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Abstract

The objective of this article is to investigate the validity of a modeling system
developed for forecasting atmospheric dispersion, the Polyphemus platform, with
a special focus on radionuclides. The platform is brie�y described and model-to-
data comparisons are reported for three cases: the ETEX campaign, the Chernobyl
accident and the Algeciras release. The results are similar to those usually given
in the literature by state-of-the-art models. Some preliminary sensitivity analysis
indicate the main sources for uncertainties.

Introduction

A speci�c �eld of air quality modeling is related to risk assessment
of accidental industrial releases. This concerns point emissions (local
in space and time) of trace species that have zero or low atmospheric
concentrations. In the late 80s and early 90s, considerable e�orts have
been devoted to the development of operational models, especially
after the Chernobyl accident. There are now many available models
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ranging from Gaussian-like models for short-range dispersion (and op-
erational emergency centers, for instance [1,2]) to Lagrangian models
and three-dimensional Eulerian models for long-range dispersion (see
below).

Many models, based on state-of-the-art Chemistry-Transport Models
(the so-called CTMs) have been developed, used or updated in this
context (dispersion of radionuclides at regional scale). Model-to-data
comparisons have been performed with a small set of observational
data (typically the Chernobyl case and the ETEX campaign). Some
model intercomparisons have also been performed (the ATMES exer-
cise for instance, [3]). Among many other models, we can for instance
cite the NAME ([4]), EURAD ([5]) or DREAM ([6]).

Modern numerical systems are supposed to have many features. A fore-
cast has of course to be performed, before all. Many other high-level
applications are also required, especially for risk assessment: getting
an estimation of uncertainties through ensemble modeling or Monte
Carlo simulations, inverse modeling of unknown emissions, data as-
similation of observational data, etc. As such, the numerical model is
only a �small� component of such systems.

The Polyphemus platform has been developed in this context. The
key motivation is a clear partitioning between di�erent tasks: param-
eterizations and preprocessing of meteorological �elds, model drivers
(for forecast, for data assimilation, for ensemble simulations), models
(especially the Chemistry-Transport model Polair3D, [7]) and post-
processing tools (for instance for ensemble statistics). The Polyphe-
mus system has already been used for many applications with a focus
on air quality: sensitivity analysis of ozone with respect to emissions
([8]), evaluation of uncertainties ([9]), inverse modeling of NOx emis-
sions at regional scale ([10]), ensemble forecast for ozone ([11]), mod-
eling of mercury and heavy metals at continental scale ([12,13]), etc.

The objective of this paper is to report preliminary validations of
the Polyphemus platform applied to the dispersion of radionuclides.
Preliminary applications have been performed by former versions of
the Polair3Dmodel (for instance in [14,15] towards the ETEX data).
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As in [16], the case studies are the ETEX campaign, the Chernobyl
accident and the Algeciras release. Notice that this study is a �rst step
before the operational use of the Polyphemus system for the future
emergency system for long-range dispersion of radionuclides at IRSN
(Institute of Radiation Protection and Nuclear Safety).

This paper is organized as follows. Section 1 brie�y describes the
Polyphemus platform with a focus on dispersion of radionuclides.
Sections 2, 3 and 4 detail the applications to the ETEX campaign, the
Chernobyl accident and the Algeciras release, respectively. Model-to-
data comparisons are performed on the basis of available observational
data. Some preliminary sensitivity analysis are also performed in or-
der to underline the robustness and the limitations of the system. The
article ends with a conclusion. Some future planned developments are
also summarized with a focus on aerosol modeling, data assimilation
and ensemble techniques.

1 Description of the Polyphemus platform

1.1 Structure

The Polyphemus platform is made of four components:

• physical parameterizations and preprocessing of input �elds (mete-
orological �elds, boundary conditions and emissions) are performed
with the AtmoData library. The purpose of the AtmoData li-
brary is to perform the preprocessing of input �elds, especially of
meteorological �elds (from Numerical Weather Forecasts or from
mesoscale models). It does not depend on the numerical model.

