Coordinates for the locations of the maximum predicted and measured activities, assuming a dispersion point 
(origin of the explosion) at (0,0); distances are in m. 
 

TABLE 6. PROFILE INTEGRALS OF DEPOSITION FOR TEST 5 

Model 

Profile through maximum Profile through cloud axis 

Normalized 
values 

(unitless) 

Measured or 
predicted values 

(Bq) 

Normalized 
values 

(unitless) 

Measured or 
predicted values 

(Bq) 

Measurements (SÚRO) 36.85 7.61 × 106 97.64 1.20 × 107 
ADDAM/CSA-ERM (Chouhan) 10.20 9.41 × 106 10.20 9.41 × 106 
LASAIR (Walter) 9.93 5.88 × 106 9.93 5.88 × 106 
URD (Tay) 7.62 1.12 × 107 7.62 1.12 × 107 

 

TABLE 7. PROFILE INTEGRALS OF DEPOSITION FOR TEST 6 

Model 

Profile through maximum Profile through cloud axis 

Normalized 
values 

(unitless) 

Measured or 
predicted values 

(Bq) 

Normalized 
values 

(unitless) 

Measured or 
predicted values 

(Bq) 

Measurements (SÚRO) 35.08 3.35 × 106 56.12 3.30 × 106 
ADDAM/CSA-ERM (Chouhan) 19.94 1.31 × 107 19.94 1.31 × 107 
LASAIR (Walter) 24.87 1.31 × 107 24.87 1.31 × 107 
URD (Tay) 9.01 4.77 × 105 9.01 4.77 × 105 
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FIG. 5. Normalized profiles of the predicted deposition in comparison with the measurements for 
Test 5. 

 

 

 

 

FIG. 6. Normalized profiles of the predicted deposition in comparison with the measurements for 
Test 6. 
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For Test 5, predicted profile integrals from the dispersion point through the maximum value 
ranged from 5.9 × 106 Bq to 1.1 × 107 Bq, a range of almost a factor of two (see Table 6 above). 
The measured profile integral was 7.6 × 106 Bq, within the range of the predicted values, which 
were a factor of 0.8–1.5 times the measured value. 

For Test 6, predicted profile integrals from the dispersion point through the maximum value 
ranged from 4.8 × 105 Bq to 1.3 × 107 Bq, a range of about a factor of 27 (see Table 7 above). 
The measured profile integral was 3.4 × 106 Bq, within the range of the predicted values, which 
were a factor of 0.14–3.9 times the measured value. While two models (ADDAM/CSA-ERM 
and LASAIR) gave the same result for the profile integral for Test 6, the overall range of 
predictions was greater for Test 6 than for Test 5. 

2.5.4. Profiles along the cloud axis 

Profiles of model predictions from the dispersion point (0,0) along the measured or predicted 
cloud axis were developed as previously described [6]. The cloud axis was manually defined, 
and the profile orientation (crossing the 0,0 point) was defined in the same direction. 

Figures 3 and 4 (above) show all processed data sets including the cloud axis profiles for Tests 
5 and 6, for each participating model. Tables 6 and 7 (above) provide the predicted or measured 
profile integrals (profiles of deposited activity) along the cloud axis for Tests 5 and 6. Note that 
for the three models used in this exercise, the profile through the grid maximum was the same 
as the profile through the cloud axis for a given test. For the measurements, the two profiles 
were different. 

Figures 7 and 8 show the normalized profiles along the cloud axis of the predicted deposition 
in comparison with the measurements, for all participating models. The stepped shape of the 
graphed lines is caused by differences in resolution between the profiles and the grid. 

For Test 5, predicted profile integrals from the dispersion point along the cloud axis ranged 
from 5.9 × 106 Bq to 1.1 × 107 Bq, a range of almost a factor of two (see Table 6). The measured 
profile integral was 1.2 × 107 Bq, slightly above the range of the predicted values, which were 
a factor of 0.5–0.9 times the measured value. The measured profile integral along the cloud axis 
was about 1.6 times higher than the measured profile integral through the maximum measured 
activity. 

For Test 6, predicted profile integrals from the dispersion point along the cloud axis ranged 
from 4.8 × 105 Bq to 1.3 × 107 Bq, a range of about a factor of 27 (see Table 7). The measured 
profile integral was 3.3 × 106 Bq, within the range of the predicted values, which were a factor 
of 0.14–4 times the measured value. The measured profile integral along the cloud axis was 
very slightly less than the measured profile integral through the maximum measured activity. 
While two models gave the same result for the profile integral for Test 6, the overall range of 
predictions was greater for Test 6 than for Test 5. 
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FIG. 7. Normalized profiles of the predicted deposition along the cloud axis in comparison with the 
measurements for Test 5. 

 

 

 

 

FIG. 8. Normalized profiles of the predicted deposition along the cloud axis in comparison with the 
measurements for Test 6. 
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2.6. CONCLUSIONS FROM THE SHORT RANGE ATMOSPHERIC DISPERSION 
EXERCISE 

The short range atmospheric dispersion exercise posed considerable challenges in the modelling 
of dispersion and deposition from a small explosion. The explosion itself was not modelled 
directly; participants started with the initial cloud or plume but differed in their characterization 
of the initial cloud (see Table 3 above) as well as in the computational approach used to predict 
the dispersion of the initial cloud. Model predictions for Tests 5 and Test 6 varied considerably 
in the predicted angles of the plume (which direction the plume travelled) and the predicted 
amounts of deposited activity (the maximum values, the totals in the grid area, and the 
integrated values along defined profiles), although two models (ADDAM/CSA-ERM and 
LASAIR) gave nearly identical results for some endpoints for Test 6. Possible explanations 
include differences among the computational types of models, the scale (domain size) for which 
a model was intended, and different values selected for important parameters. There were 
significant differences among models in the wind speeds and wind directions used (both 
differences in selected values, and whether the model used averages or time dependent 
information), in the dry deposition velocity, and in the atmospheric stability class (see Table 3 
above). Wind measurements and other meteorological data were available for heights of 2 m, 
4 m, and 10 m at one location, and at 2 m for several additional locations. Two participants used 
only the time dependent meteorological data at a height of 10 m, while the third participant 
(ADDAM/CSA-ERM) used data averaged over several locations and heights. Visual 
comparison of plots of predicted and measured deposition, using the same coordinate system 
and color scale, probably provides the most useful way for an overall comparison of model 
predictions and measurements. For both of these tests, the plot of the measurements indicates 
that the plume was not stable in direction during the deposition event, and the models did not 
fully reproduce this effect. 
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3. COMPARISON OF TWO DECISION SUPPORT SYSTEMS (CERES CBRN-E, 
LASAIR) FOR AN URBAN AREA DISPERSION SCENARIO 

3.1. INTRODUCTION 

Within the context of WG2, a comparison of two decision support systems (CERES CBRN-E 
and LASAIR) was conducted in order to find out more about similarities and differences 
between these models. 

3.2. THE FRENCH DECISION SUPPORT TOOL, CERES CBRN-E 

CERES CBRN-E is an operational computational tool devoted to hazmat atmospheric 
dispersion modelling and impact assessment, gathering several source term models, various 
dispersion approaches (from Gaussian puff to advanced four dimensional (4-D) flow and 
dispersion computations) and health consequence modules adapted respectively to R-N, C or B 
noxious agents. CERES CBRN-E is able to compute atmospheric dispersion in complex 
environments including buildings (industrial sites or urban areas), assess the health 
consequences of the toxic releases on the population and first responders, and deliver 
operational results (e.g. danger zones, intervention zones) in less than 15 minutes to rescue 
teams and decision makers. Figure 9 shows the graphical user interface of the CERES CBRN-E 
Geographic Information System as well as its three dimensional (3-D) viewer. 

3.2.1. Atmospheric dispersion in CERES CBRN-E 

For dispersion in urban environments, CERES CBRN-E uses a Lagrangian Particle Dispersion 
Model developed by ARIA Technologies and the CEA. The model is called ‘PMSS’ for Parallel 
Micro Swift Spray. 

PMSS embedded in CERES CBRN-E is a 3-D Lagrangian particle dispersion model which 
simulates the transport, dispersion, and dry and wet deposition of airborne chemically inert 
species released in complex meteorological conditions (low wind speed, flow over complex 
topography), often marked by spatial and temporal inhomogeneities of the meteorological 
diffusive variables (e.g. vertical wind shear, breeze due to the presence of terrain 
discontinuities). In addition, it is also possible to reproduce the dispersion of particulate 
releases, taking into account the gravitational vertical settling phenomenon. The P-SPRAY 
model can simulate releases from point, area or line, continuous and discontinuous sources, as 
well as exploit the available wind and turbulence measurements provided by advanced 
meteorological instruments [11]. P-SPRAY can compute mean and instantaneous 
concentrations on a 3-D grid defined by the user [11]. 

The velocity of the particles is mainly characterized by two components: a mean component, 
or ‘transport component’, which is defined by the mean velocity of the local wind, and a 
stochastic component, simulating the dispersion and reproducing the atmospheric turbulence. 
Mean values for wind speed are computed by another model, which is external to the code, and 
which is able to build 3-D fields, taking into account the presence of topography. 

P-SPRAY is able to take into account the presence of obstacles, represented by filled cells of 
the meteorological grid, by using the P-SWIFT model as a meteorological preprocessor [12] to 
perform simulations at microscale with a smallest resolution of 3 meters. In these conditions, 
particles are also reflected at the obstacle ‘facades’. 
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(a)  

(b)  

FIG. 9. Geographic Information System (a) and 3-D CERES CBRN-E viewer; (b) show the results of a 
fictitious radioactive dispersion. 
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Wind fields are generated by P-SWIFT, which is a 3-D wind field model for complex terrain. 
It produces a mass-consistent wind field using data from a dispersed meteorological network. 
Temperature and humidity fields can also be interpolated. Figure 10 shows an example of a 
wind field calculated by P-SWIFT at two heights (9 m and 24 m) in Paris. 

P-SWIFT is designed to rapidly compute wind fields from on-site observations. These comply 
with the first Navier-Stokes equation [13], the mass conservation, to account for terrain effect 
on the flow structure. The influence of atmospheric stability on wind flow over terrain is 
modelled using a weighting factor alpha (ratio of the horizontal wind component to the vertical 
wind component). If obstacles such as buildings are included in a local scale simulation, their 
influence is modelled using a first guess prescription of the flow structure, and then mass 
consistency and impermeability are applied. 

3.2.2. Explosion module in CERES CBRN-E 

CERES CBRN-E uses a preprocessor to deal with the source term released into the atmosphere 
from the explosion time to the cloud stabilization time. The explosion effect is to release 
mechanical and thermal energy causing ejection of materials. As surrounding air is carried 
along, the cloud reaches a stabilized state. From this moment, cloud development no longer 
depends on the energy provided by the explosion. Subsequent dispersion of the cloud is 
simulated by the dispersion code PMSS. 

The stabilized cloud is represented by a sphere on top of a cylinder, with dimensions depending 
on the height reached by the cloud. The stabilization height depends on atmospheric stability, 
which is determined by the temperature profile (given by a meteorological mast, a rawinsonde 
or a weather prediction code). This profile sets a vertical grid of the atmosphere. 

In order to take into account the wind blowing in the time period between an explosion and 
stabilization, the cloud is cut out in layers defined by the meteorological vertical grid. In each 
layer, wind velocity and wind direction are known by observations or 3-D model output. Layers 
are moved using local wind conditions. The displacement, a component in the logarithmic wind 
profile shifting the increase of the wind speed to higher levels, takes into account topography 
and the presence of obstacles as the 3-D wind field integrates these effects. 

3.3. THE GERMAN DECISION SUPPORT SYSTEM, LASAIR 

An existing system program, LASAT [14, 15], based on Lagrangian Particle Simulation, was 
adapted to for a dirty bomb scenario. Conducted by the German Federal Office for Radiation 
Protection (BfS) and under the direction of the German Federal Ministry for Environment, 
Nature Conservation, and Nuclear Safety (BMU), the program LASAIR (Lagrangian 
Simulation of the Dispersion and Inhalation of Radionuclides [16–19]) was developed to 
provide an initial, rapid overview of atmospheric dispersion, deposition, ground activity, and 
different exposure pathways (inhalation, ground and cloud shine) after an instantaneous release 
of radioactive material. 

The program can be used by radiation emergency authorities that are responsible for 
emergencies within the different German States or to other users performing tasks within 
radiation protection. The program was developed in the year 2000 and has been continuously 
upgraded since then. The model LASAIR in its latest version is able to simulate an explosion 
of a radiological dispersion device (RDD) with additional radioactive material and computes 
the dispersion in the planetary boundary layer. In order to assess the dose to the population, the 
inhalation, ground and cloud shine doses to individuals can be computed. The model has been 
introduced as a rapid decision support system within the German Federal Office for Radiation 
Protection (BfS) and authorities in Federal States in Germany. 
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(a)  

(b)  

FIG. 10. Mass-consistent diagnostic wind field calculated by P-SWIFT for a part of the domain 
(Paris) and for two heights: (a) 9 m and (b) 24 m. 
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3.3.1. LASAIR Features 

Special attention has been directed to the usage of the program in emergency cases. The 
program can be run on a (high end) laptop, is extremely easy to handle, and allows the user a 
strict straightforward step-by-step usage only in order to grant maximum security feeding the 
program with data input. 

The model needs only basic meteorological input, such as: 

 Wind speed and wind direction; 

 Stability class; 

 Roughness length in the vicinity; 

 Amount of explosives; 

 Radionuclide and activity. 

The results of the calculation are activity concentration, deposition, ground shine, cloud shine, 
inhalation dose and time dependent information (activity, dose) in different scales. 

The latest version of LASAIR (Version 5.1.20, April 2020) includes the following additional 
features: 

 Actual mesoscale turbulence parameterization (harmonized in Germany) 

 Verification according to radioactive dispersion experiments with 99mTc; 

 Consideration of radioactive half-life; 

 More release scenarios (fire, releases with momentum, long lasting releases); 

 Worldwide orography and individual topography; 

 Rapid online integration of urban structures; 

 Use of Open Street Maps for EU or worldwide operation. 

3.3.2. Actual Turbulence Parameterization  

In Germany, the VDI (Verein Deutscher Ingenieure, Association of German Engineers) 
strongly supports the idea of harmonization in different aspects. One aspect is to develop state 
of the art standards for the turbulence parameterization in mesoscale dispersion models. In the 
course of 2014 the basic work for a new turbulence parameterization based on measurements 
at a weather mast close to the city of Hamburg (in the northern part of Germany) was completed. 
This parameterization resulted in a guideline that is applicable for all modellers [20]; the final 
version of the guideline was published in 2017. This guideline, which has set a standard in 
Germany as well as in other countries, is used in different dispersion models and thus 
harmonizes their output. The new turbulence parameterization has been implemented in 
LASAT and therefore in LASAIR, ensuring that the scientific improvement is available for 
model users. 
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3.3.3. Integration of Urban Structures 

The application of the decision support system LASAIR is aimed especially for use within 
urban areas. This area is dominated by buildings of different height and dimensions, which will 
influence the wind flow as well as the dispersion. In order to consider both effects, a new 
procedure was implemented in LASAIR. Using OSM (Open Street Map3) LASAIR has a 
special menu that allows loading specific maps from OSM servers in different scales and 
preparing them for use within the program. After loading of the maps, the user can define 
different buildings in the centre of the area viewed online (see Fig. 11) within the program 
through a few mouse clicks. This is quite a simple method, but together with the mass-consistent 
flow model in LASAIR (lprwnd), it becomes a powerful tool to study effects triggered by the 
buildings, which can now be studied in more detail. Figures 12 and 13 show examples of wind 
fields and model output. 

The online integration of urban structures into the simulation with LASAIR offers the 
opportunity to study the effects of buildings on the atmospheric dispersion as well as giving a 
better picture of the dispersion as influenced by buildings, for example, regarding affected areas 
or where measures have to be applied in an emergency. The definition of the buildings on the 
basis of Open Street Maps is completed within a few minutes. 

After more than a decade of development, LASAIR has proven to be a simple but sophisticated 
tool for the assessment of a dirty bomb scenario. Further applications of LASAIR in a scientific 
context have also been made within the MODARIA project, including study of additional 
explosion experiments in the Czech Republic (see Section 2 of this publication) and of routine 
releases from a conventional power plant in Slovenia (see Section 4 of this publication).  

3.4. COMPARISON OF CERES CBRN-E AND LASAIR 

3.4.1. Scenario description 

In order to test and compare the models, a scenario in a dense urban area (Paris, France) was 
defined. One gram [g] of inert aerosol was assumed to be released in the street ‘Rue Jean Nicot’ 
at the center of Paris (see Fig. 14). 

An academic meteorological situation was used for the simulation of atmospheric dispersion. 
The wind was assumed to come from the north with a speed of 1 m/s measured at 10 m height. 
The atmospheric stability situation, slightly unstable, corresponds to Class C of Pasquill 
stability classifications. The weather was assumed to be dry (no rain). The temperature 
was 20°C and humidity was 70%. For LASAIR, the roughness length z0 was assumed to be 
z0 = 2.0 m in general for the Paris area and z0 = 0.1 m for two defined areas in the vicinity of 
the release point (Champ de Mars and Parc des Invalides). The source term release was assumed 
to be composed of aerosols with an aerodynamic diameter less than 10 µm. 

Two scenarios were studied: 

(1) A continuous release for 10 minutes from a stack of 5 meters height and with a horizontal 
release area of 0.8 m²; 

(2) A release due to 1 kg of explosives. 

 
3 See https://www.openstreetmap.org 
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(a)  

(b)  

FIG. 11. Definition of buildings (cubic elements) based on OpenStreetMaps in LASAIR at the site; 
(a) top view; (b) 3-D view. 
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(a)  

(b)  

FIG. 12. Mass-consistent diagnostic wind field calculated by LASAIR for a part of the domain (Paris) 
and for two different height intervals: (a) 0–3 m and (b) 16–25 m. 
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FIG. 13. Graph for decision makers giving essential information on the radiation exposure (here 
shown in terms of activity) after the simulated release. The release site is marked with yellow star. 
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FIG. 14. Map of the center of Paris. The release takes place in Rue Jean Nicot. Five receptors are 
located downwind of the release. 

 

In order to compare the models, five receptor points were selected downwind from the release 
point in the model domain. The downwind distances from the release point are: 

Receptor 1 120 m; 
Receptor 2 220 m; 
Receptor 3 420 m; 
Receptor 4 810 m; 
Receptor 5  1430 m. 

3.4.2. Scenario model input 

The source location is Paris. The coordinates of release in UTM-WGS84 are x = 449 223 m 
and y = 5 412 118 m (Zone 31). 

Name of the road: ‘Rue Jean Nicot’, 25 m north of crossing with ‘Rue San Dominique’. The 
area is significantly affected by houses in the vicinity. 

3.4.3. Source term 

The source term is assumed to be 1 g of radionuclide X (a specific radionuclide is not named 
for classification reasons), released in the form of aerosols or liquid, AED < 10 µm (everything 
is respirable). Two scenarios were used: 
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(1) Continuous release for 10 min (stack, height 5 m, horizontal release area 0.8 m²); 
(2) Explosion with 1 kg explosives, dimensions of initial volume to be compared: 

 CERES, a cylinder with dimensions d = 16 m and h = 37 m, resulting in a volume 
V = 7439 m³, 

 LASAIR, a cube with dimensions 17 m  17 m  28 m, resulting in a volume 
V = 8092 m³. 

It is important to note that the height of the cylinder in LASAIR is considerably lower (by 9 m) 
than the height in CERES, which is expected to lead to slightly higher concentrations near the 
ground for the LASAIR results (see Fig. 16 below). 

3.4.4. Meteorological data 

The following meteorological data were specified for the exercise: 

 Stability: Slightly unstable, Pasquill Class C (slightly unstable); 

 Wind direction: 0°N; 

 Wind velocity: 1 m/s (at 10 m height); 

 Dry weather, no rain; 

 Air temperature: 20°C; 

 Hygrometry: 70%; 

 Roughness length:  
z0 = 2.0 m in general for the Paris area, except for the local model domain with buildings, 
and  
z0 = 0.1 in two defined areas (Parc de Champ de Mars, Parc des Invalides). 

3.4.5. Model domain 

The following model domains were used for this exercise: 

 CERES: model domain 5  5 km2, with a grid resolution of 3 m; 

 LASAIR: model domain of 10  10 km2, with a maximum of 40  40 km² and a finest 
grid resolution of 5 m. The release point was specified as the center of the domain. 
Building heights were assumed to be constant at 15 m. 

3.4.6. Number of particles / Time for computation 

The following particle numbers were specified for this exercise, along with the corresponding 
computational time needed: 

 CERES: 1 000 000 particles, taking approximately 5 minutes with a 15 core computer.  

 LASAIR: 500 000 particles, taking approximately 6 minutes with a 4 core PC (standard 
office PC). 

3.5. RESULTS OF THE COMPARISON 

Figures 15 and 16 show the results of the two models, CERES and LASAIR, for the activity at 
different downwind locations (Receptors 1–5) during selected time intervals. The results for the 
model CERES are shown in blue, and for LASAIR in red. 
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Scenario 1, a continuous release (stack with 5 m height) and predicted activities at 
different receptor sites 

(a)  (b)  

(c)  (d)  

(e)  (f)  

FIG. 15. Results for Scenario 1, a continuous release (stack with 5 m height); activity concentrations 
(Bq/m³) for different time intervals from 0 to 30 minutes: (a) 0–5 minutes; (b) 5–10 minutes; (c) 10–15 
minutes; (d) 15–20 minutes; (e) 20–25 minutes; (f) 25–30 minutes. Predictions for CERES are shown 
in blue, and for LASAIR in red. 
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Scenario 2, an explosion and predicted activities at different receptor site 

(a)  (b)  

(c)  (d)  

(e)  (f)  

FIG. 16. Results for Scenario 2, an explosive release; activity concentrations (Bq/m³) for different time 
intervals from 0 to 30 minutes: (a) 0–5 minutes; (b) 5–10 minutes; (c) 10–15 minutes; (d) 15–20 
minutes; (e) 20–25 minutes; (f) 25–30 minutes. Predictions for CERES are shown in blue, and for 
LASAIR in red. 
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3.6. DISCUSSION 

Both models, CERES and LASAIR, can be used to compute the dispersion downwind and take 
into account the building wake effects. The general downwind dispersion, as well as the 
additional dispersion due to the mechanical turbulence, are reflected by the results.  

The two models differed in the grid resolutions (CERES 3 m and LASAIR 5 m), assumed 
heights of buildings, and for the second scenario, the height of the initial cloud from the 
explosion. However, it is assumed that the height of the cloud has only small effects on the 
results, since the assumed volumes of the initial cloud are similar. 

As shown in Fig. 15 (a)–(f), both models have rather similar results for the first (stack) scenario. 
They differ only in the results for the time interval 0–5 minutes; this can be explained by 
different building heights assumed within CERES and LASAIR, which causes a different 
roughness length and corresponding different wind speeds. For CERES, receptors 2–5 are not 
affected during the first time interval (0–5 minutes), whereas LASAIR already simulates some 
activity at receptor 2 during that interval, which can be explained by the lower height of the 
source term in LASAIR. The same applies for time intervals 20–25 and 25–30 minutes, where 
CERES tends to predict smaller activities at both receptor 1 and receptor 5.  

For the stack scenario, when the quotients of the results from the two models (CERES / 
LASAIR) are compared at different receptor locations, the values range from 1.11 (best 
agreement) to 0.0303, were LASAIR computes the higher activities (factor of 33). In general 
the results for the activities are in very good agreement between the two models.  

For the explosion scenario (see Fig. 16 (a)–(f)), one expects larger differences between the 
models because the instantaneous release is much more difficult for the dispersion models to 
handle. For example, the explosion modules used by the models are based on different 
assumptions but have been trimmed for this scenario to give almost the same initial volume for 
the source term (7439 and 8092 m³ for CERES and LASAIR, respectively). This will lead to 
smaller changes in the results for both models, especially in the short term phase (0–5 minutes) 
of the simulation. In addition, the explosion modules do not take into account obstacles 
(buildings) in the vicinity of the area of the explosion, which causes different effects in the 
results of the two models, something that has to be investigated in more detail in the future. 
Within this context the results for the models are in good agreement for time intervals 0–5 to 
15–20 minutes, but differ more significantly for the last two intervals (20–25 and 25–30 
minutes). For these intervals CERES in general computes considerably lower results than 
LASAIR, except for one receptor location (receptor 3, 25–30 minutes). This might be explained 
by the lower height of the initial volume of the source term applied in LASAIR, as this leads to 
higher activity concentrations close to the ground where the receptors are located. 

For the explosion scenario, when the quotients of the results from the two models (CERES / 
LASAIR) are compared at different receptor locations, the values range from 1.20 (best 
agreement) to 0.0026, where LASAIR again computes the higher activities (factor of 384).  

In general, the results of the activities in this urban scenario are in good agreement between the 
two models. This comparison indicates the applicability of up-to-date atmospheric dispersion 
models and the necessity to include the effect of urban buildings for decision support systems. 
It also shows that urban dispersion modelling provides far more realistic results than Gaussian 
models, with only slightly increased computation times. This is an essential result for the 
application of these decision support models in the context of radiation protection for the public. 
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4. MID-RANGE ATMOSPHERIC DISPERSION EXERCISE 

4.1. INTRODUCTION TO THE ŠOŠTANJ SCENARIO 

To assess the effect of nuclear facilities on the air and the population in a region, it is of key 
importance to understand and appropriately model the dispersion of atmospheric releases of 
radionuclides. This section is focused on the validation of various dispersion models. The 
validation in this case is understood as a comparison of the model results with the results 
measured in nature within the relevant experiment (see Fig. 17 below). 

To assess potential exposures of a population from nuclear facilities, focus has been placed on 
cases where the nuclear power plant is situated in a relatively close vicinity to populated areas, 
which is a common situation. The first direct exposures of the population to radiation would 
usually occur through releases to the atmosphere. Therefore, a correct understanding of these 
phenomena is of key importance in identifying appropriate protective actions. Focus is placed 
on protective actions in the case of a nuclear or radiological emergency, but it is important to 
note that atmospheric dispersion modelling can also be used to optimize or reduce 
environmental exposures to routine discharges of radionuclides. 

It is of key importance to compare the modelling results with the measured actual state of the 
relevant event in a natural environment. The objective of this exercise was to search for 
measurement data from a tracer experiment, which would cover the dispersion of contaminants 
from a point source (release from the chimney) over complex terrain. An area within a few tens 
of kilometres from the source of the contamination was considered. The experiment has to 
include detailed meteorological data, as well as data on releases and subsequent concentrations 
in the region (the principle of a controlled experiment). It is also essential that the experiment 
has a minimum of disruptions, such as releases of the same pollutants from uncontrolled 
sources. 

Data sets that use radionuclides as a tracer are difficult to obtain. Not even data recorded at the 
Chernobyl and Fukushima accidents fulfill what is needed, since they contain too many 
shortcomings in all three aspects (meteorology, releases, environmental concentrations). 
However, there are data available from the Šoštanj campaign in 1991, which fulfill most needs 
and enable a comparative validation of various models. 

