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FOREWORD

The TAEA 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 TAEA 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 TAEA 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 wurban
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 Kamenn4, 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 (**™Tc) 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.



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 Sostanj Thermal Power Plant (TPPS) 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



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 ITAEA’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 11
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.






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 I[AEA
Technical Documents (IAEA-TECDOCS). This publication describes the activities of WG2,
the Urban Environments Working Group (Working Group 2).



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



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.



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 (SURO),
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 11
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 (**™Tc) 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 tests') 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/m?) as a
function of distance; (2) time integrated activity concentrations in air (Bq-min-m™) 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.

! 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.



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 time? 14:15 12:06
Time of measurement of *™Tc¢ activity® 11:00 12:00
Activity of ®™Tc (MBq) 2119 2045
Amount of liquid containing the activity 6 mL 6 mL

. Permon 10T Permon 10T

b

Amount and type of explosive used 350 g 350 g

2 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 6*

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

2 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 x 2.5 m x 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.



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 S.L. Chouhan H. Walter B.K. Tay
country Canada Germany Singapore
Type of model Gaussian Lagrangian Gaussian puff

Purpose of model

Domain size

Calibration

Stability classes

Wind speed (m/s)

Wind conditions
(transient or steady
state)

Dry deposition velocity
(m/s)

Source term
partitioning

Column dimensions
(%,y,2)

Surface roughness

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

Time to set up and run
Time to process results
Number of Lagrangian
particles

ADDAM: safety
assessment for accidents;
CSA-ERM, research tool

ADDAM: centerline
from 100 m; CSA-ERM,
fine grid
Tests 1 and 2 [6]

Test 5: Class A
Test 6: Class A

Test 5: 1.44
Test 6: 1.46

4-10 minutes average
(all heights and
locations)

1x10!

b

Height=12.9m
Width=11m
Effective release height =
6.45m

Grass terrain; roughness
length, 0.4 m

< 30 min
< 30 min

Not applicable

Decision support

40 x 40 km?
5 m grid, increasing to
the outside
None

Test 5: Class D
Test 6: Class D

Test 5: 0.5-3.6
Test 6: 0.5-3.6

Transient; time
dependent measurements
at 10 m height
<2.5pum,1x1073
2.5-10 um, 1 x 1072
10-50 um, 5 x 1072
> 50 pm, 2 x 107
Uniformly distributed
within initial cloud

Height=7m
Base=3mx3m
(box shaped)

Test ground, 0.1 m
close vicinity (trees),
1.0 m
obstacles regarded with
actual heights
0-2.5 um, 40%
2.5-10 pm, 40%
10-50 pm, 10%
> 50 pm, 10%
<5 min
<10 min

500 000

Decision support?

2kmx2kmat 10 m
resolution; 40 m x 60 m
at 1 m resolution

None
Not applicable

Time dependent
measurements at 10 m
height
Transient; time

dependent measurements
at 10 m height

Calculated within a
deposition model in
URD

Uniformly distributed
within cloud

Height=11m
5 initial puffs of same
size

Grassland
(roughness = 0.05 m)

<0.39 pm, 40%
0.39-1.3 um, 12%
1.2-0.2 um, 38%
>10.2 pm, 10%

<15 min
<15 min

Not applicable

2 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.

® 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).
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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/m?). 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)? 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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SURO (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 (SURQO) for Test 5. The white dot indicates the dispersion
point, and the black line indicates the cloud axis.
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SURO (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 (SURO) for Test 6. The white dot indicates the dispersion
point, and the black line indicates the cloud axis.
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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/m?, 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 x 10° to 1.4 x10° Bg/m?;
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 x 10° Bg/m?,
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 x 10° to 6.4 x 10° Bg/m?. The measured maximum deposited
activity was 9.6 x 10° Bq/m?, 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 MBgq.

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 AREA® FOR
TEST 5

Coordinates® Maximum Total activity deposited
Model deposited activity within the grid area

X Y (Bg/m?) (MBqg)
Measurements (SURO) 0 3.0 2.1 x10° 202

Model Predictions

ADDAM/CSA-ERM (Chouhan) -5.0 1.0 6.3 x 10° 334
LASAIR (Walter) -1.0 -6.0 5.9 x 10° 67.2
URD (Tay) 6.0 -9.0 1.4 x10° 207

2 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 AREA® FOR
TEST 6

Coordinates® Maximum Total activity deposited
Model deposited activity within the grid area