The outputs are typically the gridded data to be used for the
dispersion: wind �eld V , vertical di�usion Kz, air density ρ and
parameterizations for scavenging processes. These �elds are given
for the grid of the model (in the case of this article: the Chemistry-
Transport Model Polair3D).
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• drivers for high-level uses of models (driver for Monte Carlo simu-
lations, driver for ensemble forecast (similar to [17,18]), driver for
sequential data assimilation, driver for variational data assimilation
[19,20,21]) have been de�ned in order to handle high-level uses of
models. These drivers do not depend on the chosen model. Part of
this level is still a work in progress.

• models (especially the Chemistry-Transport Model Polair3D, [7])
constitute the third level of the system. Other models can be plugged
into the system. This is already the case for Gaussian-like (plume
and pu�) models used for risk modeling.

• the last level is composed of postprocessing tools, especially with
the Python module AtmoPy. This library (which does not depend
on the previous components) performs model-to-data comparisons
and ensemble computations when required (the combination on the
basis of appropriate algorithms of di�erent model outputs).

1.2 The Polair3D Chemistry-Transport Model

The Polair3D CTM is basically a numerical solver of the reactive
dispersion equation for the concentration of the trace species ci (la-
beled with i):

∂ci

∂t
+ div (V∇ci) = div

(
ρK∇

(
ci

ρ

))
− Λs

i ci − Λd
i ci + Si (1)

with Λs
i the wet scavenging coe�cient, Λd

i the radioactive decay and
Si the point source for species i. K is the eddy di�usivity matrix,
supposed to be diagonal. The vertical component is given by Kz (the
default parameterization is the Louis parameterization, [22]). The hor-
izontal component has a constant value KH (in this study, KH = 0).

Some boundary conditions have to be speci�ed, especially at ground:

−Kz∇ci · n = Ei − vdep
i ci (2)

where n is the upward oriented unitary normal vector and Ei is the
surface emissions for species i (0 in this case).
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Polair3D solves the dispersion equation with an operator splitting
method with many available options. In this speci�c case the source
term is linear so there is no impact of the splitting strategy.

The advection step is solved with a third-order Direct Space Time
scheme with a Koren-Sweby limiter function. The three directions are
solved simultaneously. Because of the sharp gradients generated by
the point-wise source, it is important that the advection scheme relies
on a �ux limiter. The di�usion step is solved with an implicit model
(a second-order Rosenbrock method) with a three-points stencil for
spatial discretization. Directional splitting is used. The scavenging step
and the radioactive decay step are solved analytically. The ground
boundary conditions are added to the di�usion step.

We refer to [7] for a deeper description of Polair3D. A general
overview of algorithms is given in [23] and a comprehensive inves-
tigation of numerics in Polair3D may be found in [24].

1.3 Some speci�c parameterizations

1.3.1 Radionuclides

In these �rst applications, the only radionuclides taken into account
are cesium and iodine. Two isotopes of cesium are modeled: 134Cs
and 137Cs. Iodine is known to be in many possible forms (elemental
gas-phase iodine, organic methyliodine or particle-bound iodine). We
only consider one lumped form for 131I. In order to be able to evaluate
radiological consequences (doses), a comprehensive set of radionuclides
will be added in the future.

1.3.2 Gas/aerosol modes

There are two modes of the model con�guration for the dispersion of
radionuclides :

• in a �rst mode, the trace species are supposed to act as gases;
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• in a second mode, some trace species act as monodisperse aerosols.
As such, they have a gravitational settling velocity and speci�c scav-
enging properties as functions of the particle size.

Polair3D may host two aerosol models: MAM, a Modal Aerosol
Model and SIREAM, a Size Resolved Aerosol Model. These mod-
els solve the General Dynamics Equation for aerosols, by taking into
account Brownian coagulation, condensation/evaporation and nucle-
ation. Due to the lack of data for radionuclides, these models are not
used for this application even if the attachment to atmospheric aerosols
is known to be a key process for long-range dispersion ([25]).