The Šoštanj measurement campaign is a set of measurement and other data, describing three 
weeks of detailed monitoring of SO2 releases from the Šoštanj thermal power plant in Slovenia 
(TPPŠ). In effect, the data provide a tracer experiment for the dispersion of contamination from 
point sources — thermal power plant chimneys — to the surrounding area, where small 
settlements and two towns are scattered over a complex terrain. The meteorological data were 
measured in half hour intervals at several ground based weather stations which comply with the 
WMO standards, and additionally with the SODAR (Sonic detection and ranging, vertical wind 
profiler), which is key for the quality of data. The data on SO2 releases were measured 
automatically in half hour intervals directly in the thermal power plant chimneys, while data on 
SO2 concentrations in the region were measured automatically in half hour intervals at modern 
measuring stations, positioned on key spots in the area.  

During 1991 the thermal power plant was not yet equipped with wet desulphurization units, so 
the SO2 concentrations were very high and subsequently very easily measurable with a minimal 
error of measurement. All other small sources in the area were a few classes smaller than the 
power plant and therefore did not disturb the tracer experiment. The meteorological conditions 
included relatively simple patterns of contaminant dispersion, as well as very complex patterns. 
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FIG. 17. Diagram of the modelling system summarizing what input and output data are needed for a 
controlled experiment about dispersion of atmospheric releases of radionuclides. 

 

The model testing exercises within the MODARIA Programme therefore included two 
meteorological situations: 

(1) The first situation was simple, with a strong wind blowing directly from the chimney 
towards one of the measuring stations on top of a hill in the near surrounding area. 

(2) The second situation was a complex situation with night temperature inversion, the 
deposition of pollutants under the inversion and the convective mixing on the following 
day, which almost simultaneously polluted the measuring stations in the surroundings of 
the thermal power plant at very different locations and in different directions. 

The primary objective of testing the models with these validation data was to understand the 
applicabilities of particular models, the conditions for which they can be used, and the 
approximate spatial and time error of the models in the representation of the dispersion of the 
cloud of contamination over complex terrain. For this purpose, a special method of evaluation 
has been used, which enables the assessment of the spatial and time error. 

This testing is very valuable, because it deals with real measured situations over complex 
terrain, which is rarely the case in tracer experiments. Yet many nuclear facilities in the world 
are located on more or less complex terrain and consequently in complex meteorological 
conditions, so testing over flat terrain alone would not be sufficient. 

In the following sections, a description of the Šoštanj measuring campaign, the available data, 
the models used in the exercise, the modelling results, and conclusions from the exercise are 
provided. 
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4.2. OBJECTIVE OF MODEL VALIDATION 

Validation of an atmospheric dispersion model is an important process. It determines the 
performance and efficiency of the model in well defined conditions [21]. Conditions include 
the type of terrain orography (flat or complex), the size of the domain (local, regional, 
continental, or global), the number of grid cells in the domain, the meteorological conditions 
(strong or weak winds, etc.), and the types of releases (stacks, traffic, domestic heating). Ideally, 
the results of validation give good guidelines as to how, where and when a model can be 
successfully applied. 

Validations over complex terrain are still very rare. They are very important for the research 
community and for governmental environment agencies. The research community uses the 
results for further development and improvement of modelling techniques, and environment 
agencies use the results for design and implementation of regulatory policies. 

A study has been made to improve traditional atmospheric contaminant model validation 
methodology by upgrading the methodology to estimate inaccuracy in position and time. The 
new validation methodology has been demonstrated using the Šoštanj validation set.  

4.3. METHODOLOGY 

4.3.1. Traditional validation methodology 

Traditional validation methodology for atmospheric contaminant modelling is based on 
statistical comparison between measured and reconstructed data about air contaminant 
concentrations in an environment. In the atmospheric contaminant model, usually an area of 
interest consists of a grid of cells where each cell describes an average air contamination 
situation in a certain part of the domain (e.g. in the study case presented in Section 4.4, the 
domain is split into 100 × 100 cells in the horizontal direction and 20 layers in the vertical 
direction, which gives 200 000 cells for the domain). For the comparison, the reconstructed 
average concentration from the ground cell where the measuring station is located is taken. An 
example is presented in Fig. 18. 

Statistical analysis of data is performed for a selected time interval where measured and 
reconstructed data are available. For this time interval, a set of data patterns needs to be 
prepared. Each data pattern from this set consists of a pair of measured and reconstructed 
concentrations obtained at time step t as presented in Eq. (1): 

  (1) 

Using traditional validation methodology, the most common statistical indexes are determined: 
the correlation coefficient (r), root mean square error (RMSE), mean fractional bias (MFB), 
FACTOR2, mean square error (MSE) and the coefficient of determination (R2). 

Definitions of variables and functions for determination of statistical indexes are as follows: 

Cmeas(t) measured concentration at time step t; 
Crecon(t) reconstructed concentration at time step t; 
Ĉmeas average measured concentration; 
Ĉrecon average reconstructed concentration; 
σC  standard deviation of (measured or reconstructed) concentrations; 
t  time step index; 
T  length of full time interval (number of measured concentrations). 

     tCtC reconmeas ,
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FIG. 18. The domain split in a 3-D grid of cells is presented on the left side, showing the ground layer 
coloured in green. On the right side only the ground layer is presented; cells where stations are located 
are highlighted in red. 

 

 

 

FIG. 19. Example of neighbouring cells in position (ΔH = 1), where the set of neighbourhood 
concentrations (NC) consists of 9 cells. 

 

 

 

FIG. 20. Example of neighbouring cells in time (ΔT = 1), where the set of neighbourhood concentrations 
(NC) consists of 3 cells. 
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4.3.2. Enhanced validation methodology 

Differences between measured and reconstructed concentrations are caused by measuring 
errors, inherent uncertainty, input uncertainty and model formulation error. It was determined 
that inaccuracy in position and time exists in the model [22]. To estimate these inaccuracies, an 
enhanced validation methodology is presented which uses additional reconstructed ground level 
concentrations in neighbouring cells of the cell where a station is located. During enhanced 
validation, each measured value is compared with one reconstructed concentration selected 
from a set of reconstructed concentrations. The set of these reconstructed concentrations NC 
(neighborhood concentrations) as described in Eq. (2) consists of the average concentrations in 
the cell where the station is located and in neighbouring cells. Neighbourhood is defined in 
terms of position (space) and time scale. In other words, for the neighbourhood of 1 cell in 
terms of position, a set of 9 cells has been created, as presented in Fig. 19 and Eq. (3). For the 
neighborhood in terms of time scale, the neighborhood consists of 3 time intervals (the time 
interval of interest and the preceding and following time intervals) as presented in Fig. 20 and 
Eq. (4). 

  (2) 

Definitions of variables for determination of the set of neighbourhood concentrations NC: 

NC is the set of reconstructed concentrations in the neighbourhood of the station;  
t is the time step index;  
ΔT is the length of neighbourhood in time scale (number of time steps);  
m is the index (number) of cell in east-west direction;  
n is the index (number) of cell in north-south direction; 
ΔH is the length of neighbourhood in position (space) (number of cells). 

  (3) 

  (4) 

Finally, in the enhanced validation methodology, each measured value is compared with one 
reconstructed concentration selected from a set of neighbourhood concentrations NC. From this 
set of reconstructed concentrations, one concentration CBMrecon is selected using a best matching 
function according to the measured concentration as described in Eq. (5): 

  (5) 
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FIG. 21. Example of neighbouring cells in position and time (ΔH = 1 and ΔT = 1), where the set of 
neighbourhood concentrations (NC) consists of 27 cells. 

 

The best matching function selects one element from the set NC where the difference between 
this element and the measured concentration is lowest compared to other elements in the set 
NC. The combination of time and space neighbourhoods is shown in Fig. 21. 

4.4. ŠOŠTANJ CASE STUDY 

The presented method is demonstrated using a field data set from a complex terrain. The 
following subsections describe a set of field data from the Šaleška region of Slovenia. This data 
set has been chosen for several reasons: 

(1) The complex terrain of the region, in which all typical complex terrain meteorological 
conditions occur [22, 23].  

(2) High releases from a thermal power plant, which were about 100 000 tons of sulphur 
dioxide (SO2) and 12 400 tons of nitrogen oxides (NOx) per year [24], because no 
desulphurization plant had yet been installed. These high releases represented the main 
source of atmospheric SO2 contamination in the region, where ambient SO2 
concentrations higher than 1 mg/m3 were measured at surrounding automatic 
environmental measuring stations. All other local sources of atmospheric SO2 
contamination can be practically neglected for this reason. The experimental campaign 
had therefore been organized as a tracer experiment. 

(3) The availability of all measured data from the automatic environmental measuring 
stations and the release station for the whole period of the measuring campaign. The 
database is described in a final report [24], which was made available to MODARIA 
WG2 participants. 

4.4.1. Description of the ‘Šoštanj91’ field data set 

An experimental measuring campaign (Šoštanj914) was performed in the spring of 1991, i.e. 
from 15 March 1991 to 5 April 1991, in the area surrounding the thermal power plant Šoštanj 
(TPPŠ). The main purpose of the campaign was determination of the environmental impact of 
the atmospheric SO2 contamination from the three stacks of the thermal power plant. The 
emphasis was on the meteorological conditions that cause severe air contamination episodes. 

 
4 See http://www.meis.si/tes-campaign91/indexe.html 
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TPPŠ is located in the centre of Šaleška valley, as presented in Fig. 22. In the central part of 
Šaleška valley there is a plain, located north of the Paka River. The average altitude of the 
valley is three hundred meters above sea level. The valley is surrounded by hills on the south 
side and by high mountains (Karavanke Alps) on the west, north and east side. There are two 
towns and several small villages in the valley and its surrounding area, where approximately 
36 000 people lived at the time the campaign was performed [24]. The map shown in Fig. 23 
shows the location of Šaleška valley in the north-eastern part of Slovenia.  

The experimental campaign was performed by researchers from three research institutions: 
ENEL-CRAM and CISE, Milano, Italy, and Jozef Stefan Institute, Ljubljana, Slovenia. Data 
obtained during the campaign were used to validate several available atmospheric contaminant 
models: standard and advanced Gaussian models, a Gaussian puff model and a Lagrangian 
particle dispersion model [25–27]. Final results of these studies demonstrated that the 
Lagrangian particle dispersion model is the most effective tool for atmospheric contamination 
modelling in very complex terrain. The campaign was described in detail in a final report [24], 
in which all measured data are available. The database consists of measurements from different 
measuring systems: automatic measuring stations of the Environmental Information System 
(EIS) maintained by TPPŠ, an automatic mobile laboratory, one mobile Doppler SODAR (used 
for wind profiling) and DIAL (Differential absorption lidar). Pictures of some of the equipment 
are presented in Fig. 24. 

The EIS of TPPŠ consisted of six stationary automatic measuring stations and one mobile 
station. Locations of the stations are presented in Fig. 22 above. The environmental parameters 
measured at the stations are presented in Table 8. 

At the time of the measuring campaign, TPPŠ had three operating stacks (chimneys) of different 
heights: 100 m, 150 m and 230 m. None of the stacks had an installed wet desulphurization 
plant during the experimental campaign. Measured releases are presented in Table 9, where 
both static and dynamic parameters are given. Releases from generators Block 1, Block 2 and 
Block 3 are emitted from one stack, named Block 1,2,3. Pictures of TPPŠ are presented in 
Section 4.4.2. Details about the measurements are described in [28]. 

4.4.2. The complexity of the Šoštanj area 

The following pictures show the complexity of the meteorology over the Šoštanj area. Figure 25 
presents a classification of wind fields over the domain into 10 classes. The wind fields are 
simplified and represented by measured ground level wind (at 10 m) at 5 stations. The 
classification was done by a Kohonen neural net. Data included 26 000 measured intervals 
(from winter 1991 until winter 1993). Each class is represented by wind roses for all 5 stations. 

Figure 25 shows the diversity of classes among the group. In addition, it shows that each class 
is not purely homogenous, but could be further divided into subclasses for a more detailed wind 
overview. Details about this classification can be found in [29]. 

Figure 26 shows the TTPŠ in 1995, a few years after the campaign; the building configuration 
was the same as in 1991. Figures 27 and 28 show the present situation. 
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FIG. 22. Map of Šaleška region with locations of automatic environmental stations (from north to south: 
Zavodnje, Graška Gora, Topolšica, Šoštanj, Velenje, Veliki Vrh) and location of the thermal power plant 
Šoštanj (TPPŠ) in the centre (left), and the topography of the region (right). 

 

 

 

FIG. 23. Location of Saleška region in the north-eastern part of Slovenia. 
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FIG. 24. Pictures of some of the equipment used in the measuring campaign in the spring of 1991: 
environmental automatic measuring station (left), mobile SODAR (upper right) and mobile DIAL 
(lower right). 

 

 

TABLE 8. LIST OF PARAMETERS MEASURED AT AUTOMATIC ENVIRONMENTAL 
STATIONSa 

Parameter name 
Station name 

Zavodnje Graška Gora Topolšica Veliki Vrh Šoštanj Velenje 

Air temperature (C) x x x x x X 
Relative humidity 
(%) 

x x x x x X 

Global solar radiation 
(Watt/m2) 

     X 

Precipitation (mm)     x  
Air pressure (mbar)     x  
Wind velocity (m/s) 
and direction (deg) 

x x x x x X 

SO2 (µg/m3) x x x x x X 
NO (µg/m3) x      
NOx (µg/m3) x      
O3 (µg/m3) x      

a ‘x’ denotes that the parameter is measured at the indicated station. 
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TABLE 9. LIST OF RELEASE PARAMETERS FOR ALL TPPŠ STACKS OPERATING 
DURING THE EXPERIMENTAL CAMPAIGN IN SPRING 1991 

Stack name 
Static parameters 

Height Diameter Location 

Block 1,2,3 100 m 6.50 m 46.373N 15.052E 
Block 4 150 m 6.34 m 46.372N 15.053E 
Block 5 230 m 6.20 m 46.371N 15.055E 

 Dynamic parameters 
 Release rate Exit temperature Exit velocity 

Block 1,2,3 0.01–0.24 kg/s 155–171°C 0.7–2.9 m/s 
Block 4 0.87–2.05 kg/s 155–183°C 8.8–12.3 m/s 
Block 5 0.53–2.46 kg/s 172–202°C 8.6–12.7 m/s 

 

 

FIG. 25. Presentation of wind roses for all clusters for the division into 10 classes. 
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FIG. 26. Thermal power plant Šoštanj (1995). 

 

 

FIG. 27. Area photo of the TPPŠ (photo: Uroš Hočevar, 2013). 
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FIG. 28. Schematic vertical cross section of the TPPŠ area. 

 

4.4.3. Modelling exercise 

As described below, two time periods were selected for the present modelling exercise. The 
first of these (Case 1, Section 4.4.3.1) was based on a single day (30 March 1991) with one 
active source of release and a direct wind to a single monitoring station. The second of these 
(Case 2, Section 4.4.3.2) was based on a 2 day period (1–2 April 1991) with two active sources 
release and a complex meteorological situation that led to accumulation of atmospheric 
contamination. 

For both cases, participants in the exercise were provided with details of the monitoring stations 
and release points (locations, altitudes, types of data recorded), a digital elevation model for the 
area, data on surface roughness length and CORINE land use cover5 for the area. For each 
separate case, participants were provided with SODAR data (18 layers between 50 m and 1000 
m height), meteorological data (temperature, relative humidity, air pressure, wind speed and 
direction, precipitation, global solar radiation), and data on releases (exhaust gas temperature, 
gas flow, and SO2 concentration) at half hour intervals for the relevant time period. Participants 
were asked to predict the time dependent SO2 concentrations for comparison with measured 
values at six monitoring stations. All data were provided to participants in electronic format. 

4.4.3.1. Case 1, 30 March 1991, Veliki Vrh 

On 30 March 1991, the Veliki Vrh station recorded direct atmospheric SO2 contamination in a 
predominantly neutral atmosphere when relatively strong winds (5 m/s) blew the air directly 
from the stacks in the direction of the station. This event was relatively simple in terms of 
meteorology [28]. Figure 29 shows measured concentrations of atmospheric contamination for 
the period. Elevated concentrations of atmospheric contamination were measured at the Veliki 
Vrh station, but low or negligible concentrations at the other stations. Figure 30 shows the 
SODAR data for the same period. The SODAR equipment was located in the vicinity of the 
Šoštanj station and near the lake shore. 

 
5 See https://www.syke.fi/en-
US/Research__Development/Research_and_development_projects/Projects/Producing_land_cover_and_land_us
e_data_in_CORINE_Land_Cover_2000_project_in_Finland; also see https://land.copernicus.eu/pan-
european/corine-land-cover 
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4.4.3.2. Case 2, 2 April 1991, multiple stations 

On 2 April 1991, there was an SO2 accumulation under an inversion layer during the night. 
During the sunny day that followed, convective mixing brought the accumulated pollutant from 
high in the atmosphere back down to the ground, causing multiple stations to record very high 
(up to 1 mg/m3) concentrations almost simultaneously. This event was very difficult to model. 

This is a typical complex terrain situation, very difficult for reconstruction, and still represents 
the greatest challenge to all available atmospheric dispersion models. The situation is described 
in detail in a published paper (see Ref. [22]). Its most interesting part lasted from 1 April 1991 
at 20:00 until 2 April 1991 at 20:00.  

The plume spread in all directions over the domain during a relatively short period of time. This 
is demonstrated by measurements of half hour average SO2 concentrations at four 
environmental stations at different directions from TPPŠ, as presented in Fig. 31. 

This spread is also seen from the Doppler SODAR measurements presented in Fig. 32. This 
graph represents measurements from SODAR for each half hour time interval at different 
heights. Each arrow on the graph represents the direction of the horizontal wind component at 
a certain height. The length of the arrow represents the magnitude of the horizontal wind speed 
component. 

It was also reported that during this selected period, the phenomenon of accumulation of 
atmospheric contamination occurred [22]. A very stable meteorological situation was the main 
cause for a very slow mixing of the plume with air. The contaminant plume was moving very 
slowly, according to the measured average wind speed and direction. Based on data collected 
at a measuring station, at the beginning of this event, it was determined that the atmospheric 
contamination originated from the direction of the source; however, when the main wind 
changed its direction to the opposite direction, the cloud of atmospheric contamination also 
changed its direction. From now on, from the point of view of a measuring station, it appeared 
that the source of the cloud was a virtual source of release located on the other side of the station 
from the source. 

4.5. MODELS USED IN THE EXERCISE 

Table 10 provides a summary of the six models used in the Šoštanj exercise. More information 
about individual models as used in this exercise is provided in Appendix III. The models 
represent several different purposes (e.g. emergency assessment and research) and two major 
types of modelling approach (Gaussian and Lagrangian). 
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4.6. MODEL VALIDATION RESULTS 

The following sections describe the results from each model in turn, for both cases. Table 11 
summarizes the sets of predictions made with each model. 

4.6.1. SPRAY 

4.6.1.1. SPRAY results, Case 1, 30 March 1991 

Validation of modelling results was performed for the Veliki Vrh station, which was directly 
downwind of the stacks during a period of relatively simple meteorology with strong winds 
(30 March 1991; see Fig. 29 above). Modelling was carried out both with the operational 
version of the SPRAY model and with SPRAY using revised values for the sigma terms (‘new 
sigmas’). The ‘new sigmas’ were based on a meteorological profile (wind, temperature, 
turbulence, stability) reconstructed for noon on 30 March 1991 (the center of the period being 
modelled). Modelling results compared with measurements are shown in Fig. 33. Results from 
the operational version of the SPRAY model are shown on the left in the figure; results with 
‘new sigmas’ are shown on the left. The upper graphs show the model predictions for the 
specified location and time; the lower graphs show the model predictions for the specified 
location and 5 cells in each direction, for the specified time period and the preceding and 
following time period (t), corresponding to the best fit to the measurements within the range 
of location and time. 

4.6.1.2. SPRAY results, Case 2, 1–2 April 1991 

Validation of modelling results was performed for stations located in different directions from 
the point of view of TTPŠ. Locations corresponded to positions of four automatic 
environmental measuring stations. From all these stations measurements of half hour average 
SO2 concentrations are available for a specific release of atmospheric contamination from 
1 April 1991 at 20:00 until 2 April 1991 at 20:00.  

Measured SO2 concentrations were increased due to a wind change at the beginning of a specific 
release of atmospheric contamination. Wind at an approximate height of 250 m changed 
direction from northwest to southeast. The next wind change was toward the south, which 
caused an increase of SO2 concentrations at Šoštanj and Veliki Vrh stations. Figures 34–37 
present comparisons of modelled and measured SO2 concentrations at four of the measuring 
stations. Results for the Zavodnje station (see Fig. 37 below), which is the most distant station 
from the TPPŠ, are especially interesting because of the measured SO2 concentration peak at 
the end of the atmospheric release. This peak was caused by the accumulation of atmospheric 
contamination. Because the station is located near the border of the domain (see Fig. 22 above), 
it is expected that the model results will be an underestimate for this case. 

An additional set of modelling results was obtained using prognostic weather information for 
the relevant dates, obtained from WRF (Weather Forecasting Model6). These results are shown 
in Figs 37–41 for the same four measuring stations. All results in these figures show the best fit 
to the measurements for 5 cells in each direction from the specified location and  3t. ‘Run 2’ 
was based only on measured data from the ground stations, including SODAR. ‘Run 4’ used 
the measurements plus prognostic wind and temperature information for heights > 800 m. 
‘Run 5’ used the measurements plus prognostic wind and temperature information for heights 
> 1100 m. ‘Run 7’ used the measurements plus prognostic temperature information. 

 
6 https://www.mmm.ucar.edu/weather-research-and-forecasting-model 
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TABLE 11. SUMMARY OF THE PREDICTIONS MADE WITH EACH PARTICIPATING 
MODEL 

Model 
Case 1 

30 March 
1991 

Case 2 
1–2 April 

1991 
Notes 

SPRAY Yes Yes 
Operational version of model; revised meteorological 
profile (‘new sigmas’); prognostic meteorological 
information; 3C×3C, 3C×3C×3T, 5×5C×3T versions 

CERES CBRN-E Yes Yes 5C×5C×1T 

RASCAL 3.0.5 Yes Yes Specified locations only 

ARTM Yes Yes 
1 h time steps; 4 methods of handling meteorology; with 
and without building influence; 5C×5C or 3C×3C 

LASAIR Yes Yes 
1 h time steps; 4 methods of handling meteorology; with 
and without building influence; 5C×5C or 3C×3C 

NFS_VINCA Yes No 
Single half hour time period; time dependent results not 
provided;1 min or 10 min interpolations of meteorological 
data used; detailed use of meteorological data  

 

 

 

FIG. 33. Comparison of model predictions (red) using SPRAY with the measurements (green) of SO2 
(µg/m3) for the period 30 March 1991 at the Veliki Vrh station. Graphs on left show the operational 
version of the SPRAY model; graphs on right show results with revised values for the sigma terms. 
Upper graphs show predictions for the specified location and time; lower graphs show the best fit to 
the measurements for a range of location (5 cells in each direction) and time periods ( t). 
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FIG. 34. Comparison of model predictions (red) using SPRAY (operational version) with the 
measurements (green) of SO2 (µg/m3) for the period 1–2 April 1991 at the Veliki Vrh station. Upper 
left graph shows results for the specified location and time; remaining graphs show the best fit to the 
measurements for a range of location (3 or 5 cells in each direction) and time periods ( 3t). 

 

 

FIG. 35. Comparison of model predictions (red) using SPRAY (operational version) with the 
measurements (green) of SO2 (µg/m3) for the period 1–2 April 1991 at the Šoštanj station. Upper left 
graph shows results for the specified location and time; remaining graphs show the best fit to the 
measurements for a range of location (3 or 5 cells in each direction) and time periods ( 3t). 
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FIG. 36. Comparison of model predictions (red) using SPRAY (operational version) with the 
measurements (green) of SO2 (µg/m3) for the period 1–2 April 1991 at the Topolšica station. Upper 
left graph shows results for the specified location and time; remaining graphs show the best fit to the 
measurements for a range of location (3 or 5 cells in each direction) and time periods ( 3t). 

 

 

FIG. 37. Comparison of model predictions (red) using SPRAY (operational version) with the 
measurements (green) of SO2 (µg/m3) for the period 1–2 April 1991 at the Zovodnje station. Upper left 
graph shows results for the specified location and time; remaining graphs show the best fit to the 
measurements for a range of location (3 or 5 cells in each direction) and time periods ( 3t). 

 



 

60 

 

FIG. 38. Comparison of model predictions (red) using SPRAY with the measurements (green) of SO2 
(µg/m3) for the period 1–2 April 1991 at the Veliki Vrh station. Graphs show the best fit to the 
measurements for a range of location (5 cells in each direction) and time periods ( 3t). See text for 
explanation of the different runs. 

 

 

FIG. 39. Comparison of model predictions (red) using SPRAY with the measurements (green) of SO2 
(µg/m3) for the period 1–2 April 1991 at the Šoštanj station. Graphs show the best fit to the 
measurements for a range of location (5 cells in each direction) and time periods ( 3t). See text for 
explanation of the different runs. 
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FIG. 40. Comparison of model predictions (red) using SPRAY with the measurements (green) of SO2 
(µg/m3) for the period 1–2 April 1991 at the Topolšica station. Graphs show the best fit to the 
measurements for a range of location (5 cells in each direction) and time periods ( 3t). See text for 
explanation of the different runs. 

 

 

FIG. 41. Comparison of model predictions (red) using SPRAY with the measurements (green) of SO2 
(µg/m3) for the period 1–2 April 1991 at the Zavodnje station. Graphs show the best fit to the 
measurements for a range of location (5 cells in each direction) and time periods ( 3t). See text for 
explanation of the different runs. 
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4.6.2. CERES CBRN-E 

4.6.2.1. CERES CBRN-E results, Case 1, 30 March 1991 

Case 1 was modelled with P-SWIFT and P-SPRAY by using, respectively, 16 and 32 cores 
(DELL T5600 60 MO memory ram). Times of computation were about 1 minute for P-SWIFT 
and about 30 minutes for P-SPRAY.  

Figure 42 shows the wind field simulated at the SODAR coordinates for the 30 March 1991 
case. The wind direction and wind horizontal speed calculated by P-SWIFT are very close to 
the SODAR measurements. Figure 43 shows the comparison between measured and 
reconstructed concentrations (5 by 5 cells and ±1 time interval) with CERES CBRN-E (PMSS) 
for the 30 March 1991 case at the Veliki Vrh station. The reconstructed concentrations give 
good agreement with the measurements, especially for the highest concentrations at 07:30, 
12:00 and 22:30. 

4.6.2.2. CERES CBRN-E results, Case 2, 1–2 April 1991 

Case 2 was modelled with P-SWIFT and P-SPRAY by using, respectively, 16 and 32 cores 
(DELL T5600 60 MO memory ram). Times of computation were about 2 minutes for P-SWIFT 
and about 120 minutes for P-SPRAY. 

Figure 44 shows the wind field simulated at the SODAR coordinates for the 1–2 April 1991 
case. The wind direction and wind horizontal speed calculated by P-SWIFT are very close to 
the SODAR measurements for the 1–2 April case. Figure 45 shows the comparison between 
measured and reconstructed concentrations (5 by 5 cells and ±1 time interval) with CERES 
CBRN-E (PMSS) for the 1–2 April 1991 case and for all stations. 