X Y (Bq/m?) (MBg)
Measurements (SURO) 0 3.0 9.6 x 10° 38.0

Model Predictions

ADDAM/CSA-ERM (Chouhan) 0.5 4.5 5.3 x10° 382
LASAIR (Walter) 3.0 5.5 5.3 x10° 189
URD (Tay) 5.5 -8.5 6.4 % 10° 123

2 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

Profile through maximum Profile through cloud axis
Model Normalized Measured or Normalized Measured or

values predicted values values predicted values

(unitless) (Bq) (unitless) (Bq)

Measurements (SURO) 36.85 7.61 x 10° 97.64 1.20 x 107
ADDAM/CSA-ERM (Chouhan) 10.20 9.41 x 108 10.20 9.41 x 108
LASAIR (Walter) 9.93 5.88 x 10° 9.93 5.88 x 109
URD (Tay) 7.62 1.12 x 107 7.62 1.12 x 107

TABLE 7. PROFILE INTEGRALS OF DEPOSITION FOR TEST 6

Profile through maximum Profile through cloud axis
Model Normalized Measured or Normalized Measured or

values predicted values values predicted values

(unitless) Bq) (unitless) Bq)

Measurements (SURO) 35.08 3.35 x 108 56.12 3.30 x 108
ADDAM/CSA-ERM (Chouhan) 19.94 1.31 x 107 19.94 1.31 x 107
LASAIR (Walter) 24.87 1.31 x 107 24.87 1.31 x 107
URD (Tay) 9.01 477 x 10 9.01 477 x 10
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For Test 5, predicted profile integrals from the dispersion point through the maximum value
ranged from 5.9 x 10° Bq'to 1.1 x 107 Bq, a range of almost a factor of two (see Table 6 above).
The measured profile integral was 7.6 x 10° 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 x 10° Bq to 1.3 x 107 Bq, a range of about a factor of 27 (see Table 7 above).
The measured profile integral was 3.4 x 10° 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 x 10°Bqto 1.1 x 107 Bq, a range of almost a factor of two (see Table 6). The measured
profile integral was 1.2 x 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 x 10° Bq to 1.3 x 107 Bq, a range of about a factor of 27 (see Table 7). The measured
profile integral was 3.3 x 10° 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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Test 5 - Normalised cloud axis profiles - all tested models
1'2 " n 1 L i i 1 i | i i i 1
| — measurement (SURQ)
—— ADDAMICSA-ERM (Chouhan) - Gaussian

14|~ LASAIR (Walter) - Lagrangian =
5 | = URD (Tay) - Gaussian
o
2 0,81 L
T
)
2 06
[}
% = S
C 0,4 [ L
=
2
= 0,24 r
©
<

0

—D,Z T T T T T T T T T
-15 =10 -5 0 5 10 15

distance (m)

FIG. 7. Normalized profiles of the predicted deposition along the cloud axis in comparison with the
measurements for Test 5.

Test 6 - Normalised cloud axis profiles - all tested models
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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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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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FIG. 10. Mass-consistent diagnostic wind field calculated by P-SWIF'T 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 **™Tc;

— 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 Map®) 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 (Iprwnd), 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 zp was assumed to be
zo = 2.0 m in general for the Paris area and zo = 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 um.

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 m?;
(2) Arelease due to 1 kg of explosives.

3 See hitps://www.openstreetmap.org
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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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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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Project: Paris full buildings (UTM32)
Date: 2015-06-18 12:19 LASAIR 4.0.5-000

User: Gerhard Heinrich 88c16693
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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;
Receptor4 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
andy=5412 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 um (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 m?);
(2) Explosion with 1 kg explosives, dimensions of initial volume to be compared:
e CERES, a cylinder with dimensions d = 16 m and h = 37 m, resulting in a volume

V =7439 m3,
e LASAIR, a cube with dimensions 17 m x 17 m x 28 m, resulting in a volume
V =8092 m>.

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:
70 =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 x 5 km?, with a grid resolution of 3 m;

—  LASAIR: model domain of 10 x 10 km?, with a maximum of 40 x 40 km? 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
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FIG. 15. Results for Scenario 1, a continuous release (stack with 5 m height), activity concentrations
(Bq/m?) 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
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FIG. 16. Results for Scenario 2, an explosive release; activity concentrations (Bq/m?>) 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 m? 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 SOSTANJ 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 Sostanj campaign in 1991, which fulfill most needs
and enable a comparative validation of various models.