1.3.3 Scavenging parameterizations

Resistance models for dry deposition and microphysical parameteriza-
tions for wet scavenging are available in the model. For a preliminary
evaluation of the system, we have chosen to use a simple approach:

• a constant dry deposition velocity vdep = 0.2 cm/s for cesium, vdep =
0.5 cm/s for iodine;

• a scavenging coe�cient parameterized as Λs = ApB
0 with A =

8.10−5, B = 0.8 and p0 the rain intensity (in mm/hr).

We refer to [6,16,26] for comprehensive studies of these parameteriza-
tions.

1.3.4 Radioactive decay

The radioactive decay is only taken into account for the three trace
species. The following values (in s−1) have been used:

Λd
131I = 9.97 × 10−7 , Λd

134Cs = 1.08 × 10−8 , Λd
137Cs = 7.32 × 10−10

(3)
which correspond to lifetimes of 8 days, 2 years and 30 years for 131I,
134Cs and 137Cs, respectively.

In a future version, a comprehensive mechanism for radioactive �l-
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iation will be added thanks to the Bateman's formula, which gives
analytical solutions.

1.4 Operational set-up

The Polyphemus platform will be fully operational at the Crisis
Center of the French Institute of Radiological Protection and Nu-
clear Safety in the beginning of 2007. It will be a component of a
modeling system krX devoted to long-range (the ldX system) short-
range (the pX system) atmospheric dispersion and radiological dose
evaluations. In this con�guration, Polyphemus will be coupled to a
meteorological server which will provide operational forecasting from
Meteo France and ECMWF and detailed forecasting with the MM5
mesoscale model, to be runned on a cluster of 40 processors.

1.5 Statistical indicators

Accidental releases of pollutants are described statistically quite di�er-
ently from di�use pollutants (passive or reactive). This is mainly due
to the obvious statement that the pollutant forms a clear-cut cloud in
the short term. As a consequence the concentration pro�le at a given
station is made up of smoothed peaks giving away the cloud pass-
ings. Therefore statistical indicators measuring the skills of a model
simulating releases should be adequate. Speci�cally classical indicator
such as correlation coe�cients, bias, �gure of merit, normalized mean
square error, should not apply only to concentrations, maximum con-
centrations, or dosage (time-integrated concentrations), but also to
the following relevant observables :

• The arrival time of the cloud which is the �rst time the concentra-
tion in tracer exceeds the background value threshold.

• The arrival time of maximum concentration which measures time
when the maximum concentration at the station occurs.

• The duration coe�cient which is the time spent by the concentration
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at a given station above a threshold.

Qualitative global scatter diagrams can be used on those observables,
as well as the classical statistical indicators mentioned above. A com-
prehensive description of the indicators which were applied to the sim-
ulations can be found in Appendix.

2 Application to the ETEX campaign

2.1 The ETEX campaign

The European Tracer EXperiment (ETEX) is one of the best in-
strumented dispersion experiment at continental scale to date. More-
over, it is well documented ([27], and online documentation : http:
//rem.jrc.cec.eu.int/etex/). It has followed the ATMES (Atmo-
spheric Transport Model Evaluation Study) program, which was in-
tended to test models capabilities to simulate the dispersion of the
radionuclides (131I and 137Cs) released and transported during the
Chernobyl accident. The ETEX experiment was conducted in 1994
by the European Joint Research Centre. It decomposed into two dis-
tinct exercises ETEX-I and ETEX-II. As in many works, applications
to the �rst campaign will be emphasized since the results of the second
experiment are known to be much more di�cult to interpret.

As for ETEX-I, 340 kilograms of Per�uoromethylcyclohexane (PMCH)
were released uniformly from 23/10/1994 1600UTC to 24/10/1994
0350UTC, at Monter�l (Brittany, France, located 48◦03′ N, 2◦00′ W).
This compound was chosen because it is safe, inert, and is hardly
removed by wet scavenging or dry deposition. Besides, it can be mea-
sured down to very low concentration levels. It has a residual back-
ground value in the atmosphere of about 0.05 ng.m−3. At the time of
the release, the meteorological conditions were driven by a depression
over Scotland. The main wind direction was north-east bound.