 

 

 

FIG. 42. Wind field simulated at the SODAR coordinates for the 30 March 1991 case. Direction of 
arrows indicates horizontal wind direction for each vertical layer up to 1000 m height. Length and 
colour of arrow indicate horizontal wind speed. 
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FIG. 43. Comparison between measured (green) and reconstructed (blue) concentrations (5 by 5 cells 
and ±1 time interval) of SO2 (µg/m3) with CERES CBRN-E (PMSS) for the 30 March 1991 case at the 
Veliki Vrh station. 

 

 

 

FIG. 44. Wind field simulated at the SODAR coordinates for the 1–2 April 1991 case. Direction of 
arrows indicates horizontal wind direction for each vertical layer up to 1000 m height. Length and 
colour of arrow indicate horizontal wind speed. 
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4.6.3. RASCAL 3.0.5 

4.6.3.1. RASCAL 3.0.5 results, Case 1, 30 March 1991 

Figure 46 shows the model predictions compared with measurements for 30 March 1991 at the 
Velikhi Vrh station. Several of the predicted peaks coincide with measured peaks, especially 
during the middle of the time period, although the largest predicted peak overpredicts the 
measurements by a factor of about 3. The model predictions underestimate the predictions for 
the earliest and latest parts of the time period. 

4.6.3.2. RASCAL 3.0.5 results, Case 2, 1–2 April 1991 

Releases from each of the two stacks were simulated separately, and the results for each 
specified location were added together. Figures 47 and 48 show the model predictions compared 
with measurements for 1–2 April 1991 at all six stations, with each figure showing three of the 
six stations, respectively. The model simulated some peaks reasonably well in terms of either 
timing or magnitude, but missed some measured peaks entirely. 

 

 

 

 

 

FIG. 46. Comparison between measured (blue) and reconstructed (red) concentrations of SO2 (µg/m3) 
with RASCAL 3.0.5 for the 30 March 1991 case at the Veliki Vrh station. 
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FIG. 47. Comparison between measured (orange) and reconstructed (blue) concentrations of SO2 
(µg/m3) with RASCAL 3.0.5 for the 1–2 April 1991 case for 3 of the total 6 stations (for the other 
3 stations, please see Fig. 48 below). 
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FIG. 48. Comparison between measured (orange) and reconstructed (blue) concentrations of SO2 
(µg/m3) with RASCAL 3.0.5 for the 1–2 April 1991 case for the remaining 3 of total six stations (for 
the other 3 stations, please see Fig. 47 above). 
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4.6.4. ARTM 

The Atmospheric Radionuclide Transport Model (ARTM) is a simulation software to reproduce 
and predict the atmospheric dispersion of radionuclides from nuclear facilities and to calculate 
the exposure of the population for long term dispersion during routine operations [38]. 
Originally developed for the modelling of the annual releases of a nuclear facility, ARTM was 
used at its lower limitation to model the Šoštanj scenario. Details of the model are described in 
Appendix III.  

In several iterations of ARTM simulations, the Šoštanj scenario, based on its initial data set and 
certain adaptations (see Appendix III), was modelled, and the results were compared with the 
measured data. Since the measurement values are available in half hour time steps, in contrast 
to the simulation intervals of one hour, the measurements were averaged using the arithmetic 
mean to obtain hourly measurements necessary for the comparison. 

The two cases, Case 1 (30 March 1991) and Case 2 (1–2 April 1991), were modelled both 
considering the buildings of the Šoštanj plant and without considering the influence thereof. 
Additionally, there are up to four different simulation modes (described in Appendix III): ‘old’, 
‘averaged’, ‘new categories’, and ‘averaged and new categories’, based on different approaches 
in the preparation of the meteorological data used as input for the ARTM simulations. 

Due to the complex terrain and the resulting wind fields, adding a complex building structure 
to the simulation turned out to be successful only in the cases where not very stable dispersion 
conditions (dispersion category F according to Klug/Manier [31]) occurred. The different types 
of simulations performed are summarized in Table 12. 

For all of these calculations, a grid size of 150 m by 150 m was chosen. The grid had to be 
specifically prepared for use in ARTM and is not based on the one provided in the Šoštanj data 
set; rather, it was based on a Digital Elevation Model obtained from geocomm.com (for details 
see Appendix III).  

The Šoštanj simulations in ARTM were performed with the maximum number of simulation 
particles (1 008 000 000 released particles per hour), to obtain the highest possible resolution 
of the results. In order to further improve the simulation results and make them more robust to 
statistical deviations resulting from the starting distribution of the simulation particles, 16 
simulations were always conducted for each of the eight successful calculations indicated in 
Table 12 ARTM offers the possibility of inserting a starting random number. Depending on the 
choice of this number, the particle distribution at the start of the simulation varies, which can 
cause recognizable differences in the results between two simulations with different starting 
random numbers. The 16 chosen starting random numbers (1, 10, 100, 1000, 10000, 2476, 2475, 
2477, 2466, 2486, 2376, 2576, 1476, 3476, 12 476, 22 476) were kept constant throughout all 
simulated cases. The resulting data files from these 16 simulations were combined and averaged 
into one file, providing the basis for all data and diagrams of the ARTM simulations that are 
presented here.  
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TABLE 12. LIST OF SIMULATIONS PERFORMED WITH ARTM FOR THE ŠOŠTANJ 
SCENARIOa 

Type of simulation Case 1: 30 March 1991 Case 2: 1–2 April 1991 

Influence of Buildings no yes no yes 
‘old’ X X X * 
‘new categories’ X * – – 
‘averaged’ X X X * 
‘averaged and new categories’ X * – – 

a X indicates simulations performed successfully; * indicates simulations abnormally aborted due to the appearance 
of a very stable dispersion category in the meteorological data and the influence of buildings; – indicates that a 
simulation was not performed. 

 

The resulting data consist of data files containing the air concentration in different altitude 
layers for the calculation area with a grid size of 150 m, and a file containing the time series for 
the measurement points in hourly steps. ARTM unfortunately has a limit of only 50 
measurement points, for which a user can print out a time series of the air concentration. For 
Case 1, only the points ‘Šoštanj’ and ‘Veliki Vrh’ were chosen, as pre-studies with ARTM 
showed that these were the only two measurement locations that would get hit by the cloud, 
and to provide at least one set of comparable 5  5 cell results to compare with other models. 
To account for deviations, this measurement grid containing 5  5 points was chosen for each 
of these two locations, with the distance between them being the same as the size of the 
simulation grid, 150 m. For the Case 2 simulations, including all 6 measurement stations, a grid 
of only 3  3 points around the measurement stations (for Graška Gora, only 5 points: the station 
and the points north, east, south and west) could be chosen, due to the limitation of measurement 
points given by ARTM.  

Even though the simulation was conducted several times with different input parameters for the 
meteorological data (see Table 12), in all cases only the most optimal simulation results were 
chosen to be described in detail in the following sections.  

4.6.4.1. ARTM results, Case 1, 30 March 1991 

In the evaluation of the simulation results compared with the measurement results, it turned out 
that the worst results were delivered by the simulation runs using the ‘new categories’ of 
dispersion based on the Monin-Obukhov length [30]. These results led to concentration peaks 
only around noon, while none of the other measured peaks appeared at all in these simulations. 
As for the Šoštanj station, the simulated results appeared to contain only one peak around noon 
and to be zero for the ‘averaged’ meteorology; therefore, only the Veliki Vrh station was 
selected to be evaluated and compared. In Fig. 49, the results for the remaining simulation runs 
with the hourly meteorology (‘old’) and the averaged half hours (‘averaged’; details described 
in Appendix III) are shown.  

Both diagrams were created considering a 5 by 5 cell grid for the evaluation of the simulation 
data, to cover the possibilities for spatial deviations of the simulated results. The simulated 
values shown in the diagrams as red or blue points are those predicted directly at the 
measurement location. The respective red and blue error bars consist primarily of the values of 
the maximal value from the 5  5 cell field as the upper value and the lowest as the lower value. 
Additionally added (or subtracted, respectively) are the standard deviations for the maximum 
(or minimum, respectively) points, as they resulted from the combination of the 16 different 
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ARTM runs for each of the scenarios. The black line in the graphics depicts the averaged 
measurement data with an hourly resolution. 

While in the top graph shown in Fig. 49, no buildings of the TTPŠ are considered, the 
simulations in the lower graph in Fig. 49 show the results after introducing the buildings into 
the scenario. The main difference appearing in the diagrams is that for the building scenario, 
the value range in the 5  5 field seems to be lower than without buildings. Also, some predicted 
concentrations are lower in the building scenario (e.g. the ones at 05:00), while others are a bit 
higher when buildings are included (e.g. the ones at 09:00).  

Looking at the differences between the two different meteorological approaches, the one where 
only meteorological data at the full hour were considered (‘old’) and the one where the half 
hourly values were averaged to gain an hourly value (‘averaged’), the diagrams show that for 
most of the time intervals, the ‘old’ meteorology, which physically is more incorrect than the 
‘averaged’ one, in both scenarios produces overall better results in relation to the measured 
values. Only at 07:00, 12:00, and around 20:00 and 21:00 the red (averaged) lines reach closer 
to the actual measurement data. 

4.6.4.2. ARTM results, Case 2, 1–2 April 1991 

For Case 2, the options ‘new categories’ and the building scenario were not available (shown 
in Table 12 above). For the first option, the Monin-Obukhov lengths [30] were not available 
from which to obtain the ‘new categories’, and for the latter option, ARTM simply could not 
be used to calculate the scenarios with building influence (see Section 4.6.4). While the data 
were evaluated for 6 stations, the results for only 4 stations are shown here. For the other two 
stations, Graška Gora and Velenje, non-zero values were not obtained for the simulated 
concentrations, and therefore these two stations were discarded from the analysis. The 
remaining 4 stations are shown in Figs 50 and 51 for the no building scenario, considering both 
the ‘old’ and the ‘averaged’ meteorological data. Just as for Case 1, the respective red and blue 
error bars show the maximal and minimal values, also considering the standard deviation, for 
the neighbouring cells. The only difference here is, that instead of 5  5 cells, only 3  3 cells 
were taken into consideration. Again, the black line in the graphics depicts the actual 
measurement data in an hourly resolution. 

For the Šoštanj station, the simulation results are quite poor. The measured peak on 
1 April 1991 does not appear in either of the two simulations, and for the 2 April 1991, only the 
simulation with the physically less correct ‘old’ meteorological data shows some concentration 
values after the noon peak. While the two simulated values for 12:00 and 13:00 come close to 
the actual measurement values, the large peaks at 11:00, 14:00 and 16:00 do not show up in the 
simulation. 

At the Topolšica station, for both meteorologies, the simulation shows a small peak on 
1 April 1991 where the measurement data suggest a series of peaks around 150–250 µg/m³, but 
the main peak on this day could not be reconstructed by the simulations, either in time or in 
size. For 2 April 1991, the simulation data suggest that there are some peaks in the afternoon, 
but again without hitting the major peaks before noon and the two smaller ones at 15:00 
and 17:00.  
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FIG. 49. ARTM results without accounting for buildings (top graph) and with accounting for buildings 
(bottom graph). 
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FIG. 50. ARTM results for the Šoštanj and Topolšica stations. 
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FIG. 51. ARTM results for the Veliki Vrh and Zavodnje stations. 
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The Veliki Vrh station is again better represented by the ‘old’ meteorology. Some values, for 
example on 1 April 1991 at 09:00 and 10:00 or on the evening at 21:00 to 22:00, nicely 
resemble the measurements. However, the larger peak in the morning does not appear, and also 
the second peak at noon has no match in the simulation. On 2 April 1991, again the first 
measured peak, which for Veliki Vrh is from around 07:00 to 09:00, cannot be reconstructed, 
and while the later large peak at 11:00 also appears in the simulation, the simulated values are 
at least one third smaller than the measurement. 

The Zavodnje station is also not very well represented by the simulation data. While on the 
1 April 1991 the ‘old’ meteorology shows 2 smaller peaks, the ‘averaged’ one does not show 
anything at all. Compared to the measurements that show, for almost all of the day, an SO2 
background with some smaller peaks, neither of the simulations represents the real situation 
here. For 2 April 1991, as for all other stations, the first high peak, which happens to be 
measured at this station around 13:00, cannot be found in the simulated results. Even though 
the simulations suggest that there are later peaks, the magnitudes of the simulation values are a 
maximum of half of the measurements. 

4.6.5. LASAIR 

In addition to ARTM, the decision support system LASAIR, which is specialized for nuclear 
hazards like dirty bombs and short term releases, was also applied to the Šoštanj release scenario 
by the same participant. LASAIR is a short term Lagrangian particle model which, due to its 
application for emergency situations, has an easy to handle graphical user interface and was 
trimmed towards short calculation intervals [18, 39]. More details on the model LASAIR can 
be found in Appendix III and Sections 2 and 3 of this publication and in [6]. 

In order to apply the model for the scenario, several adaptions and approximations had to be 
made due to the different main field of operations of the software: 

 The number of emitting sources: LASAIR supports only one source per simulation run; 
therefore, Case 2 of the scenario had to be split and calculated separately for each of the 
stacks. These separately simulated values were added up for the results. 

 Plume rise: LASAIR has no integrated function to automatically calculate the plume rise 
for hot sources; therefore the plume rise had to be calculated manually and added to the 
stack height. 

 The maximum simulation time: Normally LASAIR is used for dispersions of a few 
minutes to a few hours. If calculations for a period longer than 8 hours need to be 
performed, it is possible to change the simulation time in the parameter file up to a 
maximum of exactly one day. For Case 2, the simulations had to be split into two single 
days; therefore, in the results file, the values in the hours following on the midnight date 
change can have large errors due to the ‘clearing’ from the simulation area of releases 
produced prior to the date change, which would still have been part of the actual 
dispersion situation. 

 The number of simulation particles: In order to gain higher resolution results, the number 
of simulation particles was set from the standard of 60 000 to 1 008 000, being exactly 
0.1% of the particle amount for ARTM simulations. 

 Height of buildings: LASAIR allows for a maximum building height of only 200 m, so 
for Stack 5 with its 230 m in height, the height had to be cut to 200 m in the graphical 
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image (see Fig. 97 in Appendix III below). For the simulations, the stacks were not 
included as buildings to allow comparability with the ARTM results. 

 The meteorological data: Since LASAIR does not allow for the input of wind speeds 
below 0.5 m/s for validation reasons, all meteorological values that are below this lower 
limit were set to 0.5 m/s, therefore producing another possible deviation in the final results 
of the simulation. 

Details of these adaptations can be found in Appendix III. 

As with ARTM, the two cases were modelled considering and not considering the buildings of 
the Šoštanj plant. Also, as described in Section 4.6.4 and Appendix III, four simulation modes 
(‘old’, ‘averaged’, ‘new categories’, and ‘averaged and new categories’) were applied for the 
LASAIR simulations. 

Contrary to the results of the ARTM simulations, LASAIR did not face the issue of broken 
simulation runs due to the complex situation of the scenario. However, the ‘new categories’ and 
‘averaged and new categories’ were not applied to Case 2. The different types of simulations 
performed are summarized in Table 12 above. Here only the most optimal simulation results 
from Table 13 were chosen to be described in detail in the following subsections.  

4.6.5.1. LASAIR results, Case 1, 30 March 1991 

The ‘new categories’ and ‘averaged and new categories’ produced a peak only around noon; 
therefore, these simulation results were discarded as too different from the real measurement 
data. The following diagrams were created considering a 5 by 5 measurement grid, where the 
different points are 150  150 m apart to be comparable to the other models. As before in 
Section 4.6.4, red or blue points in the diagrams show the simulated values as predicted directly 
at the measurement location. The error bars here account for the maximum and minimum value 
in the 5 by 5 grid. A statistical error, such as was done for ARTM, could not be determined for 
LASAIR simulations; therefore, it was not applied to the graphic. The black line in the graphics 
depicts the averaged measurement data in an hourly resolution. 

Comparing the no building case with the building case (see Fig. 52) shows, just as before for 
the ARTM calculations (Section 4.6.4), that the influence of buildings in general leads to lower 
predicted values for the concentrations. Overall, the performance of LASAIR in this case is 
quite good, since almost all of the peaks are met, except the smaller ones at 16:00 and 18:00. 

For the two different meteorological approaches, ‘old’ and ‘averaged’, it is more difficult with 
LASAIR than with ARTM to distinguish which predictions fit more accurately to the 
measurements. While for the case without buildings the values differ more between ‘old’ and 
‘averaged’ than for the case with buildings, some of the ‘averaged’ results come closer to the 
measurements, for example at 08:00 or 12:00, and exactly hit the measurement line at 13:00 
and 14:00. Furthermore, the ‘old’ values in the no building case have some members that fit 
better to the measurements or even hit them. Examples for this are at 07:00, 09:00, 10:00, 11:00 
or at 23:00, where the ‘averaged’ ones are mostly far off. 

Looking at the case with the buildings, the ‘averaged’ one here better represents the noon peak 
from 11:00 to 13:00, than the ‘old’ meteorology. Only at 14:00, the ‘old’ ones fit better to the 
measurements. The morning (from 07:00 to 10:00) and the evening (from 22:00 to 00:00) peaks 
are better met by the ‘old’ meteorology. 
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TABLE 13. LIST OF SIMULATIONS PERFORMED WITH LASAIR FOR THE ŠOŠTANJ 
SCENARIOa 

Type of simulation Case 1: 30 March 1991 Case 2: 1–2 April 1991 

Influence of Buildings no yes no yes 
‘old’ X X X X 
‘new categories’ X X – – 
‘averaged’ X X X X 
‘averaged and new categories’ X X – – 

a X indicates simulations performed successfully; – indicates that a simulation was not performed. 

 

 

 

FIG. 52. LASAIR results without accounting for buildings (top) and with accounting for buildings 
(bottom). 
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4.6.5.2. LASAIR results, Case 2, 1–2 April 1991 

For Case 2, the options ‘new categories’ and ‘averaged and new categories’ were not available 
(see Table 13). In order to be comparable to the simulations with ARTM, and due to lack of 
non-zero values in many cases for the Graška Gora and Velenje measurement stations, these 
two stations were neglected for the analysis of the LASAIR simulations. As with the results of 
the ARTM simulations from Section 4.6.4, also here the remaining stations are depicted in 
Figs 53–56. While here a 5  5 grid was available from the simulations, only a 3  3 one was 
chosen, to keep the comparability between the two models. 

Similar to the ARTM results, the results for LASAIR at the Šoštanj station shown in Fig. 53 are 
quite far off from the measurements. Even though the first peak at 14:00 on 1 April 1991 is 
seen in both cases, with and without buildings, until 14:00 the predictions underestimate by a 
minimum of a factor of 2, and at 15:00 overestimated by one order of magnitude (2850 µg/m³ 
for the no buildings case and 2500 µg/m³ considering buildings, versus 161 µg/m³ resulting 
from the measurement). The highest peak, which appears in the measurements at 11:00 on 
2 April 1991, is not seen in either of the two simulations. The following smaller peak shows up 
again, but is better represented in the building case with the ‘averaged’ mode; the last peak at 
16:00 is overestimated in all cases. 

For the Topolšica station (see Fig. 54), the no buildings case shows the more promising results 
that lie closer to the measurements, while distinguishing which approach, the ‘old’ or the 
‘averaged’ one, is the more suitable one is not very distinct. The large peak on 2 April 1991 at 
12:00 does not appear in the LASAIR simulations. 

Figure 55 shows the results for the Veliki Vrh station. Interesting is that here in the LASAIR 
simulation a phantom peak appears for all cases at 10:00 on 1 April 1991 where there is no peak 
visible in the measurement data, and also the 11:00 value is still a factor 2 to 4 higher for the 
buildings and no buildings case, respectively. The flat plateau from 16:00 to 01:00 is first not 
seen in the models, and then appears at 22:00, while here the no building case with the ‘old’ 
meteorology shows the best congruency with the measured data. Only the second of the two 
peaks on 2 April 1991 can be reconstructed by LASAIR, starting with 10:00. Also here, the 
case without buildings comes closer to the measurement values for both modes, while the 
‘averaged’ one here is preferable. 

The results for the Zavodnje station (see Fig. 56) basically looks similar to the ARTM results 
shown in Section 4.6.4. Also, in LASAIR 1 April 1991 peaks are not well represented by the 
simulation data and show only 2 smaller peaks; the ‘averaged’ one does not show anything in 
the building case. The high peak on 2 April 1991 is not shown in the simulation data, and the 
smaller peaks also appear underestimated. The range of results is smaller for the buildings case, 
where the actual point reaches slightly closer to the measurement curve. In the no buildings 
case, the deviation bars almost reach the peaks, although the actual points lie deeper.  
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FIG. 53. LASAIR results for the Šoštanj station with and without building influence. 
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FIG. 54. LASAIR results for the Topolšica station with and without building influence. 
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FIG. 55. LASAIR results for the Veliki Vrh station with and without building influence. 
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FIG. 56. LASAIR results for the Zavodnje station with and without building influence. 
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4.6.6. NFS_Vinca 

4.6.6.1. Comparison of best results for Case 1, 30 March 1991, Veliki Vrh 

One of the aims of the exercise was simulation of the maximum concentration of SO2 that was 
measured at the control point Veliki Vrh on the 30 March 1991 at 12:00 local time. During that 
period only one source was active, namely TPPŠ, with a chimney height of 100 m. 
The measurements were accumulated concentrations over half hour periods. For the period 
11:30–12:00, the accumulated concentration was 288 µg/m3. The wind was for the whole period 
11:30–12:00, from the source towards the Veliki Vrh station. The line from the source to the 
measurement point is uninterrupted by the topography, as shown in Fig. 57. Near the source, 
the vertical profile of the wind was measured using SODAR at heights 104 m, 158 m and 213 m 
as well as T2m (temperature at 2 m height) from the automatic meteorological station next to 
the SODAR station. 

The Pasquill stability classes were obtained from the estimated vertical gradient. The estimation 
was made using T2m at two points and their respective height difference of 186 m (Sostanj 
360 m a.s.l. and Veliki Vrh 546 m a.s.l.). The horizontal distance was about 2400 m. Estimates 
of C class stability were obtained from the measured T2m following the Pasquill-Gifford 
classification [40]. 

The same results for stability classes were obtained using σθ, a turbulence based method, which 
uses the standard deviation of the wind direction in combination with the scalar wind speed, 
adjusted in accordance with common practice, if the measurement height is other than 10 m 
[40]. Table 14 provides an example at 11:30. 

From the half hour wind measurements, time interpolations to 10 min and 1 min intervals were 
made, which were used for the Gaussian plume and puff methods, respectively. To calculate 
the effective release heights the Egan hill concept was used and the Concawe method was 
applied for plume rise. The cross section between source and measurements points and the 
release height is shown in Fig. 58 (left panel). Using puff calculations for stability class C, 
345 µg/m3 was predicted at the control point. Figure 58 (right panel) shows the pollutant 
concentrations using a wind field calculated from the 104 m SODAR wind. This wind was used 
in the Gaussian plume model, as well as in the puff model. 

In Fig. 59 (left panel), the wind field calculated is shown as a linear combination of SODAR 
wind and 10 meter wind at the control point at Veliki Vrh. The right panel shows the 
concentration field obtained with the puff model, with a new value for the concentration at the 
control point of 308 µg/m3. 

Figure 60 depicts the subdomain around the control point. Circled crosses are grid points with 
a grid distance of 150 m. 
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FIG. 57. Modelling domain (15 km  15 km with the centre at TPPŠ). 

 

 
TABLE 14. EXAMPLE OF STABILITY CLASSES OBTAINED USING THE σθ METHOD 

Wind at height (m) σθ, 
Estimated 

stability class 
Corrected velocity 

(m/s) 
The new 

stability class 

50 30 A 3.4 B 
104 22 A 4. C 
158 21 A 5.1 C 
213 16 A 5 D 
267 15 A 5.9 C 
322 14 A 6.1 D 
367 11 A 6.1 D 
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FIG. 58. The left panel has the effective release heights, using the Egan hill concept and Concawe 
method. The right panel shows pollutant concentrations using a wind field calculated from the 104 m 
SODAR wind. 

 

 

 
 

FIG. 59. The left panel shows the wind field calculated as a linear combination of SODAR wind at the 
source of the pollutant and the 10 m wind at the control point at Veliki Vrh. The right panel shows the 
concentration field obtained with the puff model using the calculated wind. 
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FIG. 60. Subdomain around the control point. 

 

4.7. KEY CONCLUSIONS 

The results of the model validation show that in order to obtain good modelling results, 
appropriate input measurement data need to be available. In this section, a summary is provided 
of the necessary measuring systems and models that are needed to generate realistic results that 
are relevant to the situation. In particular, focus is placed on complex conditions, where a 
nuclear facility is located on a more or less complex terrain. 

The modelling system is thereby defined as the combination of the meteorological model for 
3-D representation of the meteorological atmospheric conditions and the model for the 
representation of the dispersion of the cloud of contamination in the atmosphere. 

4.7.1. Meteorological data 

The collection and processing of meteorological data needs to be performed automatically in 
processing intervals ranging from 10 minutes to one hour. In this exercise, the meteorological 
data were available for intervals of 30 minutes. Using various methods, participants rearranged, 
revised, or interpolated the meteorological data to obtain model input information in time 
intervals ranging from 1 min or 10 min (NFS_Vinca) to 1 h (ARTM and LASAIR). 

In the surroundings of the facility, some ground based weather stations, complying with WMO 
standards, need to be established at representative locations; it is suggested that 3–10 such 
stations be established, depending on the complexity of the terrain. Wind, temperature, relative 
humidity, global solar radiation, vertical temperature gradients and in particular, precipitation 
(for evaluation of deposition) need to be measured at each location. Further details are provided 
in Ref. [41]. 
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In the direct vicinity of the facility or at a different location nearby, which is representative of 
the description of the vertical condition of the atmosphere, at least one SODAR needs to be 
placed to record the vertical wind profile at higher altitudes, where releases move and where 
the plume is expected to rise (at least a few hundred metres above ground). SODAR is the 
modern standard equipment, which operates automatically with perfected and tested 
technology. These data are of key importance to correctly represent the movement of the cloud 
of contamination. SODAR data can be complemented by measurements at a high 
meteorological tower, but due to constructional limitations, these generally record only the 
lower layer of the atmosphere, where releases emerge, and not the atmosphere at the altitude of 
the plume rise and dispersion of plumes in the atmosphere; this is the key deficiency which 
makes a high tower without SODAR insufficient. It is suggested that a radio acoustic sounding 
system (RASS), i.e. vertical temperature profiler, be used in combination with SODAR, since 
it is very reliable for measuring the vertical temperature profile, which is almost as important 
as wind, especially during a temperature inversion. All other findings and needs for RASS equal 
those for SODAR. The RASS technology was unfortunately not available in 1991 during the 
Šoštanj measurement campaign, although it is certainly accessible and affordable today. 

Without appropriate data on the vertical meteorological profile in the atmosphere, the 
dispersion models cannot function as desired. For complex terrain, it is essential to know the 
entire atmosphere, including the measured profile. 