The Soitanj measurement campaign is a set of measurement and other data, describing three
weeks of detailed monitoring of SO, releases from the Sostanj thermal power plant in Slovenia
(TPPS). 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 SO releases were measured
automatically in half hour intervals directly in the thermal power plant chimneys, while data on
SO, 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 So$tanj 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 SoStanj 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 x 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 ¢ as presented in Eq. (1):

Coneas (£ Crocon (1)} (1)

Using traditional validation methodology, the most common statistical indexes are determined:
the correlation coefficient (1), root mean square error (RMSE), mean fractional bias (MFB),
FACTOR2, mean square error (MSE) and the coefficient of determination (R?).

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

Cmeas(t) measured concentration at time step ¢;
Crecon(t) reconstructed concentration at time step ¢;

Cmeas average measured concentration;

Crecon average reconstructed concentration;

oC standard deviation of (measured or reconstructed) concentrations;
t time step index;

T length of full time interval (number of measured concentrations).
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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.
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FIG. 19. Example of neighbouring cells in position (AH = 1), where the set of neighbourhood
concentrations (NC) consists of 9 cells.

STATION STATION _ STATION
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=] ]
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FIG. 20. Example of neighbouring cells in time (AT = 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).
Crecon(t’m’n);
t—AT <t<t+AT;

m—AH <m<m+ AH;
n—-AH <n<n+AH

NC(t,m,n)=

()
Definitions of variables for determination of the set of neighbourhood concentrations NC:
NC s the set of reconstructed concentrations in the neighbourhood of the station;
t is the time step index;
AT is the length of neighbourhood in time scale (number of time steps);
m s the index (number) of cell in east-west direction;
n is the index (number) of cell in north-south direction;
AH  is the length of neighbourhood in position (space) (number of cells).
CT@COH (t’ m’n);
NC,pition (t,1m,1) =m = AH < m <m + AH;
n—AH <n<n+AH
3)
Coon (£,m,1);
NC.. t, m,n)= recon
e ) {t—AT<t<t+AT @

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 Cgasrecon 1S selected using a best matching
function according to the measured concentration as described in Eq. (5):

CBMrecon (t/m/n): BM(NC(t,m,n)) (5)
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FIG. 21. Example of neighbouring cells in position and time (AH = 1 and AT = 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. SOSTANJ 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 SaleSka 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 (SO7) 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 SO; contamination in the region, where ambient SO»
concentrations higher than 1 mg/m® were measured at surrounding automatic
environmental measuring stations. All other local sources of atmospheric SO»
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
WG@G?2 participants.

4.4.1. Description of the ‘So§tanjo1’ field data set

An experimental measuring campaign (So§tanj91*) 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 Sostanj
(TPPS). The main purpose of the campaign was determination of the environmental impact of
the atmospheric SO, 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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TPPS is located in the centre of Saleska valley, as presented in Fig. 22. In the central part of
Saleska 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 Salegka 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 TPPS, 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 TPPS 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, TPPS 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 TPPS are presented in
Section 4.4.2. Details about the measurements are described in [28].

4.4.2. The complexity of the So$tanj area

The following pictures show the complexity of the meteorology over the Sostanj 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 TTPS 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 Saleska region with locations of automatic environmental stations (from north to south:
Zavodnje, Graska Gora, Topolsica, Sostanj, Velenje, Veliki Vrh) and location of the thermal power plant
Sostanj (TPPS) in the centre (left), and the topography of the region (right).
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FIG. 23. Location of Saleska 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
STATIONS?

Station name
Parameter name . . . . Y us . .
Zavodnje Graska Gora TopolSica Veliki Vrh Sostanj Velenje

Air temperature (°C) X X X X X X
g/eol)atlve humidity X X < < < X
Global solar radiation X
(Watt/m?)

Precipitation (mm) X

Air pressure (mbar) X

Wind velocity (m/s)

and direction (deg) X X X X X X
SO; (ng/m?) X X X X X X
NO (ng/m?) X

NOx (ng/m®) X

O3 (pg/m’) X

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

Static parameters

tack
Stack name Height Diameter Location
Block 1,2,3 100 m 6.50 m 46.373N 15.052E
Block 4 150 m 6.34m 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

Fromw: wimter 1991
Till winter 1993

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

FIG. 27. Area photo of the TPPS (photo: Uro§ Hocevar, 2013).
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FIG. 28. Schematic vertical cross section of the TPPS 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 cover® 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 SO concentration) at half hour intervals for the relevant time period. Participants
were asked to predict the time dependent SO, 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 SO 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
Sostanj 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 SO; 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/m?) 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 SO> concentrations at four
environmental stations at different directions from TPPS, 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 Sostanj 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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