Many European research teams were involved in taking measurements
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to characterize the dispersion of the PMCH cloud over Europe. 168
WMO stations over 17 countries, owned by the local meteorological
services, participated in the observation campaign, yielding 969 mea-
surements of PMCH concentrations above PMCH background level
and 2136 others (quality control checked) concentrations within the
background PMCH noise level. The results of the experiment were
used to calibrate various atmospheric dispersion models. In particu-
lar, the ATMES II inter-comparison exercise (43 participants) focussed
on ETEX-I. Many modeling and comparison to data results were also
collected in the special issue of Atmospheric Environment, 32, issue
24, 4089�4375, 1998. It was the central topic of the long-range trans-
port, model veri�cation and emergency response which took place in
Vienna in 1997 ([28]).

Alternatively these measurements were used to test source inversion
methods on a real and well instrumented dispersion event. Among
the contributions on the subject [29,30,31,14,32,15], several were using
Polair3D, the CTM of the Polyphemus system.

2.2 Set-up

For the simulation presented here, the domain was chosen large enough
so that outgoing PMCH is not signi�cantly tampering the simulation
for at least several days. The center of the south-west corner cell is at
−20◦W, 36, 05◦N. It was chosen so that the ETEX release point be at
the center of a cell.

The �nest meteorological �elds were provided by the ECMWF at the
resolution 0.5◦× 0.5◦. These are operational �elds. For the purpose of
the simulation ahead, we use ERA-40 �elds, with a lower resolution of
1.125◦×1.125◦, but a greater con�dence (these are re-analyzed �elds).
The time-step is 3 hours.

The resolution of the simulation may di�er from the meteorological
�elds resolution (the meteorological �elds are then interpolated). A
�ner nested Lagrangian model operating in the vicinity of the source
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observable vs. indicator correlation FM NMSE FB

dosage 0.80 0.32 6.27 0.93

arrival time 0.94 0.90 0.13 -0.023

duration 0.74 0.66 0.54 0.11

maximum 0.83 0.37 3.84 0.75

peak time 0.58 0.77 0.92 0.15
Table 1
Statistical indicators for the dosage, arrival time, duration, maximum con-
centration and arrival time of maximum concentrations.
may make a di�erence. For the simulation ahead, the resolution is
chosen to be 0.5◦ × 0.5◦ with a time step ∆t = 600 seconds. The
number of cells is Nx = 137 and Ny = 73.

For this simulation, 12 vertical levels are taken into account, up to
6090 m.

2.3 Results and discussion

We have evaluated our simulation against the observations at stations
with a minimum of 11 measurements. There are 139 such stations.
On Fig. 1, we have plotted the scatter plots for dosage, arrival time,
duration (total time above 0.05 ng.m−3), maximum concentration and
arrival time of maximum concentrations. Unlike the ATMES II exer-
cise, the emphasis is not so much on the concentrations statistics but
rather on the statistics of the observables built on those concentra-
tions, as was advocated in [33]. The statistical indicators which have
been computed for these observables are given in Tab. 1

When considering all concentration measurements of the same 139
stations, the correlation is 0.60, the FM is 0.26, the NMSE is 5.00,
the FB is 0.89. When considering all measurements, the correlation is
0.58, the FM is 0.28, the NMSE is 3.98, the FB is 0.81. These statistics
compare well with state-of-the-art models ([33]).
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Figure 1. Scatter plots of the dosage (top left), arrival time (top right), max-
imum concentration (bottom left) and duration (bottom right) computed
on the set of 139 stations of the ETEX-I release.

However the model is incline to overestimate the station dosages of
PMCH (the fractional bias being 0.93).