In general, it can be assumed that all measurements together, ground based measurements and 
measurements of the atmosphere profile, will describe the atmosphere, which is inhomogeneous 
over complex terrain. 

4.7.2. Meteorological models 

The meteorological model, which is used as the basis for the dispersion model, need to be fitted 
to the purpose and complexity of the site of use. It has to ensure a 3-D numerical representation 
of the meteorological condition of the atmosphere for all key parameters, which are used in turn 
by the dispersion model (3-D wind field, turbulence, temperature etc.). The meteorological 
model is commonly a combination of the model for wind and turbulence and the pre-processor 
for all other meteorological values. 

The model needs to be good enough to produce reconstructed meteorological parameters that 
are consistent with the measured data and no unnecessary errors are entered into the entire 
modelling system at this stage. 

For use over complex terrain, such as that in the subject Šoštanj experiment, mass-consistent 
models for wind are most appropriate at this time. The numerical weather prediction (NWP) 
weather models are still very demanding in terms of calculations and are generally not yet 
successfully validated for use for fine resolution over complex terrain. For this assessment, cells 
that were 100–200 m in size over a terrain with the complexity of hlTc = (220 m, 1.5 km) (see 
Fig. 61 below) [42]. This corresponds to valleys with a width of 1.5 km and a difference in 
altitude of 220 m, which the model had to correctly ‘see’ to obtain appropriate final results. 
Similar challenges also occur during the use of computational fluid dynamics (CFD) models. 

The NWP and CFD models can be used as soon as they are successfully validated for use over 
a terrain with the complexity such as that of the target use domain. What is needed for successful 
prior validation also apply to the previously mentioned mass-consistent models. 
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FIG. 61. Illustration of the hlTc (height and length of the topographic complexity) index. The figure 
presents the dimensions in the vertical cross-section [42]. 

 

When using all these models over the most complex terrain, it is important to be careful not to 
‘smooth’ the terrain to an extent where the key characteristics of the meteorological processes 
are lost, as such processes are realistically complex and demanding precisely because of the 
complexity of the terrain in the subject domain. 

4.7.3. Dispersion models 

Just like the meteorological model, the capacity of the dispersion model has to be fitted to the 
complexity of the target use domain. 

Based on the results of the validation using Šoštanj data, it can be concluded that simple 
Gaussian models are not appropriate for use over complex terrain. The Gaussian puff model (or 
Lagrangian puff model with Gaussian parameters of turbulence) is only conditionally useful for 
simple cases with strong wind, when representing direct contamination in the direction of the 
wind from the source to the location that is subject to analysis. It is not appropriate for more 
complex cases. 

However, the numerical Lagrangian particle models are, according to their concept, appropriate 
for the most complex situations over complex terrain. The comparison of the validation results 
of several such models with the Šoštanj experiment clearly shows that the most complex cases 
still include scientific challenges, which have not yet been completely answered. The quality 
of the representation of the most complex cases depends on the main characteristics of the 
implementation of the models (compare the descriptions of the models used in this exercise) 
and the appropriate functioning of parameters to use over the domain in question. This 
especially includes the fact that the complexities of meteorological conditions can vary (e.g. the 
change between sea, lake, land; the complexity due to rough terrain; the transition between rural 
and urban environments).  

The models used have to have the key capacity to correctly represent the effective plume rise 
of the cloud of contamination due to temperature buoyancy and/or due to the kinetic energy of 
the pollutants when entering the atmosphere. If this part of the representation does not function 
correctly, the model shows the movement of the cloud at a false altitude. The different wind 
and other meteorological conditions at the false altitude can cause the predicted cloud of 
pollutants to wander off into a completely wrong direction. 
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4.7.4. NEEDS for static data about the domain of use 

For difficult cases, the two dimensional (2-D) digital elevation model and the land use 
classification needs to be used in a resolution that equals the natural horizontal resolution of the 
modelling system. 

4.8. OVERALL SUMMARY 

A modelling system (meteorological model + atmospheric dispersion model) may be used for 
real life purposes to ensure radiological safety or optimize routine discharges and to evaluate 
the possible effect of a nuclear facility on the air in the region. However, before a modelling 
system is used for such purposes, the system needs to be validated using tracer experiment data 
of a complexity that is similar to the complexity of the target domain. Besides the statistical 
evaluation, the check needs to also include a qualitative evaluation of meteorological conditions 
in which the model works well, as well as conditions in which it is expected, based on the 
validation, that the model has some deficiencies, which are being resolved.  

It is, however, important that some of the most powerful modelling systems can already 
realistically represent even the most complex conditions of contaminant dispersion in the 
atmosphere. Based on the represented results, it can be concluded that the implementation, in 
practice, of appropriately powerful modelling systems that fit the complexity of the domain 
of use. 

The key benefit of modelling systems compared to measurements of radiological contamination 
is that they represent a 3-D situation in the surroundings of the facility from which the releases 
emerge. Point measurements are not comprehensive enough. 3-D representations of the 
situation also enable correct action in case of accidents. 

4.9. FUTURE CHALLENGES 

This publication unfortunately does not deal with deposition (dry, wet, terrain touch factor), 
because these data were not available for the Šoštanj measurement campaign. Prediction of 
deposition remains a challenge to be solved in the future. 

Another future challenge is the verification of the use of modelling systems for the timely 
forecast of contaminant dispersion, which is very important for planning and optimization of 
routine discharges and for planning of action in case of accidents. 
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5. CONTAMINANT TRANSPORT AND COUNTERMEASURES EXERCISE 

5.1. INTRODUCTION TO THE FUKUSHIMA EXERCISE 

The Fukushima modelling exercise was intended to provide an opportunity to test model 
predictions for the effectiveness of remediation efforts in an urban situation. The exercise was 
based on measurements made in Japan following the accident at the Fukushima Daiichi Nuclear 
Power Plant in 2011 (1F accident) and on experiments carried out by Japan Atomic Energy 
Agency (JAEA). The exercise uses a realistic but hypothetical urban situation and is not 
intended to represent any actual city. The objective of the modelling exercise is to predict the 
doses that could be received by reference individuals both in the absence of any remediation 
actions and also with specified remediation actions. The exercise started with a generalized 
‘current situation’ approximately three years after the accident. Thus, the contribution to dose 
of short lived radionuclides was not part of the exercise. Remediation efforts carried out prior 
to the ‘current situation’ were included as part of the history of the ‘current situation’, but the 
exercise did not specifically deal with ‘early’ remediation efforts. 

Input information for the exercise includes information about the radionuclide composition and 
deposition densities, external dose rates, conditions of the initial deposition event, average 
meteorological conditions for the area, locations for modelling endpoints, and types of 
remediation efforts performed or being considered for use. Modelling endpoints for 
intercomparison among modellers include the deposition at specified outdoor locations, 
external dose rates at specified locations and times, contributions to external dose rate from 
relevant surfaces, external and internal doses to specified reference persons, effectiveness of 
various remediation efforts in reducing dose rates and doses, and estimates of the waste (volume 
and activity) generated by the remediation efforts. The first stage of the exercise was carried 
out during the MODARIA Programme and included two endpoints: (1) prediction of external 
dose rates at specified locations in the absence of remediation, and (2) prediction of the external 
dose to specified reference individuals in the absence of remediation. For both endpoints, 
predictions were requested for the starting point (‘current situation’) and 1 year increments to 
10 years after the starting point. 

5.2. DESCRIPTION OF THE TEST SITE 

5.2.1. General description 

The test site was a generalized urban situation in the area affected by the Fukushima accident. 
While the description of the area and the situation were based on real situations, the test site for 
this modelling exercise did not represent any actual town or city. 

The test site was characterized by four ‘environments’: (1) indoors inside wooden houses, 
(2) indoors inside concrete constructions, (3) outdoor unpaved areas, and (4) outdoor paved 
areas. These ‘environments’ correspond to the main types of land use and to the main categories 
of remedial efforts. Land area of each ‘environment’ for the test site is provided in Fig. 62. 
Time spent by people outdoors in the residential and building area was classified as time spent 
in ‘outdoor paved areas’. Time spent by people outdoors in other areas (e.g. agricultural use 
areas, forest, etc.) was classified as time spent in ‘outdoor unpaved areas’. Table 15 shows 
dwelling types and construction materials in the test site. Approximately 80% of dwellings in 
the test site were of wooden construction. Concrete structures were used as work places and as 
public infrastructure (e.g. stores, community center, and recreation facilities). 
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Land Type 
Area 
(km2) 

■ rice field 11.5  

■  land for other 
agricultural use 

3.4  

■  forest 42.5  

■  waste land 0.7  

■  Residential and 
building area  

8.3  

■  rivers and lakes 0.5  

■  coastlines 0.1  

■  ocean 0.1  

■  golf course 0.6  

■  other land use 0.8  

Total 68.5  
 

FIG. 62. Land use situation in the test site for the modelling exercise [43]. 

 

 

 

TABLE 15. DWELLING TYPES, CONSTRUCTION MATERIAL AND STORIES OF 
BUILDINGS IN THE TEST SITE [44] 

Building type 
Building 

size 
Wooden 

construction 
Fire safety wooden 

construction 
Non-wooden 
construction 

Total 

Detached houses 
1 Story 780 750 10 1540 

 2 Stories 990 1720 60 2770 

Tenement houses 
1 Story 40 0 0 40 

 2 Stories 0 100 0 100 

Apartment house 
1 Story 0 0 0 0 

2 Stories 0 290 540 830 
3–5 Stories 0 0 570 570 

Others  0 30 10 40 

Total  1810 2890 1190 5890 

 

  

 

*:The size of rectangular dots is approximately 100 m  100 m. 
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In this exercise, a specific ‘location’ was selected for assessment of doses, taking into account 
detailed conditions of the surrounding situation. This ‘location’ is characterized in terms of 
radiological situations and land use type. The geometry of this location is given in Fig. 63. Each 
mesh (grid cell) described in this figure is 10 m × 10 m in size. This location is comprised of 
residential area, ground and park, forest, a large building and paved surface (see Fig. 63). 

5.2.2. Climatological characteristics 

The test site is in Tohoku district in Japan and is located on the coastline of the Pacific Ocean. 
The type of climate is moderate coastal climate. Table 16 shows the average meteorological 
conditions: precipitation, temperature, wind speed and sunshine duration; averages were 
calculated from data measured in the period between 1981 and 2010 (Table 16). 

5.2.3. Population characteristics 

The population of the test site was 16 001. Tables 17 and 18 show the age structure and 
industrial structure of the site, respectively. About 20% of the population was below the age of 
19 years, and about 60% were between 20 and 64 years old. The remainder of the population 
was aged 65 years or more. The number of workers in the primary sector of industry (e.g. 
agricultural work) accounted for 5.3% of the total, and those in the secondary sector of industry 
accounted for about 30%. Almost 65% of the inhabitants worked in the tertiary sector of 
industry.  

5.3. RADIOLOGICAL CHARACTERIZATION OF THE SITE 

5.3.1. Background levels of radioactivity 

Before the 1F accident, the air absorbed dose measured in Fukushima prefecture was about 
0.04 µGy/h [45]. 

5.3.2. Information about the deposition event 

The relationship between ambient dose equivalent rate and precipitation is shown in Fig. 64. 
This figure shows time variations of ambient dose equivalent rates and precipitation during the 
first month after the accident. Time variation of the dose rate was measured at the test site. 
Several increases in the dose rate are visible in the figure. In particular, the main 
contamination event occurred on 15 March 2011, followed by sharp increases in dose rate on 
16–17 March 2011. The figure also shows the time variation of precipitation, which was 
extracted from weather forecasting data provided by the Japan Meteorological Agency (JMA). 
These data are called ‘GPV’ (Grid Point Value) and include various weather parameters such 
as wind components, temperature and precipitation. These meteorological parameters are 
calculated by regularly spaced grids with a resolution of 5 km. One grid in the test site was 
selected, and the precipitation data of that grid were extracted. The figure shows the relationship 
between dose rate and precipitation, which often increased at the same time. 

As shown in Fig. 64, radioactive fallout and contamination at the test site were estimated to 
have occurred during the period of 15–16 March 2011, often under wet conditions. The 
composition of the surface activity density of each radionuclide normalized to that of 137Cs was 
taken from the reports of UNSCEAR [46] and WHO [47]. The relative isotopic composition of 
deposited radionuclides is shown in Table 19. 

 



 

92 

 

 

FIG. 63. Overhead view of the specified ‘location’. 

 

 

FIG. 64. Ambient dose equivalent rate and precipitation measured in the test site. The dose rate data 
are from [48]. 
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TABLE 16. AVERAGE METEOROLOGICAL CONDITIONS OF THE TEST SITE [49] 

Meteorological 
condition 

Monthly 
precipitation 

(mm) 

Average 
temperature 

(oC) 

Daily 
maximum 

temperature 
(oC) 

Daily 
minimum 

temperature 
(oC) 

Average 
wind speed 

(m/s) 

Hours of  
sunlight 

(h) 

Period of 
measurement 

1981–2010 1981–2010 1981–2010 1981–2010 1981–2010 1986–2010 

Number 
of years 

30 30 30 30 30 25 

January 48.9 2.1 7.1 -3 1.8 159.8 
February 53.4 2.3 7.4 -2.9 1.8 157 
March 91.8 5.1 10.3 -0.3 2 176.7 
April 126.9 10.4 15.9 4.8 2 190.6 
May 124 14.9 20.2 9.6 1.7 184.9 
June 158.2 18.2 22.6 14.2 1.4 143.2 
July 182.5 22 26.2 18.5 1.2 136.3 
August 171.2 23.8 28.3 20.1 1.3 162.8 
September 241.2 20.1 24.7 16.2 1.2 121.2 
October 192.7 14.6 19.9 9.4 1.3 137.8 
November 78.8 9.4 15.1 3.6 1.5 146.5 
December 41.4 4.8 10.2 -0.5 1.7 152.5 

 

 

 

 

TABLE 17. AGE DISTRIBUTION OF THE INHABITANTS OF THE TEST SITE [50] 

Age group (years) Number of people Percentage (%) 

0–9 1350 8.5 
10–19 1790 11.3 
20–64 9347 59.0 
65+ 3342 21.1 

Sum of all generations 15 829 100.0 
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TABLE 18. CLASSIFICATION OF THE POPULATION BY TYPE OF INDUSTRY [50] 

Large Category 
Small 
Classification 

No. of 
people 

Total 

Primary sector of industry Agriculture, forestry 396 415 
(5.3%) Fishery 19 

Secondary sector of industry 
Mining, quarrying, gravel extraction 3 

2331 
(29.9%) 

Construction 1518 
Manufacturing 810 

Tertiary sector of industry 

Electricity, gas, heat supply, sewerage 642 

5021 
(64.5%) 

Information, communication 39 
Traffic, postal service 158 
Wholesale, retail trade 856 
Finance, insurance business 108 
Real estate, rental service 66 
Academic research, expertise service 210 
Lodging industry 478 
Entertainment 254 
Education and learning industry 310 
Medical and welfare 654 
Compositive service 52 
Other service industry 918 
Public service 276 

Non-classifiable  22 
22 

(0.3%) 

Total   7789 

 

 

 

TABLE 19. COMPOSITION OF DEPOSITED RADIONUCLIDES (AS OF 15 MARCH 
2011) [47] 

Radionuclides Deposited activitya,b normalized to 137Cs 

I-131 11.5 
Te-132+I-132 8 
Cs-134 1.0 
Cs-136 0.17 
Cs-137 1.0 
Ba-140 0.1 
Ag-110m 0.0028 
Te-129m 1.1 

a The activities given in this table are decay corrected to 15 March 2011. 
b The composition of radionuclides other than 140Ba are taken from [46]. Deposited activity of 140Ba normalized to 137Cs 
was taken from [47].  
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5.3.3. Radioactivity levels at the test ‘locations’ 

In the present study, the dose assessments were performed using the assumption that the 
contamination occurred at 00:00 on 15 March 2011. Results of environmental monitoring of 
deposition on ground surfaces, ambient dose equivalent rate, and activity concentration of 137Cs 
in air are described below. 

5.3.3.1. Deposition on ground surfaces 

Measurement of ground deposition of 137Cs was performed within about 80 km from the 
Fukushima Daiichi (1F) plant. The areas were divided into hypothetical 2 km meshes, and soil 
samples were collected from some of those meshes [51, 52]. Soil samples were taken from a 
depth of 5 cm from the ground surface during the period between 6 June 2011 and 8 July 2011. 
The results were given as decay corrected values as of 14 June 2011 (see Appendix II, Table 31 
below). The data on contamination densities of the test site were given in terms of a 500 m grid. 

5.3.3.2. Ambient dose equivalent rate 

After the 1F accident, a vehicle borne monitoring survey was conducted in order to clarify the 
dose distribution along roads and to confirm the time dependence of the dose rates. The 
monitoring was performed along roads using vehicles. Figure 65 shows the dose rates measured 
by national authorities during 21 different time periods. The averages and standard deviations 
in Fig. 65 are given without classification of the contribution of dose rate from various land use 
situations. However, the numerical data for each land use situation are provided in Appendix II 
(see Table 32 below). 

5.3.3.3. Activity concentration of 137Cs in air 

Figure 66 shows the time dependence of the activity concentration of 137Cs in air, measured in 
Fukushima city during the period between March 2011 and February 2014. These values were 
measured at a height of 1 m above the ground. The sampling point is located near a parking 
space in an urban environment. 

5.4. INFORMATION ABOUT REMEDIATION EFFORTS 

Information on the effectiveness of individual remediation measures was obtained from 
experimental work performed by JAEA [53]. This information is summarized by ‘environment’ 
and specific remediation actions in each ‘environment’. The following items are listed for each 
remediation action in Appendix II (see Table 33 below): 

 Decontamination factor, derived from the change in measured surface count rate 
(including beta contributions); 

 Reduction in surface dose rate; 

 Amount of waste generated (per unit area remediated or per other relevant unit); 

 Manpower (speed of implementation for a specified piece of equipment or team of 
workers); 

 Cost (for the specific case of implementation within the Fukushima evacuated zone). 

For the modelling exercise, it was assumed that the remediation happened ‘now’ (at the time of 
the ‘current’ situation). 
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FIG. 65. Time dependence of ambient dose equivalent rate measured in the test site [52, 54, 55]. 
Symbols indicate means, and the vertical lines indicate 1 standard deviation. 

 

 

 

FIG. 66. Time dependence of the activity concentration of 137Cs in air, measured in Fukushima 
city [56]. 
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5.5. DESCRIPTION OF THE REFERENCE PERSONS 

For the exercise, three reference persons were defined, based on differences in their daily habits: 
(1) Indoor workers, (2) Outdoor workers in an urban situation (not including agricultural 
workers), and (3) Agricultural workers. The reference persons are defined by occupancy factors 
for the four ‘environments’ in the test site. An occupancy factor is defined as the fraction of 
time spent by a specified population group in a specified type of environment. Table 20 
provides occupancy factors for different population groups in various environments. These 
occupancy factors were based on data from actual surveys performed in Fukushima prefecture 
by JAEA [57]. 

5.6. MODELLING ENDPOINTS FOR THE EXERCISE 

Two endpoints were modelled in the first stage of the exercise (during the MODARIA 
programme): 

(1) For each ‘environment’ (the described ‘location’ for each ‘environment’), predictions of 
the dose rates at the end of 1 year and for each subsequent year to 10 years, assuming no 
remediation. 

(2) For each reference person, calculations of the external dose during the first year and for 
each subsequent year to 10 years, assuming no remediation. 

Additional endpoints were described for modelling during later stages of the exercise: 

(3) For each ‘environment’ (the described ‘location’ for each ‘environment’), predictions of 
the contamination density and dose rates at the end of 1 year and by yearly increments to 
10 years with the described remediation for each ‘environment’. 

(4) For each reference person, calculations of the external dose during 1 year and for each 
subsequent year to 10 years with the described remediation for each ‘environment’. 

(5) For each reference person, calculations of the internal dose from resuspension during 
1 year and for each subsequent year to 10 years: 
(a) With no remediation, and  
(b) With the described remediation for each ‘environment’. 

(6) The most important ‘surfaces’ at each ‘location’ with respect to contribution to dose rate, 
before remediation and after remediation. 

(7) Calculations of the short term (1 year) and long term (10 years) effectiveness of the 
remediation efforts: 
(a) For reducing dose rate at each ‘location’, and 
(b) For reducing overall dose to each reference person. 

(8) Estimates of the total volume and activity of waste from the remediation for each 
‘environment’. 

(9) The remediation efforts (by ‘environment’ or by individual remediation activity) that 
have the largest short term (1 year) and long term (10 years) effect in terms of dose 
reduction, for each reference person. 
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TABLE 20. OCCUPANCY FACTORS FOR INHABITANTS LIVING IN THE TEST 
SITE [57] 

Type of environment 

Occupancy factors 

Indoor workers 
Outdoor workers 

Pensioner 
Urban worker Agricultural worker 

Indoor 
Wooden 
Concrete 

0.95 
0.67 
0.28 

0.69 
0.57 
0.12 

0.69 
0.66 
0.05 

0.94 
0.90 
0.04 

Outdoor 
Paved 
Unpaved 

0.04 
0.02 
0.02 

0.31 
0.26 
0.05 

0.31 
0.10 
0.21 

0.06 
0.03 
0.03 

 

5.7. MODELS USED IN THE EXERCISE 

Two organizations participated in the modelling exercise (see Table 21). Public Health England 
(PHE) used an existing European model called ERMIN, and JAEA developed a model 
specifically for Fukushima Daiichi. Modelling approaches of these participants are summarized 
below. The values that were used for key model parameters are summarized in Table 22.  

5.7.1. ERMIN 

The European Model for Inhabited Areas (ERMIN) has been developed collaboratively under 
a number of EC funded projects [58, 59]. It is both a model and a software tool. As a model it 
simulates the behavior of radionuclides in the inhabited environment and calculates the 
exposure of the resident population. As a tool it allows a user to explore different recovery 
options and refine a strategy with a map based interface. It has been designed to be implemented 
within the RODOS [60] and ARGOS Nuclear Emergency Decision Support Systems [61]. 

Input data needed by the model include a description of the environment, initial deposition on 
a reference surface and a description of countermeasures. Output information generated by the 
tool includes the average doses to members of the public from external exposure to deposited 
radionuclides and inhalation of resuspended radioactivity, the contamination on urban surfaces, 
the radionuclide concentrations in air, the doses to workers undertaking the recovery work, the 
quantity and activity of waste generated and the cost and work needed to implement the 
countermeasures.  

The model uses ratios to distribute deposition on the reference surface onto all urban surfaces. 
Empirical functions represent the long term surface retention, and migration in soil is simulated 
using a convective-dispersive model. A library of dose rates for surfaces in idealized 
environments is applied to calculate dose rates indoors and outdoors. Countermeasures are 
represented by the modification of surface contamination and the dose rates. The ERMIN 
countermeasure database is based on the European inhabited area handbook [62]. 

5.7.2. JAEA 

The JAEA model is being developed by Japan Atomic Energy Agency based on lessons learned 
from the Fukushima Daiichi Nuclear Power Plant accident. This analytical model does not 
consider transfer of material. Decreases in dose rate in various locations are determined based 
on the data measured in Japan after the accident (see Fig. 65 above). Dose reduction effects of 
buildings are also evaluated from the actual surveys in Fukushima prefecture. The results of 
these surveys have been published as a JAEA report [57]. 
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TABLE 21. GENERAL DESCRIPTION OF MODELS USED IN THE FUKUSHIMA 
EXERCISE 

Model ERMIN JAEA 

Sponsoring 
organization 

European Commission (EC), Public Health England (PHE), 
Karlesruhe Institute of Technology (KIT), Danish Emergency 
Management Agency (DEMA), Prolog Development Centre 
(PDC), Helmholtz Zentrum München (HMU), Bundesamt für 
Strahlenschutz (BfS), Technical University of Denmark (DTU) 

Japan Atomic Energy Agency 

Purpose of 
model 

Generic model for estimating external and internal dose to 
public and workers from radioactivity deposited in urban 
environments. ERMIN also estimates surface contamination as 
a function of time, waste amount and activity, and costs of 
decontamination. 

To calculate external and 
internal doses due to the 
Fukushima accident using 
probabilistic and deterministic 
approaches. 

Type of model 

Model combining empirical deposition, retention and 
decontamination parameters with a library of unit dose rates 
generated by Monte Carlo particle transport modelling in 
idealized urban environments. Some transfer between closely 
linked compartments (e.g. trees to soil, grass to soil below). 

Analytical model; no transfer 
of material between 
compartments.  

Approach of 
assessment 

Deterministic Probabilistic and deterministic 

Compartment 
considered 

Paved (road, pavement and other paved), grass, small plants, 
soil, trees, external walls, roofs and interior surfaces 

Ground surface (paved and 
unpaved) 

 

TABLE 22. COMPARISON OF PARAMETER VALUES USED IN THE FUKUSHIMA 
EXERCISE 

  ERMINa JAEA 
Retention parameters Fraction Half-life (d) Fraction Half-life (d)b 

Surface: Paved surfacec 
Fast 
Slow 

0.7 
0.3 

0.40 
3.0 

0.54 
0.46 

0.95 
92 

 Roofs 
Fast 
Slow 

0.5 
0.5 

2.0 
35 ―  ―  

 Outer walls  1 7.0 ―  ―  

 Grass 
Fast 
Slow 

1 
0 

0.04 
0 ―  ―  

 Soil  
Modelled convective-dispersive 
model, 9 layers are represented 
down to 25 cm 

―  ―  

 Coniferous treesd  
Assumed to lose leaves linearly 
for 5 years ―  ―  

Dose reduction parameters Reduction factor Reduction factor 
Building type: Light building 0.42–0.37e 0.25–0.41 
 Concrete building 0.026–0.010 0.01–0.05 

a Retention parameters in ERMIN are provided by particle size groups, and radionuclides are represented as being 
deposited in different proportions in different particle size groups, depending on the element and the accident 
scenario (likely presence of fuel particles and degree of oxidation. Values given here are for the aerosol 0–2 µm 
particle size; all the caesium deposition is assumed to be in particles of this size.  
b The values are derived from the time dependence of ambient dose equivalent rate measured in the test site (see 
Fig. 65 above). The contributions of 134Cs and 137Cs are not included in the values shown here. 
c Parameters shown are only for roads; ERMIN has slightly different parameters for pavements and for other paved 
surfaces, representing the effects of less traffic. 
d ERMIN also models deciduous trees, but for this exercise deciduous trees are assumed to be without leaves. 
e ERMIN does not use dose reduction parameters explicitly. In developing ERMIN, Monte Carlo particle transport 
modelling was used to populate libraries of dose rate from 1 Bq/m2 of each radionuclide on each surface to 
representative locations indoors and outdoors. The dose reduction parameters presented here are for comparison 
and were back calculated by dividing the total predicted indoor dose rate by the outdoor dose rate. Because 
different surfaces have different retention parameters, the dose reduction is time dependent. 
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5.8. RESULTS OF MODEL PREDICTIONS 

As the first step of the exercise, modellers predicted the dose rate in each environment and the 
annual effective dose to various population groups due to external exposures. The values that 
were used for key model parameters are summarized in Table 22 above. 