3 Application to the Chernobyl accident

An explosive accident took place at the Chernobyl nuclear power plant
unit IV in Ukraine (51◦17′ N, 30◦15′ E) on 25 April 1986 at 2123 UTC.
This accident led to a widespread dispersion of radionuclides in the
atmosphere at the continental scale. Most of the released material was
in particulate form except for noble gases and the majority of iodine.
Radioactivity was measured in many European countries after the
accident.
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3.1 Set-up

3.1.1 Emission data

Contrary to the ETEX campaign, the estimate of the emissions are
still highly uncertain: this concerns the total released activity, the time
distribution (most of the release occurred during the period 25 April-5
May) and the vertical distribution. Notice that the estimation of the
source term has been several times corrected by more than a factor of
two and that [6] reports an uncertainty of at least 50 %.

The key uncertainty is related to the vertical distribution of the emis-
sions: due to the high temperature of the core, the material was as-
sumed to reach heights up to 2000 meters, probably more. The e�ec-
tive release height changed considerably during the release: the initial
explosion lifted material to high altitude while release heights were
probably much lower in the next two weeks.

In our runs we have chosen to follow the recommendations of [34] for
the time distribution and the total released activity, and of [6] for the
vertical distribution. The time evolution and the vertical distribution
we have used are given in Table 2.
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26/4 27/4 28/4 29/4 30/4 1/5 2/5 3/5 4/5 5/5

t 0.40 0.116 0.085 0.058 0.039 0.035 0.058 0.061 0.074 0.074

z1 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

z2 0. 0. 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

z3 0. 0.1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

z4 0. 0.5 0.3. 0.3 0.3 0.3 0.3 0.3 0.3 0.3

z5 0.4 0.4 0. 0. 0. 0. 0. 0. 0. 0.

z6 0.3 0. 0. 0. 0. 0. 0. 0. 0. 0.

z7 0.2 0. 0. 0. 0. 0. 0. 0. 0. 0.

z8 0.1 0. 0. 0. 0. 0. 0. 0. 0. 0.
Table 2
Time and vertical distribution for Chernobyl emission. The levels zi are: 32,
150, 360, 640, 990, 1400, 1800 and 2300 meters.

Even if the radionuclide composition is known to have been very com-
plex, we have chosen to describe only iodine (131I) and cesium (with
the two isotopes 134Cs and 137Cs).

Another key uncertainty is the partitioning among particulate phase
and gaseous form. We refer to [25] for a comprehensive study of the
radioactive particles from the Chernobyl accident. The impact of large
particles (aerodynamic diameters larger than 20 µm) is investigated.
Another interesting feature pointed out by this article is the trade-
o� between e�ective release height higher than usually reported and
vertical upwards motions due to convective cells with rising currents of
warm air (especially during April 26 over Belarus and Baltic states).
Notice that we have not included the description of convective motions
in our dispersion model.
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3.1.2 Meteorological data

Weather conditions during the release are well documented. A high-
pressure center with strong inversion at about 500 meters was active
over the site.

The meteorological data used as inputs for the Polyphemus system
are ERA-40 data from ECMWF with a 1.125◦ × 1.125◦ horizontal
resolution. The time resolution is 3 hours and there are 61 vertical
levels (hybrid coordinates).

In some con�gurations of the runs, we have also used meteorologi-
cal data computed by the MM5 mesoscale model (version v5.2). The
concern was mainly to investigate the sensitivity with respect to rain
intensity and many microphysical schemes parameterizing cloud and
rain processes in MM5 have been tested. For the sake of clarity, the
results are not reported here and we refer to a future paper.

3.1.3 Numerical set-up

The horizontal grid is made of 66×31 cells (1.125◦× 1.125◦ horizontal
resolution). The vertical grid of Polair3D is made of 12 levels with
the following heights of the interfaces: 62, 236, 484, 796, 1184, 1616,
1984, 2616, 3184, 3616, 4384 and 5016 meters. The timestep is 600
seconds.

3.1.4 Measurements

The measured data are provided by the REM-database at the Envi-
ronment Institute (Joint Research Center, Ispra, Italy). They consist
of data from 88 stations. This represents up to 1278 observational
data for cesium and 1333 observational data for iodine (whatever the
measurement duration is). The map of stations is given in Figure 2
(bottom right). The diameter of the circle indicates the magnitude of
the maximal measured value for the station.
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Figure 2. Chernobyl accident: maps of ground concentrations of 137Cs (in
Bq/m3) at 1300 UTC on 26 April (top left), 29 April (top right) and 2 May
(bottom left). The map of stations is given bottom right.

3.2 Results and discussion

Maps of the computed surface concentration of 137Cs are given in
Figure 2 for 26 April, 29 April and 2 May (13:00 UTC), respectively
(one, four and seven days after the start of the release). The plume
location is coherent with the meteorological understanding and with
similar maps reported in the literature.

Model-to-data comparisons are illustrated by Figure 3 with a scatter
plot of 137Cs. The arrival time is well computed as illustrated (notice
that the arrival time is computed for the observational data as the
�rst time for which the observed value is above a given threshold: the
computed arrival time is only de�ned for times with available data).
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Figure 3. Chernobyl accident. Results for the simulation of 137Cs. Scatter
plot for activity concentrations in logarithmic scale (left) and for the arrival
time (right).

This means that when a station indicates for the �rst time radioac-
tivity, the model output also indicates radioactivity. Notice that the
quality of this indicator is not as meaningful as for the ETEX case
(for which the data are available during the whole period).

Speci�c results for each station are available on request (but not re-
ported here due to the length of the table -more than two pages). Some
typical model-to data comparisons are illustrated in Figure 4. Error
statistics are reported in Table 3.

species obs. data obs. mean sim. mean correlation NMSE
131I 1333 3.872 8.142 44.86% 1.397
137Cs 1278 1.103 1.111 45.5% 1.146

Table 3
Error statistics for Chernobyl accident

To date, the most comprehensive modeling studies (up to our knowl-
edge) devoted to the Chernobyl accident are those of [6]. These results
are similar to those obtained in these studies.

Notice that these results are particularly sensitive to the source term.
For instance, with the time distribution used in [6], the correlation for
iodine and cesium is 35 % and 38.5 %.
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Figure 4. Chernobyl accident: concentration of 137Cs activity expressed in
Bq.m−3 as measured (rectangles) and predicted by the model. The solid
line illustrates instantaneous pro�le and diamonds stand for model values
corresponding to the measurements. From left to right and from top to bot-
tom the stations are : Aachen RWTH, Ceske Budejovice, Harwell, Kozanis,
Moravsky Krumlov, Trisaia.
4 Application to the Algeciras release

In late May and early June 1998 monitoring networks of several Eu-
ropean countries detected elevated levels of radioactivity in the atmo-
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sphere. The highest values have been recorded in the south of France
and north of Italy. Several days afterwards it was established that they
resulted from a release that had taken place in a steel mill located in
the south of Spain. The Acerinox furnace planted in between Algeciras
and Gibraltar melted accidentally a radiotherapy source of 137Cs. The
release was quali�ed as incident by the IAEA.

4.1 Set-up

4.1.1 Simulation

To our knowledge, the �rst attempt to simulate consequences of the
incident came from the Lawrence Livermore National Laboratory. On
the basis of model-to-data comparison [35] attempted to establish the
time of the release and the rejected activity. [36] and, to a larger extent,
[26] focused on the in�uence of re�nement of dry and wet deposition
schemes. The latter report presents simulations that took place within
the RTMOD exercise, [37].

The results of the simulation presented in this paper have been ob-
tained with the Polyphemus platform. The domain of computation is
spanned by the intervals [18◦15

′W, 27◦15
′E]× [26◦45

′N, 59◦45
′N]. The

mesh consists of 91 × 66 cells at each of 14 vertical layers. It covers
the location of the accident (5◦26

′W, 36◦10
′N) and extends over the

whole area where the measurements were collected. ECMWF opera-
tional meteorological �elds with spatial resolution of 0.5◦ × 0.5◦ and
6h frequency have been used in this simulation. Following the studies
in [26] the time of the release has been chosen between 0130 and 0200
UTC on 30 May 1998 and the quantity of the released activity equals
to 1.85 × 1012 Bq. Due to the elevation of the release point resulting
from the presence of a stack the source has been placed at the second
level, ie between 64 and 236 meters.