ERMIN was developed for a European situation. The important empirical parameters such as 
the initial deposition ratios that estimate the deposition on different urban surfaces from that 
measured or modelled on a reference surface, and the retention half lives that govern how long 
radioactivity is retained on the urban surfaces, are largely taken from observations following 
the Chernobyl accident, supplemented with experimental data where available. Similarly, the 
database of idealized urban environments represents the kinds of urban environments often 
found in Europe. It has not been calibrated to the Japan situation.  

As mentioned above, JAEA model was developed based on empirical data from the Fukushima 
accident. The environmental half-life of the ambient dose equivalent rate was derived from data 
measured for various types of land use in the test site (see Section 5.3.3.2). In addition, the dose 
reduction factor due to sheltering in houses was determined by the measured values in 
Fukushima prefecture. Thus, the contributions from various surfaces, such as roofs and walls, 
are included in an implicit manner. However, for concrete buildings, since measurements in 
Fukushima prefecture were not available, the predictions were performed based on values 
reported in Ref. [63]7. 

5.8.1. Ambient dose equivalent rates 

Figure 67 shows the results of predictions of ambient dose equivalent rate in various locations. 
The projections by the ERMIN model were made using just two inputs of 137Cs activity density, 
1.71 × 105 Bq/m2 and 1.61 × 106 Bq/m2, which were given in the two 500 m mesh grids that 
encompass the test location. Deposition of the other radionuclides was estimated by applying 
the ratios in Table 19 above. The higher and lower values of predictions correspond to the 
higher and lower values of 137Cs deposition, which differ by approximately 1 order of 
magnitude. The higher and lower predictions form a range; in Fig. 67, the midpoint of the range 
is given along with ‘error bars’ that encompass the range. Deposition was assumed to be wet, 
and there were assumed to be no leaves on deciduous trees. Two idealized environments from 
the ERMIN database were chosen to represent the wooden house and concrete constructions. 
These were, ‘a street of detached prefabricated houses’ and ‘a multistorey block of flats 
amongst other house blocks’. For these environments both indoor and outdoor dose rates can 
be calculated. In addition an ‘open area’ environment was modelled, representing an ‘ideal’ 
situation of a large expanse of lawn with no paved surfaces, trees or buildings. 

The results of JAEA model were predicted by a probabilistic approach based on statistical 
analysis of surface activity density in the test site. JAEA modellers evaluated the geometric 
means (GMs) and geometric standard deviations (GSDs) for paved surfaces and unpaved 
surfaces, based on the radioactivity level data of MEXT [51] and NRA [52]. The GM and GSD 
of 137Cs on paved surfaces were 5.7 × 105 Bq/m2 and 2.5, respectively, and the values for 
unpaved surfaces were 5.9 × 105 Bq/m2 and 2.6, respectively, as of 15 March 2011. The range 
of the results generated by JAEA represent the 5th to 95th percentiles of the prediction results. 

 
7 Before the Fukushima accident, dose reduction factors shown in this publication were used as a representative 
effectiveness of sheltering in Japan. The details are described in the emergency preparedness guidelines of the 
former Nuclear Safety Commission of Japan. 
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(a)  (b)  

(c)  (d)  

FIG. 67. Predicted external dose rates in various environments. 

 

 

 

FIG. 68. Comparison of the values for initial deposition used by the models. 
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The gradients of the curves appear similar, so differences between the two sets of model predictions 
are largely due to the different initial depositions that were used. In particular, there is little 
difference between the ERMIN open field environment and the JAEA outdoor value, with ERMIN 
results only slightly smaller (Fig. 67(a)). However, the difference between the JAEA and the 
ERMIN outdoor dose rate increases as the environment becomes more heavily built up (Fig. 67(b)). 
The JAEA modelers used a deposition value for paved surfaces that was very similar to and only 
very slightly smaller than the value for the unpaved surface. However, ERMIN calculates a 
deposition to paved surfaces from the deposition on the grass and soil surface, using a library of 
empirical factors that are weather and particle size dependent. For the aerosol size particle during 
wet deposition, ERMIN uses a factor of 0.45, i.e. the deposition on paved surfaces is less than half 
of that on unpaved. Figure 68 above illustrates the various levels of initial deposition assumed. For 
ERMIN, Fig. 69 below shows the predicted contribution to dose rate from each individual type of 
surface. 

Figures 67(c) and 67(d) show the indoor ambient dose rates. The differences outdoors are seen again 
indoors, magnified with respect to differences in shielding properties of the environments. It is not 
surprising that the biggest differences are seen in the concrete building environment (Fig. 67(d)). 

In an open field in an urban area, while the difference in ambient dose equivalent dose predicted 
from the models was not significant, slight differences were observed, due to the difference in input 
contamination levels. However, the predictions for the first year show a significant difference 
between the models, which is attributable to the contributions of short lived radionuclides. In 
addition, differences in the predicted values for inside of concrete buildings are revealed. This can 
be explained by the difference of dose reduction effects of each model. 

Figure 70 shows the results of predictions of annual effective doses to the various population 
groups. For indoor workers and pensioners, the differences in predicted values between the models 
were attributable to the same reason as the difference of ambient dose equivalent rates shown in 
Fig. 67, which means the difference in the contamination levels used as input to the models. 

When the annual effective doses are compared between an urban outdoor worker and an indoor 
worker, the ratios of doses between the two groups for the ERMIN model are about 1.5 for both the 
higher values and the lower values of contamination levels. The ratios are the same for the higher 
and lower values because the ERMIN model used the same value of 137Cs activity density for both 
houses and workplaces. On the other hand, these ratios were different for JAEA model. Values of 
2.5 and 1.5 were found as the ratio for the 5th and 95th percentile of contamination level, 
respectively. This difference in doses to an indoor worker and an urban outdoor worker is because 
the JAEA probabilistic model used independent random numbers as the input for houses and 
workplaces. 

The development of the dose assessment model based on the insights from the Fukushima accident 
is just getting started. The JAEA model will be improved with consideration of state of the art 
information gained from the Fukushima accident.  

5.9. SUMMARY 

Only the first stage of this exercise was carried out during the time frame of the MODARIA 
Programme. Differences in model predictions were related to differences in the two models used in 
the exercise: the JAEA model was based on empirical data for the relevant situation, while the 
ERMIN model was more generally based on contributions to external dose rate from individual 
types of surfaces. In addition, the ERMIN model was developed for Europe and was not calibrated 
for the Japanese situation. Later stages of the exercise will include assessment of the effects of 
various remediation efforts carried out in the test location. 
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FIG. 70. Comparison of predicted annual effective doses to each population group, assuming no 
countermeasures. 
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6. SUMMARY OF MODEL REVIEW 

An area of interest for WG2 was the development of a review of models for assessment of 
public exposures from acute releases. The main focus was on models (computer codes) for 
predicting transport of radioactive contaminants to urban environments, especially atmospheric 
dispersion, deposition, and environmental transport for situations such as an accident at a 
nuclear power plant. The objective of the review was to provide a comparison of key models in 
use or named in national regulations, their applicabilities and needs (computational and in terms 
of necessary data), intended uses, and other important features. The intent was not to provide 
an evaluation of which model is ‘best’, but to provide information that can help users to select 
the most appropriate model for their own needs. 

Working Group participants developed the list of features and attributes to be considered in the 
review. A. Shroads of SC&A, Inc., prepared the initial version of the review. The format is an 
Excel workbook with a separate page (worksheet) for each model, plus a table comparing 
major features or attributes of all of the included models, which is available as a complementary 
Electronic Appendix. Moreover, selected information is included in this Working Group 2 
publication.  

A number of participants have contributed summaries of models to this review, and the list of 
models included reflects the interests of those participants. It is recognized that this review does 
not include all models that might be of interest to readers of this publication, and that model 
information might not be up to date. Most of the information was collected during the time 
frame of the MODARIA Programme; however, several additional model summaries were 
contributed through 2017, prior to this publication being published. The final version of the 
review includes 31 models (see Table 23). Selected model characteristics are summarized in 
Table 24. 
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7. CONCLUSIONS AND APPLICATIONS 

The first three modelling exercises described in this publication involved two main types of 
atmospheric dispersion situations: (1) short range dispersion, relevant to a release in an urban 
situation (Sections 2 and 3), and (2) midrange dispersion, relevant to releases from a facility such 
as a nuclear power plant (Section 4). Several general conclusions can be drawn from these exercises 
and their application. 

For modelling atmospheric dispersion from a fixed facility such as a nuclear power plant, the 
modelling system (meteorological model plus dispersion model) and meteorological measurement 
applicabilities can be planned to fit the actual site (especially a site with complex terrain) and 
modelling needs. Ideally, more than one ground based meteorological station needs to be used, 
together with equipment (SODAR, RASS) to measure the vertical profiles of wind and temperature. 
The vertical profiles are essential for modelling complex terrain and for 3-D modelling. 
Reconstructed meteorological parameters need to be consistent with actual point measurements. 
Domain and cell sizes need to be appropriate for the situation being modelled, such that complex 
terrain is not inappropriately ‘smoothed’. Generally, numerical Lagrangian particle models will be 
better suited than Gaussian models (including Gaussian puff models and Lagrangian puff models 
with Gaussian parameters of turbulence). Tracer experiments can be very important for validation 
of modelling systems for a given site and level of complexity. 

For the short range dispersion exercises, model results agreed for some locations or time intervals 
and not for others. Differences in the models as implemented included different computational 
approaches, different domain sizes, and different values for some key parameters (e.g. wind speed 
and direction, atmospheric stability classes, roughness length, and dry deposition velocity). Some 
participants were able to use all available meteorological data (e.g. at several heights or locations), 
while others used only one set; similarly, some participants used time dependent meteorological 
data, while others used mean values. The measurements of deposition in one exercise (Section 2) 
demonstrated that the plume was more unstable than the models were able to simulate. Models also 
varied in their ability to handle building effects (obstacles), while overall the exercises demonstrated 
the importance of such effects on the dispersion. Comparison of model results was facilitated by 
use of contour plots of predicted and measured deposition. 

Ideally, a model is selected or developed for a particular purpose, including specific sites. This is 
not always possible, and sometimes model implementation had to be customized for an exercise. 
Ideally, there will be consistency in terms of time intervals between the meteorological data 
available for model inputs and the preferred input applicabilities of the model; otherwise it may be 
necessary to rearrange, revise, interpolate, or otherwise manipulate the available measurements for 
use with a given model.  

The fourth exercise described in this publication (Section 5) did not involve atmospheric dispersion 
modelling, but started with measurements of ground deposition and external dose rates, to predict 
time dependent changes in external dose rates and the external doses received over time by members 
of specified population groups. Only the first stage of the exercise was carried out during the 
MODARIA programme; later stages will include assessment of the effects of various remediation 
efforts. For this first stage, differences in model predictions were related to differences in the models 
themselves, one being based on empirical data for the relevant situation, and the other being more 
generally based on contributions to dose rate from specified surfaces. 

The final section of this publication (Section 6) provides a brief summary of a number of models 
available for assessment of public exposures from acute releases. These models vary in their 
purposes and applicabilities. The summary is intended to provide information to help a user select 
an appropriate model (whether or not from this list) for a given purpose. 
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APPENDIX I. SCENARIO DESCRIPTION AND DOCUMENTATION OF DATA 
FOR THE SHORT RANGE ATMOSPHERIC DISPERSION EXERCISE 

I.1. INTRODUCTION 

The present model testing scenario is based on experimental data obtained from the dispersal 
of a short lived radionuclide with a small amount of explosive. The scenario is intended to 
provide an opportunity to test model predictions for a short range dispersion event, including 
the deposition resulting from the event. The present exercise during the MODARIA Programme 
built on an exercise conducted during the EMRAS II Programme [6]; the previous exercise 
considered four field tests (explosion events), and the present exercise involved two subsequent 
events. 

Input information for the entire scenario includes information about each of the six explosion 
events, the amount of radioactivity involved, the arrangement of the various detectors in the 
vicinity of the explosion, meteorological information, and particle size information. Modelling 
endpoints for which comparisons with measurements could be made include surface 
contamination and dose rates as a function of distance, and air concentrations as a function of 
height and distance. Additional modelling endpoints for intercomparison among modellers 
include the surface contamination, dose rates, and air concentrations beyond the domain of the 
measurements, plus the zones in which 50%, 75% and 95% of the contamination was estimated 
to be deposited. 

This appendix provides information about the situation to be modelled (input information) for 
the last two field tests (explosion events) and a list of the endpoints to be modelled. Information 
about the previous four field tests is available in the EMRAS II report [6]; this earlier 
information was available to MODARIA participants, e.g. for use in model calibration if 
desired. Participants in the exercise were also provided with additional detailed information in 
electronic formats. 

I.2. DESCRIPTION OF THE EXPERIMENT 

Several field tests were performed by the Czech National Radiation Protection Institute (SÚRO) 
on a test area belonging to the National Institute for Nuclear, Chemical and Biological 
Protection in Kamenna, located near Prague in the Czech Republic. The radioactive material 
was 99mTc (half-life 6 hours) in liquid form (NaTcO4 in 0.9% NaCl solution), which was spread 
by detonation of a small amount of explosive in an open field (flat terrain) with a simulated 
structure for these two field tests. The measurements performed included monitoring of dose 
rate, surface contamination of ground and structures, activity concentrations in air, particle size 
distribution, time distribution of dust particles in air, thermo camera snapshots, and video 
recording using both standard and high speed cameras. The test area was selected for a stable 
wind direction under usual meteorological conditions. Additional details about the experiment 
were provided previously [6, 9]. 

I.3. DESCRIPTION OF THE TEST SITE 

The test area belongs to the National Institute for Nuclear, Chemical and Biological Protection, 
located in Kamenna, located near Prague in the Czech Republic (see Fig. 71). The whole region 
is an area of former mining and processing of uranium and other metals in the vicinity of the 
town of Přibram (in Central Bohemia). There are several tailings piles left from uranium 
extraction; these tailings piles have higher dose rate values caused by uranium mineralization, 
and the whole area is very heterogeneous. 
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FIG. 71. Test site location with dispersion point coordinates (49.6268131N, 13.9946061E) marked: 
basic map, top; aerial map, bottom (map source: Mapy.cz, basic map © Seznam.cz, a.s., aerial map © 
Seznam.cz, a.s., © TopGis, Ltd.). 
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Two such piles are located near the test site (see Fig. 72), about 150 m to the north; the diameter 
of the bigger one is about 180 m. The lower pile (left one) is approximately 14 m high, while 
the higher one (right one) is about 17 m high. These estimates were obtained from Google Maps 
using the Daft Logic Google Maps Find Altitude8 the accuracy of the Google data is unknown. 

A digital model of relief (DMR) was not available, so one was created from the Google 
elevation data (see Fig. 73; same source as mentioned above). About 1800 input points and 
Multilevel B-Spline interpolation in SAGA GIS were used to calculate the elevation. The test 
polygon altitude (approximately 545 m) was taken as zero level. 

The vegetation at the test site consists of mixed forest trees (mostly birch, but also hornbeam 
and some coniferous trees) and various bushes. Figures 74 (winter) and 75–76 (summer) show 
how the site looks and how high and dense the vegetation is. As seen in the winter photo 
(Fig. 74), most of the plants are broadleaved trees. The coniferous trees on the horizon (see 
Fig. 74) are more than 200 m from the dispersion point. Most of the field tests were performed 
in spring or summer. Figures 75 and 76 show the site with vegetation and Figs 77 and 78 show 
the test site in more detail. 

All data generated by SÚRO use a custom Cartesian coordinate system in meters. The point 
(0,0) is always the dispersion point. It is also possible to use a standard geographic coordinate 
system (e.g. EPSG: 4326: WGS 849). Most GPS receivers and also Google use this coordinate 
system. To achieve adequate accuracy, the coordinate system of SÚRO or a projected 
coordinate system, such as EPSG: 32634: WGS 84 / UTM zone 33N10 or EPSG: 3395: WGS 
84 / World Mercator11, can be used. A conversion spreadsheet containing both Cartesian and 
geographic coordinates of the sampling points was available to participants. 

I.4. INPUT INFORMATION 

Information about the two field tests in the current exercise (Tests 5 and 612) is summarized in 
Table 25. All available data for four previous tests [6, 9] were provided to the modellers, 
including measurements of surface contamination (Tests 1–4), dose rates (Test 2), and time 
integrated activity concentrations in air (Test 2). These data could be used for calibration of 
models as desired. For Tests 5 and 6, only the input information was provided to modellers 
during the exercise, and the exercise was conducted as a blind test. 

Meteorological information for Tests 5 and 6 is summarized in Table 26. Detailed (time 
dependent) meteorological information from several stations was provided to participants in 
electronic form. Tables 27 and 28 provide the time dependent meteorological data at 10 m 
height. 

The geometry of the test material is illustrated in Fig. 79 where the outer plastic case (shown in 
blue) is made from a standard 1 L PET plastic bottle, approximately 20 cm long. For Tests 5 
and 6, the Tc solution was in a 6 mL spherical glass bottle inside the larger bottle. The dispersion 
site schema is shown in Fig. 80. A set of schematic drawings of the configuration used for the 
field tests was provided to the participants. For Tests 5 and 6 (dispersed liquid volume = 6 mL), 
most of the released inventory is thought to have been in an aerosol. 

 
8 See https://www.daftlogic.com/sandbox-google-maps-find-altitude.htm  
9 See http://spatialreference.org/ref/epsg/4326/  
10 See http://spatialreference.org/ref/epsg/32633/ (best solution)  
11 See http://spatialreference.org/ref/epsg/3395/  
12 Different numbering schemes have been used in some of the documentation of these field tests. This Appendix 
refers to Tests 5 and 6 in the text or to Tests 5/3P and 6/4P in Tables 25–30. Dates of the field tests are provided 
in these tables to facilitate identification of individual field tests. 
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FIG. 72. View of the tailings piles to the north of the test site. 

 

 

FIG. 73. DMR (digital model of relief) of the test site area on OpenStreetMap background in QGIS. 
Altitude data for the test site are in meters. The test polygon altitude (approximately 545 m) was taken 
as the zero level. Interpolated in SAGA GIS (www.saga-gis.org). 
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FIG. 74. Photo of the test site in winter (Test 1, 6 December 2007). 

 

 

FIG. 75. Photo of the test polygon in summer (Test 4/2P, 14 July 2009). The dispersion point is on 
the right. 

 

 

FIG. 76. Photo of the test polygon in summer (Test 4/2P, 14 July 2009). The photo was taken from the 
dispersion point. 
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FIG. 77. Satellite image of the whole test area. The red arrow marks the planned direction of the 
dispersion. (background map source: Mapy.cz, 2015 aerial map © Seznam.cz, a.s., © TopGis, Ltd.). 

 

 

FIG. 78. Detailed view of the test polygon, with the experimental layout as used 4 May 2010 
(background map source: Mapy.cz, 2015 aerial map © Seznam.cz, a.s., © TopGis, Ltd.). 
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FIG. 79. Configuration of the explosive and radioactive substance carrier. A standard 6 mL bottle 
(bottom) was used for Tests 5 and 6. 

 

 

 

FIG. 80. Dispersion site schema. 
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TABLE 25. SUMMARY INFORMATION FOR TESTS 5 AND 6 

Test No. Test 5/3P Test 6/4P 

Date 4 May 2010 22 June 2010 

Explosion timea 14:15 12:06 
Time of measurement of Tc-99m activitya 11:00 12:00 
Activity of Tc-99m (MBq) 2119 2045 
Amount of liquid containing the activity 6 mL 6 mL 

Amount and type of explosive usedb 
Permon 10T 

350 g 
Permon 10T 

350 g 

a Twenty four hour system (12:00 = noon). 
b Descriptions of the explosives were provided separately. 

 

 

TABLE 26. SUMMARY OF WEATHER CONDITIONS DURING TESTS 5 AND 6a 

Test No. Test 5/3P Test 6/4P 

Date 4 May 2010 22 June 2010 

Temperature (C) 10.1–10.2 18.5–18.9 
Relative air humidity (%) 77–79 41–46 
Condensation point (C) 6.3–6.7 5.2–6.8 
Wind speed (km/h) 3.2–13 4.7–11.2 
Gust wind speed (km/h) 7.9–20.9 6.5–17.6 
Wind direction (degrees) 90–270 0–270 
Air pressure (hPa) 1013.6–1013.7 1013–1013.4 

a More detailed meteorological data were provided in electronic form (see Appendix I). Measurements are at 10 m 
height. The indicated wind direction is the direction wind is blowing from. 
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TABLE 29. MEASURED SURFACE CONTAMINATION (DEPOSITION) FOR TEST 5/3P, 
4 MAY 2010 (Bq/m2) 

Coordinates (m)a 
Deposition (Bq/m2) 

X Y 

-37.58 79.78 16.67 
-28.72 -91.77 4444.44 
-25.12 102.91 22.22 
-20.00 5.00 266.67 
-20.00 10.00 95.56 
-20.00 12.00 48.89 
-20.00 15.00 22.22 
-20.00 18.00 26.67 
-20.00 20.00 80.00 
-20.00 25.00 35.56 
-20.00 30.00 18.89 
-20.00 35.00 4.00 
-20.00 40.00 8.56 
-17.92 104.42 42.22 
-15.00 5.00 511.11 
-15.00 10.00 466.67 
-15.00 12.00 184.44 
-15.00 15.00 244.44 
-15.00 18.00 153.33 
-15.00 20.00 171.11 
-15.00 25.00 8.44 
-15.00 30.00 33.33 
-15.00 35.00 4.44 
-15.00 40.00 15.56 
-15.00 45.00 4.22 
-15.00 50.00 3.89 
-10.00 -2.00 1946.67 
-10.00 0.00 2222.22 
-10.00 2.00 1577.78 
-10.00 5.00 822.22 
-10.00 10.00 577.78 
-10.00 12.00 911.11 
-10.00 15.00 466.67 
-10.00 18.00 444.44 
-10.00 20.00 400.00 
-10.00 25.00 86.67 
-10.00 30.00 131.11 
-10.00 35.00 5.00 
-10.00 40.00 3.89 
-10.00 45.00 3.89 
-10.00 50.00 5.78 
-9.78 -94.85 7333.33 
-8.00 10.00 955.56 
-8.00 12.00 688.89 
-8.00 15.00 644.44 
-8.00 18.00 377.78 
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TABLE 29. MEASURED SURFACE CONTAMINATION (DEPOSITION) FOR TEST 5/3P, 
4 MAY 2010 (Bq/m2) (cont.) 

Coordinates (m)a 
Deposition (Bq/m2) 

X Y 

-6.00 5.00 1511.11 
-6.00 10.00 1177.78 
-6.00 12.00 1200.00 
-6.00 15.00 644.44 
-6.00 18.00 644.44 
-5.00 -5.00 2444.44 
-5.00 -2.00 2888.89 
-5.00 0.00 2444.44 
-5.00 2.00 2888.89 
-5.00 20.00 644.44 
-5.00 25.00 311.11 
-5.00 30.00 75.56 
-5.00 35.00 84.44 
-5.00 40.00 12.22 
-5.00 45.00 9.89 
-5.00 50.00 2.22 
-4.00 5.00 2888.89 
-4.00 10.00 2888.89 
-4.00 12.00 4444.44 
-4.00 15.00 622.22 
-4.00 18.00 600.00 
-2.00 5.00 10888.89 
-2.00 10.00 33333.33 
-2.00 12.00 64444.44 
-2.00 15.00 1066.67 
-2.00 18.00 488.89 
0.00 -5.00 6888.89 
0.00 -2.00 12000.00 
0.00 3.00 2066666.67 
0.00 4.00 800000.00 
0.00 5.00 140000.00 
0.00 6.00 115555.56 
0.00 8.00 33333.33 
0.00 9.00 37777.78 
0.00 10.00 9777.78 
0.00 12.00 64444.44 
0.00 15.00 666.67 
0.00 16.00 511.11 
0.00 17.00 800.00 
0.00 19.00 1000.00 
0.00 20.00 1266.67 
0.00 22.00 1911.11 
0.00 24.00 2444.44 
0.00 27.00 866.67 
0.00 29.00 288.89 
0.00 32.00 68.89 
0.00 34.00 40.00 
0.00 40.00 28.89 
0.00 45.00 5.22 
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TABLE 29. MEASURED SURFACE CONTAMINATION (DEPOSITION) FOR TEST 5/3P, 
4 MAY 2010 (Bq/m2) (cont.) 

Coordinates (m)a 
Deposition (Bq/m2) 

X Y 

0.00 50.00 10.44 
2.00 5.00 1244444.44 
2.00 10.00 14444.44 
2.00 12.00 35555.56 
2.00 15.00 1244.44 
2.00 18.00 844.44 
4.00 5.00 355555.56 
4.00 10.00 28888.89 
4.00 12.00 14222.22 
4.00 15.00 1755.56 
4.00 18.00 1688.89 
4.16 -93.80 4000.00 
4.29 105.94 3.56 
5.00 -5.00 131111.11 
5.00 -2.00 888888.89 
5.00 0.00 1444444.44 
5.00 2.00 977777.78 
5.00 20.00 4000.00 
5.00 25.00 2666.67 
5.00 30.00 511.11 
5.00 35.00 266.67 
5.00 40.00 533.33 
5.00 45.00 3.67 
5.00 50.00 2.33 
6.00 5.00 333333.33 
6.00 10.00 197777.78 
6.00 12.00 31111.11 
6.00 15.00 6000.00 
6.00 18.00 2888.89 
8.00 10.00 106666.67 
8.00 12.00 155555.56 
8.00 15.00 68444.44 
8.00 18.00 19555.56 

10.00 -2.00 777777.78 
10.00 0.00 824444.44 
10.00 2.00 600000.00 
10.00 5.00 422222.22 
10.00 10.00 102222.22 
10.00 12.00 77777.78 
10.00 15.00 64444.44 
10.00 18.00 42222.22 
10.00 20.00 24444.44 
10.00 25.00 8888.89 
10.00 30.00 6222.22 
10.00 35.00 88.89 
10.00 40.00 400.00 
10.00 45.00 8.78 
10.00 50.00 10.11 
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TABLE 29. MEASURED SURFACE CONTAMINATION (DEPOSITION) FOR TEST 5/3P, 
4 MAY 2010 (Bq/m2) (cont.) 

Coordinates (m)a 
Deposition (Bq/m2) 

X Y 

15.00 5.00 21777.78 
15.00 10.00 26666.67 
15.00 12.00 24444.44 
15.00 15.00 24444.44 
15.00 18.00 34666.67 
15.00 20.00 26666.67 
15.00 25.00 22222.22 
15.00 30.00 12533.33 
15.00 35.00 3333.33 
15.00 40.00 33.33 
15.00 45.00 5.11 
15.00 50.00 3.67 
20.00 5.00 13111.11 
20.00 10.00 9777.78 
20.00 12.00 27777.78 
20.00 15.00 24444.44 
20.00 18.00 17333.33 
20.00 20.00 16222.22 
20.00 25.00 2666.67 
20.00 30.00 288.89 
20.00 35.00 311.11 
20.00 40.00 711.11 
20.18 105.44 31.11 
21.32 -91.98 2888.89 
35.84 -89.09 1000.00 

a Coordinates represent distances (m) from the dispersion point (0,0) in the grid area of the field test. 

 
TABLE 30. MEASURED SURFACE CONTAMINATION (DEPOSITION) FOR TEST 6/4P, 
22 JUNE 2010 (Bq/m2) 

Coordinates (m)a 
Deposition (Bq/m2) 

X Y 

-20.00 5.00 5866.67 
-20.00 10.00 4911.11 
-20.00 12.00 22444.44 
-20.00 15.00 23888.89 
-20.00 18.00 5177.78 
-20.00 20.00 5055.56 
-20.00 25.00 4300.00 
-20.00 30.00 2944.44 
-20.00 35.00 4700.00 
-20.00 40.00 9766.67 
-15.00 5.00 3488.89 
-15.00 10.00 14066.67 
-15.00 12.00 38888.89 
-15.00 15.00 8577.78 
-15.00 18.00 17888.89 
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TABLE 30. MEASURED SURFACE CONTAMINATION (DEPOSITION) FOR TEST 6/4P, 
22 JUNE 2010 (Bq/m2) (cont.) 

Coordinates (m)a 
Deposition (Bq/m2) 

X Y 

-15.00 20.00 15444.44 
-15.00 25.00 6600.00 
-15.00 30.00 5788.89 
-15.00 35.00 3822.22 
-15.00 40.00 3855.56 
-15.00 45.00 2966.67 
-15.00 50.00 930.00 
-10.00 -2.00 4244.44 
-10.00 0.00 6977.78 
-10.00 2.00 6311.11 
-10.00 5.00 6688.89 
-10.00 10.00 7511.11 
-10.00 12.00 37777.78 
-10.00 15.00 34888.89 
-10.00 18.00 18888.89 
-10.00 20.00 33222.22 
-10.00 25.00 5333.33 
-10.00 30.00 5777.78 
-10.00 35.00 5211.11 
-10.00 40.00 5400.00 
-10.00 45.00 3855.56 
-10.00 50.00 1422.22 
-8.00 10.00 28888.89 
-8.00 12.00 60888.89 
-8.00 15.00 9766.67 
-8.00 18.00 10533.33 
-6.00 5.00 117555.56 
-6.00 10.00 41333.33 
-6.00 12.00 100666.67 
-6.00 15.00 17222.22 
-6.00 18.00 11444.44 
-5.00 -5.00 4688.89 
-5.00 -2.00 14222.22 
-5.00 0.00 52666.67 
-5.00 2.00 130222.22 
-5.00 20.00 7455.56 
-5.00 25.00 5077.78 
-5.00 30.00 4300.00 
-5.00 35.00 5633.33 
-5.00 40.00 3788.89 
-5.00 45.00 3666.67 
-5.00 50.00 2211.11 
-4.00 5.00 102000.00 
-4.00 10.00 39111.11 
-4.00 12.00 100444.44 
-4.00 15.00 8133.33 
-4.00 18.00 8366.67 
-2.00 5.00 64888.89 
-2.00 10.00 73777.78 
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TABLE 30. MEASURED SURFACE CONTAMINATION (DEPOSITION) FOR TEST 6/4P, 
22 JUNE 2010 (Bq/m2) (cont.) 

Coordinates (m)a 
Deposition (Bq/m2) 

X Y 

-2.00 12.00 146666.67 
-2.00 15.00 22111.11 
-2.00 18.00 6722.22 
0.00 -5.00 1680.00 
0.00 -2.00 2933.33 
0.00 2.00 179777.78 
0.00 3.00 955555.56 
0.00 4.00 180444.44 
0.00 5.00 391111.11 
0.00 6.00 340000.00 
0.00 8.00 127111.11 
0.00 9.00 124000.00 
0.00 10.00 56888.89 
0.00 12.00 93111.11 
0.00 15.00 4566.67 
0.00 16.00 3444.44 
0.00 17.00 3988.89 
0.00 19.00 4444.44 
0.00 20.00 5877.78 
0.00 22.00 2144.44 
0.00 24.00 5933.33 
0.00 27.00 3822.22 
0.00 29.00 2366.67 
0.00 32.00 2511.11 
0.00 34.00 2411.11 
0.00 40.00 4355.56 
0.00 45.00 3622.22 
0.00 50.00 1522.22 
2.00 5.00 29333.33 
2.00 10.00 147555.56 
2.00 12.00 161111.11 
2.00 15.00 9766.67 
2.00 18.00 7666.67 
4.00 5.00 15688.89 
4.00 10.00 35333.33 
4.00 12.00 150000.00 
4.00 15.00 6266.67 
4.00 18.00 17555.56 
5.00 -5.00 2533.33 
5.00 -2.00 5155.56 
5.00 0.00 8000.00 
5.00 2.00 11555.56 
5.00 20.00 2855.56 
5.00 25.00 3511.11 
5.00 30.00 4322.22 
5.00 35.00 4211.11 
5.00 40.00 3655.56 
5.00 45.00 2011.11 
5.00 50.00 1611.11 
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TABLE 30. MEASURED SURFACE CONTAMINATION (DEPOSITION) FOR TEST 6/4P, 
22 JUNE 2010 (Bq/m2) (cont.) 

Coordinates (m)a 
Deposition (Bq/m2) 

X Y 

6.00 5.00 14511.11 
6.00 10.00 10466.67 
6.00 12.00 7622.22 
6.00 15.00 15666.67 
6.00 18.00 6466.67 
8.00 10.00 5822.22 
8.00 12.00 10044.44 
8.00 15.00 4600.00 
8.00 18.00 6433.33 

10.00 -2.00 13644.44 
10.00 0.00 12888.89 
10.00 2.00 12955.56 
10.00 5.00 11622.22 
10.00 10.00 4311.11 
10.00 12.00 9644.44 
10.00 15.00 7166.67 
10.00 18.00 8311.11 
10.00 20.00 5933.33 
10.00 25.00 2411.11 
10.00 30.00 2400.00 
10.00 35.00 3866.67 
10.00 40.00 2000.00 
10.00 45.00 3133.33 
10.00 50.00 1555.56 
15.00 5.00 3800.00 
15.00 10.00 19533.33 
15.00 12.00 4644.44 
15.00 15.00 8200.00 
15.00 18.00 8477.78 
15.00 20.00 4255.56 
15.00 25.00 4366.67 
15.00 30.00 2877.78 
15.00 35.00 2888.89 
15.00 40.00 3144.44 
15.00 45.00 3233.33 
15.00 50.00 2444.44 
20.00 5.00 3933.33 
20.00 10.00 3733.33 
20.00 15.00 4366.67 
20.00 18.00 4188.89 
20.00 20.00 6188.89 
20.00 25.00 2400.00 
20.00 30.00 2244.44 
20.00 35.00 3100.00 
20.00 40.00 9766.67 

a Coordinates represent distances (m) from the dispersion point (0,0) in the grid area of the field test. 
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The arrangement of detectors with respect to the dispersion point is shown for Tests 5 and 6 in 
Fig. 81. The arrangements of detectors and other detailed information for the tests are provided 
in Figs 82–86. Tests 5 and 6 included a large obstacle (a bus, 11 m  3 m  2.5 m; width, height, 
length). There were 7 vertical columns with filters: 5 at height 7 m, 1 at 12 m, and 1 at 35 m 
(boom lift). Additional sampling equipment included 5 DustTraks, 7 aerosol samplers, and an 
experimental aerosol sampler (diffusion grid or diffraction grating). Three dimensional (3-D) 
models of all experiments with appropriate viewing software were available to the modellers. 
Video footage of all field tests (in most cases from more than one location) was made available 
to participants in the exercise. 

I.5. DATA FOR CALIBRATION 

Measurement data for the first four field tests (6 December 2007, 15 May 2008, 5 May 2009 
and 14 July 2009) [6] were available to the participants in this exercise. These data included 
surface contamination (Bq/m2) for Tests 1–4, dose rates (nSv/h) for Test 2, and time integrated 
activity concentrations in air at selected locations (Test 2). Dose rates need to be used with 
caution, due to high background dose rates at the test site. The surface contamination and dose 
rates were made available to participants in electronic form. 

I.6. MODELLING ENDPOINTS 

Tests 5 and 6 (4 May 2010 and 22 June 2010) were used in the exercise for blind testing of 
models. Model predictions were compared with each other (model intercomparisons) and 
eventually with the available measurements, to the extent possible (Endpoints 1 and 2 below, 
within the range of measurements). 

For purposes of model intercomparison, modellers were requested to use the following grid 
size, subject to model constraints: 

 downwind distance 0–50 m: use a 5  5 m grid (x = 5 m); 

 downwind distance 50–2000 m: use a 25  25 m grid (x = 25 m); 

 upwind distance: to 100 m. 

width: model dependent (measurements cover an area 50 m  40 m, or 20 m each side of the 
centerline). 

The activity of 99mTc at the time of the explosion was to be used. 

Endpoints to be modelled for Tests 5 and 6: 

(1) Surface contamination (Bq/m2) as a function of distance, assuming the grid described 
above. Assume that the deposition has been completed. 

(2) Time integrated activity concentrations in air (Bq·min·m-3) as a function of height and 
distance along the centre line, out to 1000 m, for heights from 0–5 m. 

(3) Estimated percentile contamination zones (50%, 75%, 95%) for each explosion event. 
The contamination zone is the area (for example, defined in terms of a radius from the 
explosion, or an angle and distance from the explosion, or some selected contour) which 
is expected to contain a given percentage of the contamination released by the explosion 
event. Specify whether the zones are defined as a percentage of total activity or a 
percentage of total deposition. 

Where possible, uncertainties on the model predictions were requested. 
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FIG. 81. Arrangement of filters, detectors and obstacles on the test polygon for Test 5/3P (4 May 2010; 
top) and Test 6/4P (22 June 2010; bottom). 
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FIG. 82. Experimental layout for Test 5 (4 May 2010). Blue squares, ground filters; red circles, vertical 
columns; green triangles, aerosol samplers; yellow triangles, impactors; pink diamonds, DustTraks; 
black dot, dispersion point; black rectangle, obstacle. Axes are distance (m). 
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FIG. 83. Arrangement of filters, detectors and obstacles on the test polygon for Test 5/3P (4 May 2010). 

 

 

 

 

FIG. 84. Dimensions of obstacle used in Test 5/3P (4 May 2010) and Test 6/4P (22 June 2010). 
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FIG. 85. Experimental layout for Test 6 (22 June 2010). Blue squares, ground filters; red circles, 
vertical columns; green triangles, aerosol samplers; yellow triangles, impactors; pink diamonds, 
DustTraks; black dot, dispersion point; black rectangle, obstacle. Axes are distance (m). 
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FIG. 86. Arrangement of filters, detectors and obstacles on the test polygon for Test 6/4P 
(22 June 2010). 

 

 

I.7. DATA FOR COMPARISON WITH MODEL PREDICTIONS 

The measured surface contamination for Tests 5 and 6 was not available to modellers during 
the exercise. These measurements are provided in Tables 29 and 30 above. 

I.8. ADDITIONAL MODELLING ACTIVITIES 

As described previously [6], additional modelling activities can be carried out for any of the 
field tests, using the measurements of dose rate or surface activity. Possible activities include 
estimation of the source term from available measurements, validation of location factors, and 
use of data assimilation to improve initial model predictions. 
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APPENDIX II. SUPPLEMENTARY INFORMATION FOR THE 
FUKUSHIMA EXERCISE 

Tables 31–33 provide supplementary information that complements the information relating to 
the Fukushima exercise that have been included in Section 5 of this publication.  

 

TABLE 31. DEPOSITION AND POPULATION DATA FOR THE TEST SITE (500 m 
MESH) 

Data 
Number 

of cell 
Mesh ID 

Coordinates 
(x,y) 

Deposition of 137Cs as of 
14 June 2011 (Bq/m2)a 

Population 

1 5540_7769_3 (15,1) 3.2 × 105 33 
2 5540_7769_4 (16,1) 3.2 × 105 17 
7 5540_7778_3 (13,3) 2.4 × 105 5 
8 5540_7778_4 (14,3) 2.4 × 105 0 
4 5540_7779_1 (15,2) 2.4 × 105 0 
5 5540_7779_2 (16,2) 3.2 × 105 0 
9 5540_7779_3 (15,3) 4.9 × 105 0 

10 5540_7779_4 (16,3) 4.9 × 105 0 
27 5540_7785_4 (8,5) 4.4 × 104 0 
15 5540_7786_2 (10,4) 4.4 × 104 0 
28 5540_7786_3 (9,5) 4.4 × 104 0 
29 5540_7786_4 (10,5) 4.4 × 104 0 
16 5540_7787_1 (11,4) 4.4 × 104 0 
17 5540_7787_2 (12,4) 4.4 × 104 0 
30 5540_7787_3 (11,5) 4.4 × 104 0 
31 5540_7787_4 (12,5) 4.4 × 104 0 
18 5540_7788_1 (13,4) 2.4 × 105 0 
19 5540_7788_2 (14,4) 4.9 × 105 0 
32 5540_7788_3 (13,5) 4.4 × 104 7 
33 5540_7788_4 (14,5) 4.9 × 105 0 
20 5540_7789_1 (15,4) 4.9 × 105 0 
21 5540_7789_2 (16,4) 4.9 × 105 0 
34 5540_7789_3 (15,5) 4.9 × 105 0 
35 5540_7789_4 (16,5) 4.9 × 105 52 
41 5540_7795_1 (7,6) 2.8 × 104 0 
42 5540_7795_2 (8,6) 4.4 × 104 0 
56 5540_7795_3 (7,7) 2.8 × 104 0 
57 5540_7795_4 (8,7) 7.4 × 105 0 
43 5540_7796_1 (9,6) 4.4 × 104 0 
44 5540_7796_2 (10,6) 4.4 × 104 0 
58 5540_7796_3 (9,7) 7.4 × 105 0 
59 5540_7796_4 (10,7) 7.4 × 105 0 
45 5540_7797_1 (11,6) 4.4 × 104 0 
46 5540_7797_2 (12,6) 4.4 × 104 25 
60 5540_7797_3 (11,7) 7.4 × 105 0 
61 5540_7797_4 (12,7) 7.4 × 105 32 
47 5540_7798_1 (13,6) 4.9 × 105 11 
48 5540_7798_2 (14,6) 4.9 × 105 68 
62 5540_7798_3 (13,7) 5.3 × 105 37 
63 5540_7798_4 (14,7) 4.9 × 105 4 
49 5540_7799_1 (15,6) 4.9 × 105 55 
50 5540_7799_2 (16,6) 4.9 × 105 125 
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TABLE 31. DEPOSITION AND POPULATION DATA FOR THE TEST SITE (500 m 
MESH) (cont.) 

Data 
Number 

of cell 
Mesh ID 

Coordinates 
(x,y) 

Deposition of 137Cs as of 
14 June 2011 (Bq/m2)a 

Population 

64 5540_7799_3 (15,7) 4.9 × 105 10 
65 5540_7799_4 (16,7) 4.9 × 105 135 
3 5541_7060_3 (17,1) 3.2 × 105 0 
6 5541_7070_1 (17,2) 1.4 × 105 0 
11 5541_7070_3 (17,3) 1.4 × 105 5 
12 5541_7070_4 (18,3) 1.4 × 105 21 
13 5541_7071_3 (19,3) 1.3 × 105 0 
14 5541_7071_4 (20,3) 1.3 × 105 0 
22 5541_7080_1 (17,4) 1.4 × 105 23 
23 5541_7080_2 (18,4) 1.4 × 105 95 
36 5541_7080_3 (17,5) 1.4 × 105 47 
37 5541_7080_4 (18,5) 1.4 × 105 77 
24 5541_7081_1 (19,4) 1.4 × 105 0 
25 5541_7081_2 (20,4) 1.4 × 105 0 
38 5541_7081_3 (19,5) 1.4 × 105 2 
39 5541_7081_4 (20,5) 1.4 × 105 41 
26 5541_7082_1 (21,4) 1.3 × 105 0 
40 5541_7082_3 (21,5) 1.4 × 105 0 
51 5541_7090_1 (17,6) 1.4 × 105 138 
52 5541_7090_2 (18,6) 1.4 × 105 138 
66 5541_7090_3 (17,7) 5.9 × 105 551 
67 5541_7090_4 (18,7) 5.9 × 105 301 
53 5541_7091_1 (19,6) 1.4 × 105 42 
54 5541_7091_2 (20,6) 1.4 × 105 83 
68 5541_7091_3 (19,7) 5.9 × 105 622 
69 5541_7091_4 (20,7) 9.8 × 105 114 
55 5541_7092_1 (21,6) 9.8 × 105 2 
70 5541_7092_3 (21,7) 9.8 × 105 12 
71 5640_0703_2 (4,8) 1.7 × 104 0 
89 5640_0703_3 (3,9) 1.1 × 106 0 
90 5640_0703_4 (4,9) 5.6 × 105 0 
72 5640_0704_1 (5,8) 2.8 × 104 0 
73 5640_0704_2 (6,8) 2.8 × 104 0 
91 5640_0704_3 (5,9) 5.6 × 105 0 
92 5640_0704_4 (6,9) 7.5 × 105 0 
74 5640_0705_1 (7,8) 2.8 × 104 0 
75 5640_0705_2 (8,8) 7.4 × 105 0 
93 5640_0705_3 (7,9) 7.4 × 105 0 
94 5640_0705_4 (8,9) 7.4 × 105 0 
76 5640_0706_1 (9,8) 7.4 × 105 0 
77 5640_0706_2 (10,8) 7.4 × 105 12 
95 5640_0706_3 (9,9) 7.4 × 105 0 
96 5640_0706_4 (10,9) 7.4 × 105 34 
78 5640_0707_1 (11,8) 7.4 × 105 31 
79 5640_0707_2 (12,8) 7.4 × 105 0 
97 5640_0707_3 (11,9) 7.4 × 105 36 
98 5640_0707_4 (12,9) 5.3 × 105 0 
80 5640_0708_1 (13,8) 5.3 × 105 0 
81 5640_0708_2 (14,8) 5.3 × 105 0 
99 5640_0708_3 (13,9) 5.3 × 105 0 

100 5640_0708_4 (14,9) 5.3 × 105 47 
82 5640_0709_1 (15,8) 4.9 × 105 0 
83 5640_0709_2 (16,8) 5.9 × 105 16 

101 5640_0709_3 (15,9) 5.3 × 105 28 
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TABLE 31. DEPOSITION AND POPULATION DATA FOR THE TEST SITE (500 m 
MESH) (cont.) 

Data 
Number 

of cell 
Mesh ID 

Coordinates 
(x,y) 

Deposition of 137Cs as of 
14 June 2011 (Bq/m2)a 

Population 

102 5640_0709_4 (16,9) 5.9 × 105 165 
108 5640_0712_2 (2,10) 1.1 × 106 0 
129 5640_0712_4 (2,11) 5.6 × 105 0 
109 5640_0713_1 (3,10) 5.6 × 105 0 
110 5640_0713_2 (4,10) 5.6 × 105 0 
130 5640_0713_3 (3,11) 5.6 × 105 0 
131 5640_0713_4 (4,11) 5.6 × 105 0 
111 5640_0714_1 (5,10) 5.6 × 105 0 
112 5640_0714_2 (6,10) 7.5 × 105 0 
132 5640_0714_3 (5,11) 7.5 × 105 0 
133 5640_0714_4 (6,11) 7.5 × 105 0 
113 5640_0715_1 (7,10) 7.5 × 105 0 
114 5640_0715_2 (8,10) 7.4 × 105 0 
134 5640_0715_3 (7,11) 7.5 × 105 0 
135 5640_0715_4 (8,11) 7.5 × 105 0 
115 5640_0716_1 (9,10) 7.4 × 105 0 
116 5640_0716_2 (10,10) 7.4 × 105 1 
136 5640_0716_3 (9,11) 7.4 × 105 0 
137 5640_0716_4 (10,11) 7.4 × 105 0 
117 5640_0717_1 (11,10) 7.4 × 105 0 
118 5640_0717_2 (12,10) 5.3 × 105 0 
138 5640_0717_3 (11,11) 7.4 × 105 0 
139 5640_0717_4 (12,11) 5.3 × 105 0 
119 5640_0718_1 (13,10) 5.3 × 105 0 
120 5640_0718_2 (14,10) 5.3 × 105 0 
140 5640_0718_3 (13,11) 5.3 × 105 0 
141 5640_0718_4 (14,11) 5.3 × 105 10 
121 5640_0719_1 (15,10) 5.3 × 105 45 
122 5640_0719_2 (16,10) 5.3 × 105 21 
142 5640_0719_3 (15,11) 5.3 × 105 13 
143 5640_0719_4 (16,11) 1.7 × 105 247 
150 5640_0722_1 (1,12) 5.6 × 105 0 
151 5640_0722_2 (2,12) 5.6 × 105 0 
172 5640_0722_3 (1,13) 5.6 × 105 0 
173 5640_0722_4 (2,13) 5.6 × 105 0 
152 5640_0723_1 (3,12) 5.6 × 105 0 
153 5640_0723_2 (4,12) 5.6 × 105 0 
174 5640_0723_3 (3,13) 5.6 × 105 0 
175 5640_0723_4 (4,13) 5.6 × 105 0 
154 5640_0724_1 (5,12) 7.5 × 105 0 
155 5640_0724_2 (6,12) 7.5 × 105 0 
176 5640_0724_3 (5,13) 7.5 × 105 0 
177 5640_0724_4 (6,13) 7.5 × 105 0 
156 5640_0725_1 (7,12) 7.5 × 105 0 
157 5640_0725_2 (8,12) 7.5 × 105 0 
178 5640_0725_3 (7,13) 7.5 × 105 0 
179 5640_0725_4 (8,13) 7.5 × 105 0 
158 5640_0726_1 (9,12) 7.5 × 105 0 
159 5640_0726_2 (10,12) 7.4 × 105 0 
180 5640_0726_3 (9,13) 7.5 × 105 0 
181 5640_0726_4 (10,13) 7.9 × 105 0 
160 5640_0727_1 (11,12) 7.9 × 105 0 
161 5640_0727_2 (12,12) 7.9 × 105 0 
182 5640_0727_3 (11,13) 7.9 × 105 0 
183 5640_0727_4 (12,13) 7.9 × 105 31 
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TABLE 31. DEPOSITION AND POPULATION DATA FOR THE TEST SITE (500 m 
MESH) (cont.) 

Data 
Number 

of cell 
Mesh ID 

Coordinates 
(x,y) 

Deposition of 137Cs as of 
14 June 2011 (Bq/m2)a 

Population 

162 5640_0728_1 (13,12) 5.3 × 105 22 
163 5640_0728_2 (14,12) 1.7 × 105 26 
184 5640_0728_3 (13,13) 7.9 × 105 26 
185 5640_0728_4 (14,13) 1.7 × 105 41 
164 5640_0729_1 (15,12) 1.7 × 105 24 
165 5640_0729_2 (16,12) 1.7 × 105 161 
186 5640_0729_3 (15,13) 1.7 × 105 310 
187 5640_0729_4 (16,13) 1.7 × 105 617 
194 5640_0732_1 (1,14) 5.6 × 105 0 
195 5640_0732_2 (2,14) 5.6 × 105 0 
216 5640_0732_3 (1,15) 5.6 × 105 2 
217 5640_0732_4 (2,15) 5.6 × 105 0 
196 5640_0733_1 (3,14) 5.6 × 105 0 
197 5640_0733_2 (4,14) 7.5 × 105 0 
218 5640_0733_3 (3,15) 5.6 × 105 0 
219 5640_0733_4 (4,15) 7.5 × 105 0 
198 5640_0734_1 (5,14) 7.5 × 105 0 
199 5640_0734_2 (6,14) 7.5 × 105 0 
220 5640_0734_3 (5,15) 7.5 × 105 0 
221 5640_0734_4 (6,15) 7.5 × 105 0 
200 5640_0735_1 (7,14) 7.5 × 105 0 
201 5640_0735_2 (8,14) 7.5 × 105 0 
222 5640_0735_3 (7,15) 7.5 × 105 0 
223 5640_0735_4 (8,15) 7.5 × 105 2 
202 5640_0736_1 (9,14) 7.5 × 105 0 
203 5640_0736_2 (10,14) 8.9 × 105 5 
224 5640_0736_3 (9,15) 9.1 × 105 13 
225 5640_0736_4 (10,15) 8.9 × 105 30 
204 5640_0737_1 (11,14) 7.9 × 105 1 
205 5640_0737_2 (12,14) 7.9 × 105 28 
226 5640_0737_3 (11,15) 8.9 × 105 77 
227 5640_0737_4 (12,15) 7.9 × 105 66 
206 5640_0738_1 (13,14) 7.9 × 105 30 
207 5640_0738_2 (14,14) 1.7 × 105 213 
228 5640_0738_3 (13,15) 7.9 × 105 56 
229 5640_0738_4 (14,15) 7.9 × 105 21 
208 5640_0739_1 (15,14) 1.7 × 105 383 
209 5640_0739_2 (16,14) 1.7 × 105 720 
230 5640_0739_3 (15,15) 1.7 × 105 286 
231 5640_0739_4 (16,15) 1.7 × 105 923 
239 5640_0742_2 (2,16) 5.6 × 105 0 
260 5640_0742_4 (2,17) 5.6 × 105 0 
240 5640_0743_1 (3,16) 5.6 × 105 0 
241 5640_0743_2 (4,16) 7.5 × 105 0 
261 5640_0743_3 (3,17) 5.6 × 105 0 
262 5640_0743_4 (4,17) 7.5 × 105 0 
242 5640_0744_1 (5,16) 7.5 × 105 0 
243 5640_0744_2 (6,16) 7.5 × 105 0 
263 5640_0744_3 (5,17) 7.5 × 105 0 
264 5640_0744_4 (6,17) 7.5 × 105 0 
244 5640_0745_1 (7,16) 7.5 × 105 0 
245 5640_0745_2 (8,16) 7.5 × 105 0 
265 5640_0745_3 (7,17) 7.5 × 105 0 
266 5640_0745_4 (8,17) 7.5 × 105 0 
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TABLE 31. DEPOSITION AND POPULATION DATA FOR THE TEST SITE (500 m 
MESH) (cont.) 

Data 
Number 

of cell 
Mesh ID 

Coordinates 
(x,y) 

Deposition of 137Cs as of 
14 June 2011 (Bq/m2)a 

Population 

246 5640_0746_1 (9,16) 9.1 × 105 53 
247 5640_0746_2 (10,16) 9.1 × 105 80 
267 5640_0746_3 (9,17) 9.1 × 105 0 
268 5640_0746_4 (10,17) 9.1 × 105 62 
248 5640_0747_1 (11,16) 9.1 × 105 122 
249 5640_0747_2 (12,16) 9.1 × 105 87 
269 5640_0747_3 (11,17) 9.1 × 105 16 
270 5640_0747_4 (12,17) 9.1 × 105 1 
250 5640_0748_1 (13,16) 7.9 × 105 127 
251 5640_0748_2 (14,16) 1.6 × 106 22 
271 5640_0748_3 (13,17) 9.1 × 105 9 
272 5640_0748_4 (14,17) 1.6 × 106 22 
252 5640_0749_1 (15,16) 1.6 × 106 158 
253 5640_0749_2 (16,16) 1.6 × 106 494 
273 5640_0749_3 (15,17) 1.6 × 106 78 
274 5640_0749_4 (16,17) 1.6 × 106 20 
281 5640_0753_2 (4,18) 7.5 × 105 0 
282 5640_0754_1 (5,18) 7.5 × 105 0 
283 5640_0754_2 (6,18) 7.5 × 105 0 
297 5640_0754_4 (6,19) 3.4 × 105 0 
284 5640_0755_1 (7,18) 3.4 × 105 0 
285 5640_0755_2 (8,18) 3.4 × 105 0 
298 5640_0755_3 (7,19) 3.4 × 105 0 
299 5640_0755_4 (8,19) 3.4 × 105 0 
286 5640_0756_1 (9,18) 3.4 × 105 0 
287 5640_0756_2 (10,18) 9.1 × 105 36 
300 5640_0756_3 (9,19) 3.4 × 105 0 
301 5640_0756_4 (10,19) 3.4 × 105 28 
288 5640_0757_1 (11,18) 9.1 × 105 12 
289 5640_0757_2 (12,18) 9.1 × 105 0 
302 5640_0757_3 (11,19) 3.4 × 105 0 
303 5640_0757_4 (12,19) 9.1 × 105 15 
290 5640_0758_1 (13,18) 9.1 × 105 19 
291 5640_0758_2 (14,18) 1.6 × 106 144 
304 5640_0758_3 (13,19) 9.1 × 105 69 
292 5640_0759_1 (15,18) 1.6 × 106 0 
293 5640_0759_2 (16,18) 1.6 × 106 0 
84 5641_0000_1 (17,8) 5.9 × 105 110 
85 5641_0000_2 (18,8) 5.9 × 105 378 

103 5641_0000_3 (17,9) 5.9 × 105 306 
104 5641_0000_4 (18,9) 5.9 × 105 734 
86 5641_0001_1 (19,8) 9.8 × 105 526 
87 5641_0001_2 (20,8) 9.8 × 105 249 

105 5641_0001_3 (19,9) 9.8 × 105 209 
106 5641_0001_4 (20,9) 9.8 × 105 93 
88 5641_0002_1 (21,8) 9.8 × 105 23 

107 5641_0002_3 (21,9) 9.8 × 105 21 
123 5641_0010_1 (17,10) 5.9 × 105 172 
124 5641_0010_2 (18,10) 9.8 × 105 156 
144 5641_0010_3 (17,11) 1.1 × 106 194 
145 5641_0010_4 (18,11) 1.1 × 106 6 
125 5641_0011_1 (19,10) 9.8 × 105 160 
126 5641_0011_2 (20,10) 9.8 × 105 16 
146 5641_0011_3 (19,11) 9.8 × 105 290 
147 5641_0011_4 (20,11) 9.8 × 105 11 
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TABLE 31. DEPOSITION AND POPULATION DATA FOR THE TEST SITE (500 m 
MESH) (cont.) 

Data 
Number 

of cell 
Mesh ID 

Coordinates 
(x,y) 

Deposition of 137Cs as of 
14 June 2011 (Bq/m2)a 

Population 

127 5641_0012_1 (21,10) 9.8 × 105 1 
128 5641_0012_2 (22,10) 9.8 × 105 0 
148 5641_0012_3 (21,11) 9.8 × 105 43 
149 5641_0012_4 (22,11) 9.8 × 105 0 
166 5641_0020_1 (17,12) 1.1 × 106 38 
167 5641_0020_2 (18,12) 1.1 × 106 78 
188 5641_0020_3 (17,13) 1.1 × 106 114 
189 5641_0020_4 (18,13) 1.1 × 106 135 
168 5641_0021_1 (19,12) 1.1 × 106 169 
169 5641_0021_2 (20,12) 1.1 × 106 76 
190 5641_0021_3 (19,13) 1.1 × 106 101 
191 5641_0021_4 (20,13) 1.1 × 106 50 
170 5641_0022_1 (21,12) 1.1 × 106 46 
171 5641_0022_2 (22,12) 1.1 × 106 0 
192 5641_0022_3 (21,13) 1.1 × 106 36 
193 5641_0022_4 (22,13) 1.1 × 106 0 
210 5641_0030_1 (17,14) 1.1 × 106 335 
211 5641_0030_2 (18,14) 1.1 × 106 52 
232 5641_0030_3 (17,15) 1.1 × 106 555 
233 5641_0030_4 (18,15) 1.1 × 106 67 
212 5641_0031_1 (19,14) 1.1 × 106 45 
213 5641_0031_2 (20,14) 1.1 × 106 79 
234 5641_0031_3 (19,15) 1.1 × 106 28 
235 5641_0031_4 (20,15) 1.1 × 106 71 
214 5641_0032_1 (21,14) 1.1 × 106 14 
215 5641_0032_2 (22,14) 1.1 × 106 0 
236 5641_0032_3 (21,15) 1.1 × 106 99 
237 5641_0032_4 (22,15) 1.1 × 106 28 
238 5641_0033_3 (23,15) 5.1 × 106 0 
254 5641_0040_1 (17,16) 5.0 × 106 362 
255 5641_0040_2 (18,16) 5.0 × 106 137 
275 5641_0040_3 (17,17) 5.0 × 106 4 
276 5641_0040_4 (18,17) 5.0 × 106 8 
256 5641_0041_1 (19,16) 5.0 × 106 3 
257 5641_0041_2 (20,16) 5.0 × 106 21 
277 5641_0041_3 (19,17) 5.0 × 106 0 
278 5641_0041_4 (20,17) 5.0 × 106 2 
258 5641_0042_1 (21,16) 5.1 × 106 53 
259 5641_0042_2 (22,16) 5.1 × 106 22 
279 5641_0042_3 (21,17) 5.1 × 106 1 
280 5641_0042_4 (22,17) 5.1 × 106 41 
294 5641_0050_2 (18,18) 5.0 × 106 1 
295 5641_0051_1 (19,18) 5.0 × 106 0 
296 5641_0051_2 (20,18) 5.1 × 106 8 

a 137Cs deposition was not measured within each 500 m mesh; the closest measurement point to the center of each 
500 m mesh was identified, and that measurement was assigned for that mesh. 
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APPENDIX III. DESCRIPTIONS OF MODELS 

This Appendix includes descriptions for the following models used in the exercises described 
in this report: URD, SPRAY, CERES CBRN-E, RASCAL 3.0.5, ARTM, LASAIR (as applied 
for the Šoštanj exercise), and NFS_VINCA. Other models used in these exercises are 
described in the EMRAS II report [6] or in the text of the current report; these include 
ADDAM/CSA-ERM, LASAIR (as applied for other exercises), ERMIN, and JAEA. A 
complementary Electronic Appendix, which is in the format of an Excel workbook with a 
separate page (worksheet) for each model, plus a table comparing major features or attributes 
of all of the included models, is also available. 

III.1. DESCRIPTION OF URBAN RELEASE DISPERSION MODEL (URD) 

III.1.1. Model description 

III.1.1.1. Mathematical basis 

The Urban Release Dispersion Model (URD), developed by Technical University of Denmark 
(DTU-RISØ), is a Gaussian Puff model which employs high resolution parameterizations as 
described in Ref. [64]. It empirically accounts for the effects of buildings on dispersion by 
reducing the extent of large scale horizontal dispersion, whilst increasing the effects of small 
scale dispersion and increasing the persistency of the plume within the stagnant zones [65]. 

This model is currently incorporated with the Danish Decision Support System: Accident 
Reporting and Guidance Operating System (ARGOS). It can be used either as a coupled urban 
dispersion model with another larger scale dispersion model, the RISØ Mesoscale Puff 
(RIMPUFF) model, or on its own.  

III.1.1.2. Input parameters 

Weather: The URD model is able to take in either time varying or constant weather 
information. It needs temperature at 2 m height and 0 m (ground level).  

Source: The URD model characterizes the source resulting from an explosion (e.g. dirty bomb) 
via a vertical aerosol particle cloud. This vertical cloud consists of a number of smaller aerosol 
particle clouds at various heights. The concentration distribution of aerosol particles in each of 
these ‘smaller aerosol particle clouds’ is described by a Gaussian distribution. The aerosol 
particles may be monodispersed (single size) or poly-dispersed (various sizes of differing 
abundance for each size bin).  

Building Geometry: The URD model is able to incorporate urban geometries in a shapefile 
format; this refers to a geospatial vector data format for geographic information system (GIS) 
characterization.  

III.1.1.3. Output 

The URD model is able to provide output in terms of Bq per unit area or volume and dose rate, 
with the dose arising from ground contamination and airborne contamination. 

III.1.1.4. Mode and scope of use 

The URD model is currently under evaluation by the Defence Science Organisation National 
Laboratories, Singapore. The model is not yet operational in Singapore (at the time of writing). 
The parameters used are not operational settings, but default ones set by the developers and 
adapted according to the needs of the specific scenarios. 
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III.1.2. Description and interpretation of Scenario(s): Tests 5 and 6 and modelling 
parameters adopted 

III.1.2.1. Introduction 

Tests 5 and 6 of the short range atmospheric dispersion scenario were modelled, as described 
in Section 2 of this publication. Ground contamination measurements (Bq/m2) were taken 
within a 40 m (x-axis) by 55 m (y-axis) domain (see Fig. 87). The source (99mTc in 6 mL water, 
coupled with a ~1 kg explosive) was located at the origin of the domain (coordinates 0,5 in the 
modelling domain), with most of the measurements placed within 50 m of the ‘projected’ 
downwind distance (in the y direction). An obstacle (dimensions 11 m  2.5 m  3 m) was 
placed 12 m away (in the y direction) from the source. Weather measurements were 
taken at 2 m, 4 m and 10 m heights at 1 minute temporal resolution. No ground level (0 m) 
measurements were taken. 

III.1.2.2. Scenario descriptions 

In Test 5, following the dispersal of ~2 TBq of 99mTc via a ~1 kg explosive, prevailing winds 
(from the north, relative to the domain) advected the plume away from the ‘projected’ 
downwind distance (see Fig. 88, which shows the ground contamination zones, derived through 
the interpolation of measurements). A localized hotspot (~ 1  106 Bq/m2) was also observed, 
shown as a red zone in Fig. 88. 

In Test 6, following the dispersal of ~2 TBq of 99mTc via ~ 1 kg explosive, variable winds 
advected the plume in various directions. Thus, the plume did not advect in any general 
direction, as seen in the 1  104 Bq/m2 light blue zone (see Fig. 89, which shows the ground 
contamination zones, derived through the interpolation of measurements). A localized hotspot 
(~1  105 Bq/m2) was observed (red zone). In the Northeast direction, a slightly elevated zone 
of > 3  104 Bq/m2 (coloured green) is observed, suggesting a more prolonged plume dispersal 
in that direction. 

III.1.2.3. Scenario interpretation and parameters adopted 

 Model Parameters: 
 No modifications were made to the URD model. 
 Two scales of simulations were performed: 2 km  2 km scale at 10 m resolution to 

obtain the overall plume direction, and 40 m  60 m scale at 1 m resolution for 
submission to Working Group for comparisons with measurements. 

 Weather: 
 Winds measured at 10 m height at 1 minute temporal resolution were used to drive the 

model, as they were taken to be the most representative of the prevailing winds driving 
the plume, as they were least affected by the ground level turbulence, compared with 
the lower level measurements (2 m and 4 m).  

 As no ground temperature measurements were taken, the 2 m temperature was 
incorporated, with the ground temperature taken to be the same as that at 2 m. 

 Source: 
 The aerosol particle size distribution at the source was derived from previous 

measurements taken near the source (Appendix I), where 99mTc was dispersed in a 
similar experiment. 
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FIG. 87. Experimental domain of Tests 5 and 6(Appendix III). (Points of Interest: Back dot: source, 
Black rectangle: obstacle, Blue squares: Ground contamination measurements). 

 

 

 

FIG. 88. Test 5 ground contamination (Bq/m2) derived from measurements. 

 

 Y 

 

 

 

 

 

 

 



 

176 

 

FIG. 89. Test 6 Ground Contamination (Bq/m2) derived from measurements. 

 
 The vertical cloud at the source was taken to be 11 m high. The aerosol particles were 

assumed to be equally distributed within the cloud. The cloud was assumed to be 
composed of 5 initial puffs of the same size, stacked on one another.  

 The localized dynamics of the ballistic particles arising from the explosion were not 
modelled. All particles were assumed to be airborne within the vertical cloud at the 
source. 

 Urban Geometry: 
 To account for the effects of buildings, an urban geometry shapefile (*.shp) format 

was incorporated. 

Note that only one attempt at simulation was done for each test case; these were submitted in 
June 2015 as a ‘blind test’, in exchange for measurement data for both test cases.  

III.1.3. Results and discussion/evaluation 

III.1.3.1. Test 5 results 

The general direction of the modelled plume (see Fig. 90) is consistent with the prevailing 
‘north-easterly’ wind direction, similar to the zoning derived from measurements (see Fig. 88 
above). The extent of the 10 000 Bq/m2 ground deposition zone is similar to what was obtained 
through measurements. 

Observing the modelled plume within the 40 m  60 m domain (see Fig. 91), a hotspot of 
1 000 000 Bq/m2 was present, similar in magnitude to that obtained from measurements (see 
Fig. 88 above). However, the regular ‘Gaussian-like’ shape of the modelled hotspot differs from 
the irregular hotspot zone obtained from the measurements. 

III.1.3.2. Test 6 results 

Owing to the variable wind direction during the period of dispersal, the modelled plume (see 
Fig. 92) was not dispersed along a prevailing direction (as also shown in Fig. 89, derived from 
measurements), although the modelled higher concentration zones (> 10 000 Bq/m2) were 
dispersed towards the northeasterly direction. 
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FIG. 90. Modelling results for Test 5 (2 km by 2 km). 

 

 

 

 

FIG. 91. Modelling results for Test 5 (40 m by 60 m). 
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FIG. 92. Modelling results for Test 6 (2 km by 2 km). 

 

 

 

 

FIG. 93. Modelling results for Test 6 (40 m by 60 m). 
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Observing the modelled plume within the 40 m  60 m domain (see Fig. 93), a hotspot of 
100 000 Bq/m2 was present, similar in magnitude to that obtained from measurements (see 
Fig 89). However, the regular ‘Gaussian-like’ shape of the modelled hotspot differs from the 
irregular hotspot zone obtained from the measurements. 

III.1.3.3. Discussion and evaluation 

The overall modelled plume direction was qualitatively similar to that obtained from 
measurements, suggesting that the 10 m wind measurements were representative of prevailing 
wind conditions and provided the necessary information for dispersion modelling. However, 
detailed dispersal patterns will necessitate detailed wind field characterization (which could be 
informed by lower level measurements) and will need to be pursued as further work.  

Although the model was able to characterize the overall plume direction and hotspot 
contamination levels at the same order of magnitude as measurements, it was not able to 
characterize the irregular shape and size of the localized hotspot. These localized hotspots were 
likely to be due to the dispersal of the larger particles (> 10 microns) driven by the shorter range 
trajectory of the explosives. The model only assumed an airborne vertical cloud of aerosol 
particles and did not consider the shorter range dynamics of the larger particles. To adequately 
characterize such localized hotspots, detailed dynamics of larger particles need to be considered 
as further work.  

III.1.4. Conclusions and applications 

From this initial study, it was found that the overall plume direction could be modelled 
qualitatively similar to measurements, using wind measurements at 10 m height, suggesting the 
importance of measuring wind conditions at an appropriate height to obtain prevailing wind 
conditions. More detailed characterization of contamination zones due to dispersal of this nature 
would need detailed wind field characterization and detailed modelling of the transport of larger 
particles. 

III.2. DESCRIPTION OF SPRAY 

The name of the model is SPRAY, and its detailed description is given in papers by its authors 
[25, 66]. 

Atmospheric dispersion modelling was made using the AriaIndustry modelling package made 
by Arianet s.r.l. from Milan. The model consists of two main modules, Minerve and Spray. 
Minerve is a 3-D, diagnostic, mass consistent, wind field model. Spray is a numeric Lagrangian 
particle model for dispersion of atmospheric contamination. The models were coupled by MEIS 
modules for automatic input data preparation and modules for results realization and statistical 
elaboration. 

The studies were made using measured release data. Modelling was made using consecutive 
half hour values as a time series, and results were saved as half hour average results in the 
database. The model takes into account a digital model of the terrain heights and CORINE land 
use data. 

The models Spray and Minerve were verified in the past in research studies, all based on the 
‘Šoštanj measuring campaign’ database from 1991, which is adopted in the scientific 
community as one of the suitable databases for complex terrain. Results of verification were 
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published in air contamination papers and book [67–69] and demonstrated that these two 
models are suitable for modelling such complex terrain cases for all stability classes. 

The Lagrangian numerical particle model Spray, coupled with the Minerve 3-D mass consistent 
wind field model and meteorological pre-processor, has the following characteristics (all 
referred to hereafter as the ‘model’): 

 The model takes into account the modelling domain, divided in the horizontal plane into 
100 × 100 grid cells and in the vertical plane into 15 layers in the terrain following 
coordinates. The horizontal size of the grid cell is 150 m × 150 m. The ground level cell 
is 10 m in height, and higher levels have increasingly greater heights. 

 The model is used to process a three-dimensional field in the coordinate system following 
the terrain. 

 The model has appropriate expressions for description of meteorological parameters over 
topography which is less than 100% steep (less than 45 degrees). 

 The model also works using release of 100 000 particles per hour when exploring very 
complex situations. The number of particles emitted per hour is adjusted to the complexity 
of the elaborated situations. 

 The model has the applicability to accumulate particles in the explored domain. It can 
model the accumulation of pollutants below the inversion layer in cases of thermal 
inversion. 

 The model uses a 2-D field of terrain heights taken from the digital model of the terrain 
heights. One value is taken for each horizontal grid cell. 

 The model uses a 2-D field of land use data taken originally from the CORINE land cover 
database for Slovenia. One value is taken for each horizontal grid cell. 

 The effective stack height calculation takes into account a dynamic formulation where 
the plume rise depends on both the atmospheric conditions at the location of the stack, 
and the atmospheric conditions along the path of the plume. 

 Turbulences are calculated in the 3-D field of grid cells. Turbulences are calculated based 
on measured meteorological data and land use data, and are based on Monin Obukhov 
similarity theory [30]. 

 The model is capable of properly simulating intervals with zero wind (calm). For cases 
with a high percentage of calm, appropriate parameterizations that include the 
meandering effect are taken into account. 

 The model recalculates a 2-D field of global solar radiation for a particular ground level 
cell (including terrain slope) based on at least one online measurement of global solar 
radiation in the domain. 

 The model calculates a 2-D field of mixing heights. For unstable atmospheric conditions 
during the morning and afternoon it is computed based on global solar radiation; for stable 
conditions during the night it is computed based on a dynamic formulation using wind 
data and a temperature field. 

Figure 94 shows the modelling domain (15 km × 15 km with the centre at TPPŠ). The red stars 
represent locations of meteorological measuring stations and locations of sources of release as 
seen by the model. The digital model of the terrain heights as seen by the model was slightly 
filtered using a convolution filter. 
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FIG. 94. Šoštanj area (15 km × 15 km with the centre at TPPŠ). Red stars represent locations of 
meteorological measuring stations and locations of sources of release, as seen by the model. 

 

 

The model was chosen for validation for two main reasons: 

 The first version of the model has already been validated on the ‘Soštanj91’ field data set 
[25–27].  

 The model has significantly evolved in recent years. It has moved from research usage to 
usage for operational regulatory purposes [66]. 

The Lagrangian particle dispersion model generates half hour average ground concentration 
fields at the same resolution (150 m) as the meteorological pre-processor. It uses Thomson’s 
1987 scheme with Gaussian random forcing [70]. The number of emitted virtual particles has 
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been set to assure minimum resolution for ground level concentrations less than 1 μg m–3. 
Anfossi’s formulation [71] has been used for plume rise of hot stack plumes where horizontal 
and vertical variations of both mean wind and atmospheric stability have been taken into 
consideration. 

Results from simulations are available in half hour intervals. Each half hour result represents 
the average atmospheric contamination over the complete domain for one half hour interval. 
This result is a 3-D concentration field describing concentrations for each cell of the domain. 

III.3. DESCRIPTION OF CERES CBRN-E 

CERES CBRN-E is an operational computational tool devoted to hazmat atmospheric 
dispersion modelling and impact assessment, gathering several source term models, various 
dispersion approaches (from Gaussian puff to advanced 4-D flow and dispersion computations) 
and health consequence modules adapted respectively to R-N, C or B (radiological-nuclear, 
chemical, or biological) noxious agents. CERES CBRN-E is able to compute atmospheric 
dispersion in complex environments including buildings (industrial sites or urban areas), assess 
the health consequences of the toxic releases on the population and first responders, and deliver 
operational results (e.g. danger zones, intervention zones, etc.) to rescue teams and decision 
makers in less than 15 minutes. 

For the dispersion, CERES CBRN-E has a Lagrangian Particle Dispersion Model developed by 
the CEA and ARIA Technologies. This model is called PMSS, for Parallel Micro Swift Spray 
(PMSS). 

III.3.1. The Lagrangian particle dispersion model PMSS in CERES CBRN-E 

PMSS embedded in CERES is a 3-D Lagrangian particle dispersion model which reproduces 
the transport, dispersion, and dry and wet deposition of airborne chemically inert species 
released in complex meteorological conditions (low windspeed, flow over complex 
topography), often marked by spatial and temporal inhomogeneities of the meteo-diffusive 
variables (e.g. vertical wind shear, breeze due to the presence of terrain discontinuities). In 
addition, it is also possible to reproduce the dispersion of particulate releases, taking into 
account the gravitational vertical settling phenomenon. P-SPRAY can simulate releases from 
point, area or line, continuous and discontinuous sources, as well as exploit the available wind 
and turbulence measurements provided by advanced meteorological instruments. P-SPRAY 
can compute mean and instantaneous concentrations on a 3-D grid defined by the user, 
differentiating the calculation by ‘chemical species’ or by ‘source’. 

The velocity of the particles is mainly characterized by two components: a mean component, 
or ‘transport component’, which is defined by the mean velocity of the local wind, and a 
stochastic component, simulating the dispersion and reproducing the atmospheric turbulence. 
Mean values for wind speed are computed by P-SWIFT, which is external to the code, and 
which is able to build 3-D fields taking into account the presence of topography. P-SWIFT is a 
3-D wind field model for complex terrain. It produces a mass-consistent wind field using data 
from a dispersed meteorological network. Temperature and humidity fields can also be 
interpolated. 

P-SWIFT is designed to rapidly compute wind fields from on-site observations. These comply 
with the first Navier-Stokes equation [13], the mass conservation, to account for terrain effect 
on the flow structure. The influence of atmospheric stability on wind flow over terrain is 
modelled using a weighting factor alpha (ratio of the horizontal wind component to the vertical 
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wind component). If obstacles such as buildings are included in a local scale simulation, their 
influence is modelled using a first guess prescription on the flow structure, and then mass 
consistency and impermeability are applied. 

P-SWIFT and P-SPRAY principles and applications are described in Refs [11, 12]. 

III.3.2. Description of the diagnostic wind field model P-SWIFT 

The wind field interpolation is based on two types of meteorological data that are derived from 
ground station observations (points) and from SODAR measurements (vertical profile).  

The wind, temperature and humidity for the surface layer at above ground height are estimated 
from the ground measurements, corrected mainly by using the roughness length (derived from 
CORINE Land Cover database), the friction velocity and the Monin-Obukhov length [30]. 
Horizontal correction of interpolated data is then made according to the roughness length and 
the height of ground by using the ‘influence–uninfluence’ method. 

The interpolation of surface wind data has been made with the 2-D Cressman method, which is 
based on a weighted interpolation of the measurements according to the distance of the selected 
grid point from the ground station.  

The model uses the vertical wind profiles as source points in order to interpolate the wind on 
vertical grid levels. At upper air levels, the model uses the 2-D Cressman interpolation by level 
method. For grid points lying above the last measurement level, the profile is interpolated 
between the last measurement level and geostrophic wind that represents the flow in the upper 
atmospheric layers. This geostrophic wind is derived from the input data. Each grid level now 
has an interpolated measurement. A Cressman method is then applied to these measurements, 
using a horizontal range. The interpolated wind field is then adjusted by using an 
incompressible continuity equation.  

By using the Moussiopoulos method [72], the model calculates a factor called ‘alpha’ which 
represents the stability of the atmosphere. In a stable situation, alpha tends to zero, the wind 
tends to bypass terrain obstacles, and vertical wind is very weak compared with horizontal wind. 
In unstable situations, the wind tends to cross the obstacle and vertical wind is stronger. Alpha 
tends to 1 in unstable situations. 

The model interpolates the temperature field by using the data from the ground stations (points) 
and SODAR measurements (vertical profiles). The temperature gradient of the first level is 
applied to all grid points located below it. A dry adiabatic gradient is used for grid points above 
the last available measurement level. 

The model also calculates the mixing layer height. In the surface layer the turbulence is 
sufficiently developed that molecular flow can be ignored in the presence of turbulent flows. 
The Monin-Obukhov length [30], the speed and the temperature are estimated. In the boundary 
layer, turbulent fluxes are also linked to vertical gradients of average magnitudes, but the 
vertical resolution is considered sufficient for computing the fluxes which are modelled. 

The turbulent dispersion coefficients are estimated by using the Louis scheme [73], which is 
commonly used in operational models of Météo France and the European Center for Medium-
Range Weather Forecasts (ECMWF). According to this scheme, the turbulent diffusivity 
coefficients are a function of the vertical shear of average horizontal wind and of static stability. 
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III.3.3. Description of the Lagrangian particle model P-SPRAY 

P-SPRAY is a 3-D Lagrangian particle dispersion model. The model determines the random 
motion causing the dispersion thanks to turbulence variables calculated for 3-D fields. Time 
series of Surface Layer and atmospheric Planetary Boundary Layer scale variables (mixing 
layer height, friction velocity and Monin-Obukhov’s length) [30] are provided by the 3-D 
meteorological model P-SWIFT as well as some of turbulence variables (e.g. vertical diffusion 
coefficient, turbulent kinetic energy, horizontal diffusion coefficient, wind speed component). 
P-SPRAY computes the other necessary turbulence variables as the Langrangian times and the 
standard deviation of velocity.  

P-SPRAY takes into account some physical effects affecting the dynamics of the plume from 
buoyant sources. The plume rise is simulated by bulk equations.  

III.3.4. Model characteristics for the Šoštanj Case 

The following characteristics are used by PMSS to compute the dispersion for the two Sostanj 
cases: 

 Southwest point coordinates of the domain in UTM (zone 33) are X = 496.249 m, 
Y = 5128.000. 

 Northeast point coordinates of the domain in UTM (zone 33) are X = 511.250 m, 
Y  = 5142.999 m. 

 Horizontal resolution of grid cells is 100 m by 100 m. 

 There are 25 vertical grid levels following the terrain. The ground level grid is 13 m in 
height, and the last level is 6000 m.  

 Albedo, Bowen factor and roughness height are derived from the CORINE Land Cover 
database. 

 Terrain elevation data come from the SRTM database. 

 Effective height of release is computed with bulk equations which take into account 
dynamic and buoyant sources. Extra velocities of particles are then computed for hot 
sources from a stack. 

 60 particles are emitted per second per release, for a total of about 107 particles. 

 The Lagrangian particle dispersion model computes the average concentration in half 
hour intervals for the 3-D grid. 

III.4. DESCRIPTION OF RASCAL 3.0.5 

The calculations were performed with RASCAL 3.0.5 (Radiological Assessment for 
Consequence Analysis for Windows) [74]. RASCAL was developed for use in consequence 
analysis by the U.S. Nuclear Regulatory Commission. One module in RASCAL 3.0.5 is ‘Source 
Term to Dose’, which estimates: (1) the source terms for a radiological release; (2) the 
atmospheric transport, diffusion, and deposition of radionuclides from the release; and (3) 
location dependent external and internal doses from exposure to the released materials. 

III.4.1. Transport, diffusion 

RASCAL 3.0.5 uses Gaussian models to describe the atmospheric dispersion of radioactive 
materials or chemicals released from nuclear facilities. The NRC has used earlier versions of 
these models in licensing and emergency response calculations, e.g. PAVAN [75], 



 

185 

XOQDOQ [76], MESORAD [77, 78], and RASCAL Versions 2.0 [79] and 3.0 [80]. These 
models produce quick and reasonable estimates of radionuclide concentrations in the 
atmosphere, deposition, and doses, and do so even with limited information on topography and 
meteorology. RASCAL 3.0.5 uses a straight line Gaussian plume model, TADPLUME, for 
locations near the release point; at these distances, travel times are short, and there is little plume 
depletion associated with dry deposition. For longer distances, a Lagrangian-trajectory 
Gaussian puff model, TADPUFF, is used; at the longer distances, temporal or spatial variations 
in meteorological conditions can be significant, as can plume depletion due to dry deposition. 

III.4.2. Model domains 

TADPLUME and TADPUFF use different model domains. The TADPLUME domain is based 
on a polar grid; receptor nodes are placed at 10° intervals on circles at eight radial distances 
which can be adjusted to suit a given problem. The TADPUFF domain is based on a square 
Cartesian grid; receptor nodes are uniformly spaced throughout the domain. The plume model 
thus takes advantage of a higher node density near the release point on the polar grid, while the 
puff model takes advantage of the higher node density in the far field on the Cartesian grid. 

III.4.3. Transport 

III.4.3.1. TADPLUME transport 

TADPLUME is a straight line Gaussian model, meaning that the model assumes straight line 
transport of released material, corresponding to the wind direction at the time and place of 
release. The wind direction is rounded to the closest 10°; thus, the axis of the plume is assumed 
to pass directly over the receptors. Released material is assumed to arrive instantaneously at the 
receptors, i.e. transit time is not considered in that part of the calculation. TADPLUME does 
not account for topography. 

However, transit time (calculated using the wind speed at the release height) is used for 
estimation of the decay of radionuclides between the source and the receptors and also to 
calculate depletion of material in the plume due to dry or wet deposition. The model calculates 
decay at intervals of 5 min, while the entire transit time is used for estimation of depletion. 

III.4.3.2. TADPUFF transport 

Unlike TADPLUME, TADPUFF tracks the movement of each individual puff and calculates 
concentrations and doses based on the positions of the puffs. The model thereby explicitly 
accounts for the transit time in all calculations. The model calculates decay and ingrowth of 
radionuclides at intervals of 5 min; depletion of the puffs due to wet and dry deposition is also 
included in the calculations. TADPUFF may give more realistic patterns of concentrations and 
doses than TADPLUME, since the wind fields used by TADPUFF can be modified to account 
for topography.  

Within TADPUFF, the movement of puffs is assumed to be determined by the wind at the 
center of each puff as it moves through the model domain. Two dimensional (2-D) fields of 
vectors are used to represent the spatial variation of winds; the vectors provide the directions 
and speeds of puff movements. The fields of vectors are updated at intervals of 15 minutes 
based on the available wind data. 
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Calculation of puff movement is a six step process [74]: 

(1) Initial estimates of the direction and speed of the puff movement are based on the current 
position of the puff and the height of the puff above ground, using bilinear interpolation 
of the vectors at the nearest nodes of the vector field; 

(2) Using the initial estimates of direction and speed (Step 1), estimates are made of the puff 
position at the end of the time interval; 

(3) Using the estimated puff position at the end of the time interval (Step 2), new estimates 
are made of the direction and speed of puff movement; 

(4) Using the new estimates of direction and speed of puff movement (Step 3), new estimates 
are made of the puff position at the end of the time interval; 

(5) The end points estimated in Steps 2 and 4 are averaged; 
(6) The final estimate of direction and speed of puff movement is estimated, using the initial 

position of the puff (Step 1) and the estimated average end point (Step 5). 

The meteorological program produces vector fields for a height of 10 m above ground for use 
for ground level releases. For release heights greater than 12 m, wind speed profiles are used to 
adjust the transport speed from 10 m to the height of the puff transport, accounting for both 
surface friction and atmospheric stability. 

III.4.4. Dispersion parameters 

The horizontal dispersion parameters used in TADPLUME and TADPUFF are based on the 
results of a large number of dispersion experiments conducted in the 1950s and 1960s [74]. The 
experiments were conducted over relatively flat terrain; tracer releases ranged from about 
10 min to 1 h in duration, and ground level concentration measurements were made at distances 
ranging from 100 m to several kilometers. Various summaries of dispersion parameters are 
available, including the Pasquill-Gifford curves [81]. 

NRC regulatory guidance includes graphic depiction of these curves, and numerical 
approximations to the curves are included in many NRC computer codes. In RASCAL 3.0.5, 
dispersion parameters are estimated using the same basic algorithms that were used in earlier 
NRC codes (e.g. PAVAN [75], XOQDOQ [76]) and in earlier versions of RASCAL [74]. 
Although these parameterizations are commonly attributed to Eimutis and Konicek [82], the y 
parameterization is properly attributed to Tadmor and Gur [83], and the z parameterization to 
Martin and Tikvart [84]. 

III.4.5. Simulation results for Šoštanj exercise 

RASCAL 3.0.5 is intended for prediction of radionuclide concentrations. For the Šoštanj 
exercise, the calculations were made assuming the release of 131I. Results from RASCAL 3.0.5, 
expressed in Bq s m–3, were converted into µg/m3 using the specific activity of 131I 
(4.59  1015 Bq/g). The resulting values (expressed in µg/m3) were assumed to be applicable 
for the SO2 released from TTPŠ. The results were given as values of concentration in the six 
locations: Graskagora, Topolsica, Velenje, Velikivrh, Zavodnje and Sostanj. 

III.5. DESCRIPTION OF ARTM 

ARTM (Atmospheric Radionuclide Transport Model) was developed for the German Federal 
Office for Radiation Protection (BfS) by the Gesellschaft für Anlagen- und Reaktorsicherheit 
(GRS) based on the AUSTAL2000 program for ‘atmospheric dispersion of substances and 
odorants’ and is currently still under development [85, 86]. Both programs are mathematically 
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based on the Lagrangian particle model following the guidelines of the Association of German 
Engineers (VDI) and the German Technical Instructions on Air Quality Control (TA Luft). 

While AUSTAL2000 is focused on chemical particles and gases released by industrial facilities, 
ARTM was specifically designed for radioactive aerial releases [86]. As such, ARTM provides 
the opportunity to visualize dry and wet deposition of radioactive particles and cloud 
gamma submersion, as well as dose calculations with the dose module DARTM, developed by 
the BfS [86]. 

The GO-ARTM 2.0 version (graphical interface) based on ARTM 2.7.2 (released in 
December 2013) was used for this scenario. Since ARTM was developed as an operational tool 
to calculate atmospheric dispersion for regulatory purposes in Germany, the recent version is 
available only in German, and some internal parameters (e.g. the Coriolis parameter, the 
mixing layer height), are based on empirical values applicable for Germany. Therefore, the 
applicability of the model is limited. 

III.5.1. Input parameters 

In general, the input parameters for ARTM are structured into the following parameter types 
(see Fig. 95 below). 

III.5.1.1. General parameters 

Here the program asks for the name of the project to be inserted. The meteorological data file 
is one of the main components necessary to enable an ARTM run. This file includes wind speed, 
wind direction, the dispersion categories according to Klug/Manier [31], and information on 
the precipitation [86]. As an absolute minimum for ARTM simulations, the last one 
(precipitation) can be neglected, but the other three meteorological parameters are crucial. The 
formatting of such a file is demonstrated in Fig. 96 below. 

An orography file can be read in as well, although this is optional. The model allows simulation 
with or without orographical information. If orographical information is provided, it has to be 
in equidistant form and lie within the Gauß-Krüger coordinate system (defined only for 
Germany and surrounding areas). In order to apply this model to the Šoštanj scenario, some 
adaptions had to be made (Section III.5.2). 

The model also asks for the particle quality, i.e. the number of simulation particles released per 
hour. The standard value at particle quality level 0 is 63 million particles [86]. To decrease 
statistical errors, this number can be raised by increasing the particle quality; each step doubles 
the amount [86]. For the simulations of the Šoštanj scenario, particle quality level 4 with 1.008 
billion particles was chosen. 

The starting random number can also be chosen by the user. Depending on the starting random 
number, the results can have some statistical variation [86]; to keep this variation small, 
multiple starting random numbers were used (Section III.5.2). 
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FIG. 95. ARTM input parameters. 
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FIG. 96. ARTM meteorological data file: Columns 1 and 2 define the station number (this can be 
neglected), Columns 3 to 7 define the date and time (all ARTM meteorological files need to start with 
00:00 hour (midnight), Columns 8, 9, 12, 14, 16 and 18 are quality bits (these can be neglected), Column 
10 is the wind direction in degrees from the north direction, Column 11 is the wind speed in 0.1 m/s, 
Column 13 is the dispersion category according to Klug/Manier [31] (1 = very stable to 6 = very 
unstable), Column 15 defines the mixing layer height (not yet used by ARTM version 2.7.2), and in 
Column 17 the precipitation is taken into account. 
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III.5.1.2. Grid parameters 

The coordinates of the southwestern corner of the whole simulation region has to be inserted in 
the Gauß-Krüger coordinate system. For the adaptions made to enable the Šoštanj scenario, see 
Section III.5.2. The zero point, grid size (maximum, 500 m by 500 m; user defined below the 
maximum), displacement height, and the number of rows and columns of the grid need to be 
defined. ARTM provides the possibility to automatically read in the CORINE land use in order 
to determine the roughness length; however, this option is only implemented for Germany so 
far (Section III.5.2.). 

III.5.1.3. Source parameters 

Here all the coordinates and geometrical extensions of the source(s) can be inserted, as well as 
heat emission, exhaust velocity and temperature, and other source parameters. 

III.5.1.4. Releases 

Here follows a list of the chosen nuclides (101 different radionuclides, in different states or 
sizes) with their release strength in Bq/s per source. 

III.5.1.5. Anemometer parameters 

The coordinates and height of the anemometer have to be defined. 

III.5.1.6. Measurement point parameters 

Up to 50 measurement point can be defined by coordinate and height. Only for these points 
ARTM will create a time series as a result. 

III.5.1.7. Building parameters 

To account for buildings in the model area, ARTM can handle up to 100 buildings. These need 
to be defined by coordinates, length, width, height, and angle from the north direction. 

III.5.1.8. Minimal model input needs 

The minimal needs for the model input are the type of radionuclide and the release strength, 
along with hourly meteorological data including wind speed, wind direction and dispersion 
categories, and the position of the source and the anemometer. Orography, buildings and other 
input parameters are optional and are not needed for a successful run of ARTM, but the 
simulation results can significantly differ if these parameters are included. 

III.5.2. Application of ARTM to the Šoštanj scenario 

Due to the limitations and restrictions listed in Section III.5.1, in order to run the Šoštanj 
scenario with ARTM it was necessary to make several adaptations to the initial scenario data 
set prior to the simulations (described in Section 4.6.4). Adaptions were made with regards to 
the orography, the surface roughness length, and the meteorology: 

III.5.2.1. Adaptations of the orographic data 

The orographic data set provided within the framework of the Šoštanj scenario could not be 
used with the dispersion model in the first simulation trial, as it included inclines that were too 
steep, resulting in an abnormal abortion of the program. 
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Therefore, the orography was not taken from the original Šoštanj data set but was downloaded 
from geocomm.com and a customized adaptation was read in with ARTM. The data from 
geocomm.com has a rather poor resolution (minimum 0.0083°) for the grid size and has a 
non-equidistant grid; therefore, further adaptation and interpolation were needed before the data 
set could be used within ARTM. Due to the interpolation, the resulting adapted orographic map 
has smoother inclines than the originally provided one, but which are still well within the 
limitations for ARTM simulations. 

In order to use the orography, since it was not within the Gauss-Krüger coordinate system 
defined area, a fake Gauss-Krüger coordinate had to be assigned just for the purpose of the map 
being accepted by ARTM. 

III.5.2.2. Manual determination of the overall roughness length 

As ARTM is designed to automatically read the surface roughness for the surroundings of 
nuclear facilities, and the graphical tool to assign surface roughness factors for the simulation 
area is not fully operational, the overall surface roughness was simply given by the value 0.74. 
ARTM rounds this down to 0.5 (unless a non-standard option is chosen), which is the mean 
value of the surface roughness map given in the Šoštanj data set. 

III.5.2.3. Adaptations of the meteorological data 

The data set for Šoštanj also provided meteorological data for the anemometer location as well 
as for each of the measurement locations; the data were provided in 30 minute intervals. In 
order to be of use for ARTM, some adaptations and assumptions had to be applied to these data, 
since ARTM only needs hourly meteorological data, including the dispersion classes according 
to Klug/Manier [31], as input. 

Using the horizontal and vertical wind velocities from the SODAR measurements, the 
dispersion categories (Table 34) were assigned according to the guidelines of the German 
Nuclear Technological Committee (Kerntechnischer Ausschuss) [87].  

In early simulations of the Šoštanj scenario, only the meteorological data of each full hour were 
taken into account for the simulations. As this method does not exactly represent the real case, 
in a second assessment the half hourly values for wind speed and wind direction were added 
via the method for vectorial addition to result in more accurate hourly values for the simulation 
with ARTM. For Case 1 (30 March 1991), additionally different dispersion categories were 
selected based on the Monin-Obukhov length [30], resulting in four different meteorological 
data sets (simulation mode; Section 4.6.4):  

 ‘old’: the hourly values obtained by excluding the half hourly ones, using the dispersion 
categories according to [87]; 

 ‘averaged’: the half hourly values averaged to hourly values by the method of vectorial 
addition, using the dispersion categories according to [87]; 

 ‘new categories’: the hourly values obtained by excluding the half hourly ones, using new 
dispersion categories based on Monin-Obukhov length [30]; 

 ‘averaged and new categories’: the half hourly values averaged to hourly values by the 
method of vectorial addition, using new dispersion categories based on Monin-Obukhov 
length [30]. 
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TABLE 34. DETERMINATION OF THE DISPERSION CATEGORIES BASED ON SODAR 
DATA (TRANSLATED FROM [87]) 

U_mean (m/s) 

Sigma_vertical (m/s) 

Borders of the dispersion categories 

A/B B/C C/D D/E E/F 

0 to 0.9 0.51 0.42 0.32 0.2 0.14 
1 to 1.9 0.55 0.43 0.33 0.2 0.14 
2 to 2.9 0.63 0.47 0.35 0.21 0.15 
3 to 3.9 0.72 0.53 0.38 0.22 0.15 
4 to 4.9 0.83 0.58 0.42 0.22 0.15 
5 to 5.9 0.94 0.66 0.45 0.23 0.16 
6 to 6.9 1.07 0.73 0.49 0.25 0.16 
7 to 7.9 1.2 0.81 0.54 0.26 0.17 
8 to 8.9 1.33 0.89 0.58 0.27 0.18 
9 to 9.9 1.46 0.98 0.63 0.29 0.18 
10 to 10.9 1.59 1.06 0.68 0.31 0.19 
11 to 11.9 1.74 1.15 0.73 0.32 0.2 
12 to 12.9 1.88 1.24 0.79 0.34 0.21 
13 to 13.9 2.03 1.33 0.84 0.36 0.21 
14 to 14.9 2.15 1.42 0.89 0.38 0.22 
15 to 15.9 2.29 1.5 0.94 0.4 0.23 
16 to 16.9 2.44 1.59 1 0.42 0.24 
17 to 17.9 2.58 1.68 1.06 0.44 0.25 
18 to 18.9 2.73 1.77 1.11 0.46 0.26 
19 to 19.9 2.87 1.87 1.17 0.48 0.27 

 

III.6. DESCRIPTION OF LASAIR (MID-RANGE) 

The LASAIR model as used in the short range exercises (see Sections 2 and 3 of this 
publication) was described in an earlier IAEA publication [6]. This section describes the 
application of the LASAIR model for use with the mid-range exercise described in Section 4 
of the present publication. 

LASAIR was developed mainly for the purpose of simulating short term dispersion from 
explosive events. Even though it provides the option to use a continuous release from a stack, 
the different purpose of LASAIR caused certain limitations for simulations such as the Šoštanj 
scenario. In order to run LASAIR successfully on this scenario, several adaptations and 
simplifications had to be made, especially with regards to the source of release, plume rise, the 
duration of release and corresponding duration of the simulation, number of simulation 
particles, height of buildings, and the meteorological data: 

III.6.1. Limitations to the number of sources 

LASAIR can handle only one source per simulation, which is sufficient for Case 1 of the Šoštanj 
scenario (30 March 1991) where only one stack was operating. But for Case 2 (1–2 April 1991), 
where two stacks are operating simultaneously, it is necessary to individually simulate the 
dispersion from each of the two operating stacks and then in the end to add the results from 
both simulations.  
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III.6.2. Manual plume rise calculations 

As plume rise calculation, especially for hot sources such as the thermal power plant in Šoštanj, 
is not implemented in LASAIR, the plume rise has to be added manually to the stack height. 
This can be done only once per simulation, and therefore this is a source of uncertainty in the 
results of the simulations. The plume rise to be used was determined via the calculations given 
in the VDI 3782/3 guidelines based on the dispersion category (as determined already for 
ARTM simulations in Appendix III.5) and the heat emission (Eq. (6)) for each hour of the 
meteorological data set [88]: 

 𝑄 = 𝑐 ∙ 𝑅 ∙ (𝑇 − 𝑇) (6) 

where T and TA (in °C) are the exhaust temperature and the ambient temperature, respectively, 
and cp is the specific heat capacity for pit coal firing [88], with: 

 𝑐 = 1.36 ∙ 10ିଷ𝑀𝑊 ∙ 𝑠 ∙ 𝑚ିଷ ∙ 𝐾ିଵ (7) 

and 
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R, the release volume flux in Eq. (8), is calculated based on the source diameter ds, using the 

given gas flow average value �̇� in m3/h. R can be calculated as in Eq. (9): 
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Depending on Q and on the dispersion class, the plume rise for each hour was calculated. For 
the average plume rise to be used within LASAIR, the average of the individual plume rises 
was taken after ignoring the highest and lowest value each (to decrease the weight of extreme 
values). The final average plume rises for the Šoštanj scenario are given in Table 35. Due to the 
limitation in LASAIR on source heights of a maximum of 300 m, only for Stack 123 on 
30 March 1991 and 2 April 1991 was it possible to insert the actual stack height plus the plume 
rise, since the sum on each of those two days was still below 300 m. For the other cases, the 
maximum value of 300 m was used, which could have affected the accuracy of the model 
results. 

 

 

TABLE 35. DETERMINED PLUME RISE FOR THE INDIVIDUAL STACKS DURING 
THE TWO CASES OF THE ŠOŠTANJ RELEASE SCENARIO AS USED FOR THE INPUT 
INTO LASAIR 

Case Stack 123 (100 m) Stack 5 (230 m) 

Case 1 (30 March) 154.39 m –a 
Case 2 (1 April) 426.77 m 1126.39 m 
Case 2 (2 April) 129.34 m 1007.02 m 

a A dash (–) indicates that no information is available. 
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FIG. 97. LASAIR 3-D model of the Šoštanj power plant in its 1991 configuration. 

 

III.6.3. Adaptation to the maximum simulation time 

In its standard settings, LASAIR is set to a maximum of 8 h to be simulated. However, LASAIR 
was designed to calculate up to one day of dispersion simulation. In order to reach this, the 
parameter file had to be accessed manually, and the maximum simulation time set to 86 400 s. 
For each run of LASAIR it was necessary to load this alternative parameter file instead of the 
standard one. 

III.6.4. Adaptation to the number of simulation particles 

As a standard, LASAIR uses 60 000 simulation particles. In order to deliver comparative results 
to ARTM, which at the lowest level already uses 63 000 000 and at the highest 1 008 000 000 
particles, the particle number in LASAIR was manually set to 1 008 000, equivalent to 0.1% of 
the ARTM value. Higher particle numbers in LASAIR proved to be inefficient, as the 
calculation time and memory needed were orders of magnitude higher. This setting also had to 
be implemented manually into the parameter file. 

III.6.5. Limitations on the height of buildings 

For the simulations where the buildings of the power plant were used, the maximum height of 
200 m for buildings in LASAIR limited the correct implementation of stack 5 with its 230 m 
height (shown in Fig. 97). 

III.6.6. Adaptation of meteorological data 

Since the minimum wind speed LASAIR can accept is 0.5 m/s, every wind speed that was lower 
than that, had to be set at 0.5 m/s. This might introduce another uncertainty to the LASAIR 
results in the time resolution of the peaks. 
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Estimating the deviation for cases where 0.3 or 0.4 m/s had to be adjusted to 0.5 m/s for hourly 
time resolution shows that between 0.3 m/s and 0.5 m/s a difference in covered distance of at 
least 720 m exists, assuming one hour of travel time. At the resolution of the measurement 
locations, which are in a grid of 150 m  150 m, means that for a 5  5 cell grid with 600 m 
width in total, the cloud can be just outside the range due to this adaptation. In time, this can 
shift the peak by around half an hour. 

III.7. DESCRIPTION OF NFS_VINCA MODEL 

The name of the model (computer code) for atmospheric diffusion, consists of the first letters 
of the name of the public company Nuclear Facilities of Serbia and of the geographical name 
of the location where the company is located near Neolithic settlement Vinca near Belgrade. 
The initial version of the model and code was made in the ‘Laboratory for radiation and 
environmental protection’ of Institute of Nuclear Sciences ‘Vinca’ and was based on USNRC 
regulatory guides 1.111 and 1.145 [89, 90]. In further development of the code, the structure of 
the Risø National Laboratory puff model was followed, as well as a number of IAEA 
publications [6, 91–93]. The improved version of the model was used for daily and periodic 
reports of safety of nuclear reactors, ‘RA’ in the Institute of Nuclear Sciences in Vinca. 

The model has two basic modules, one for continuous releases, and one for the case of an instant 
release (explosion) or for a case relating to the time limited, continuous releases at the place of 
an accident. 

Dispersion from continuous sources is modelled using a Gaussian straight line plume concept, 
as well as with the Gaussian puff concept, where continuous releases are viewed as a series of 
discrete volumes (puffs). For continuous, long term releases, using the straight line Gaussian 
concept, the x-axis is oriented downwind and is calculated using Eq. (10): 

 𝐶(𝑥, 𝑦, 𝑧)  =  
ொ

ଶగఙఙ௨
 exp ൬−

ଵ

ଶ

௬మ

ఙ
మ൰ ቄexp ቂ−

ଵ

ଶ

(௭ିு)మ

ఙ
మ ቃ  +  exp ቂ−

ଵ

ଶ

(௭ାு)మ

ఙ
మ ቃቅ (10) 

For short term releases, using the puff concept, the y-axis is oriented to the north (N), and 
Eq. (11) is used: 

𝐶(𝑥, 𝑦, 𝑧, 𝑡) =


ඥ(ଶగ)యఙೣఙఙ

 exp ൜− 
(௫ି௫బ)మ

ଶఙೣ
మ +

(௬ି௬బ)మ

ଶఙ
మ ൨ൠ  × ቄexp ቂ−

(௭ି௭బ)మ

ଶఙ
మ ቃ  +  exp ቂ

(௭ା௭బ)మ

ଶఙ
మ ቃቅ (11) 

where:  

x0, y0, z0 are the coordinates of the center of each individual puff at time t (m);  
x, y, z  are the coordinates of calculation points (m); 
Q  is the source strength (mass or activity per unit time) of a continuous release, with 

units such as t/h or Bq/s);  
q  is the mass or activity in the puff (e.g. t or Bq, corresponding to the units of Q); 
x, y, z are the diffusion parameters in the x, y and z directions (m);  
H   is the height above the calculation point of the plume axis or puff center (m); 
u  is the wind speed at the effective height (m/s). 

Parameters σx, σy, and σz in the model are calculated as Briggs sigma values for continuous 
release, as a function of downwind distance from the source and of atmospheric stability 
(Table 36, see Ref. [94]): 
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TABLE 36. BRIGGS DISPERSION PARAMETERS σy, σz FOR CONTINUOUS RELEASES 
(rural terrain, 102 m ≤ x ≤ 104 m) ([94]) 

Pasquill stability class σy (m) σz (m) 

A 0.22x(1 + 0.0001x)–0.5 0.20x 
B 0.16x(1 + 0.0001x)–0.5 0.12x 
C 0.11x(1 + 0.0001x)–0.5 0.08x(1 + 0.0002x)–0.5 
D 0.08x(1 + 0.0001x)–0.5 0.06x(1 + 0.0015x)–0.5 
E 0.06x(1 + 0.0001x)–0.5 0.03x(1 + 0.0003x)–1 
F 0.04x(1 + 0.0001x)–0.5 0.016x(1 + 0.0003x)–1 

 

In the case of short term releases, the sigma parameters in the puff model use Taylor’s theorem 
[95] and have the following form: 

 𝜎௨  =  ൫𝑣ଶതതത൯
.ହ

𝑡, for 𝑡 ≪  𝜏 (12) 

and 

 𝜎௨  ≅  ൫𝑣ଶതതത𝜏൯
.ହ

𝑡.ହ, for 𝑡 ≫  𝜏 (13) 

where: 

𝜏 is the Lagrangian integral time scale; 
𝑣ଶതതത is the Eulerian velocity variance [96]. 

Each individual puff spreads around its own center in accordance with the change of values for 
the diffusion parameters σpuff, which differ from the diffusion parameters σplume under which the 
plume extends laterally downwind, relative to its axis of propagation (Fig. 98). 

For the case when a continuous release is seen as a series of puffs, it was assumed that σpuff = 
σplume. 

 

 

FIG. 98. Puff modelling principles relevant for dispersion calculations [97]. 
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Both the plume and puff dispersion subroutines of the NFS_Vinca model use modules for: 

 Stability category [98–100]; 

 Effective source height [101]; 

 Modification of height of plume axis or puff centre over calculation points, following 
terrain height [32, 102]; 

 Modification of height for heavy gases and particles [103]; 

 Wind speed at source height (wind power law) [104]; 

 Dry and wet deposition [105–107]; 

 Wind induced resuspension [108]; 

 Dose calculation from inhalation, cloud-shine (submersion) and ground-shine [109]. 
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