Dry deposition is parameterized with constant velocity equal to vd =
0.1 cm.s−1. This value gives better results than the default value 0.2
cm.s−1, which justi�es its use in this case. Due to lack of information
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concerning rainfall in the operational ECMWF �elds, scavenging has
been ignored. Radioactive decay of 137Cs has been taken into account.

4.1.2 Measurements

It is agreed today that it took place between 0100 and 0300 UTC on
30 May 1998. The estimated quantity of the released radioactivity is
known up to an order of magnitude [2.96× 1011, 2.96× 1012]Bq.

118 mean activity concentrations in air have been measured. For each
measurement the date of the beginning and the end of the measure-
ment interval has been reported. No more precise information has been
given however. Common sense makes one suppose it started at 1200
UTC on the �rst day and the ended at 1200 UTC on the last day. The
same hypothesis has been made in [35]. The measurement intervals
cover periods of between 1 and 14 days and in some places they start
even before the release took actually place.

The localization of the monitoring stations is shown in Fig 5. Half
of the measurements come from the stations where one measurement
only has been taken. For the remaining half two or more values have
been recorded. The monitoring stations in several places in France
and Italy, Fig. 8 and Fig. 7 respectively, have recorded up to 5 daily
measurements. Their values re�ect the shape of the passing cloud.

4.2 Results and discussion

First, the development of the simulated plume can be followed in
Fig. 6. Several maps of Europe presented in this �gure show the
plume's extent every 12 hours. The �rst one illustrates the cloud at
1200 UTC on 30 May 1998, 10 hours after the end of the release. The
last one dates from 0000 on 5 June 1998.

Simulation results show eastward plume advection over the Mediter-
ranean Sea in the �rst phase after the accident. It explains the scarcity
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Figure 5. Monitoring stations for the Algeciras incident are drawn with
circles. Circle diameter corresponds to the value of the largest measurement
taken at a given point. Source localization in Algeciras is marked with a
triangle

of measurements over the Spanish territory. Large discrepancy be-
tween the measured and observed value in Gibraltar re�ects signif-
icant model error in the vicinity of the source. Further downwind
however, along the Spanish coast, we note better model-to-data corre-
spondence. Moreover, our model predicts correctly the arrival time at
southern France and northern Italy on 2 June 1998, Fig. 8 and Fig. 7.
Model results for Nice match quite well the measurements. Those for
Cadarache and Montpellier constantly overpredict them. Next, the
plume moves towards Switzerland and Italy. The temporal pro�le of
the passing cloud, both its shape and concentration values, are repro-
duced reasonably well for the Italian station of Ispra, Fig. 7. The shape
of the modeled pro�le resembles to the measured one for Capo Mele
and Vercelli. It is however totally o� for Trino. Two possible reasons
behind it could be conjured. Firstly, it might be due to a stagnant
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cloud that has been trapped somewhere between the mountains. The
second possible explanation is a mistake in the reported measurement
dates. Trino lies only 20 km from Vercelli and roughly half-way be-
tween Torino and Milan. Curiously enough, the concentrations that
have been recorded there are shifted towards later times with respect
to the surrounding stations.

Figure 6. Plume of 137Cs for the Algeciras accident. Activity concentrations
are expressed in Bq.m−3

Monitoring stations scattered over Central Europe were swept by a
well-spread and diluted cloud and consequently less severely contam-
inated than those in France or Italy. Not only were they at large dis-
tances from the source but also collected usually no more than one
measurement averaged over a period of several days. Therefore, qual-
ity of the results for those sites is more di�cult to evaluate.
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Model-data comparisons for several monitoring stations are shown be-
neath. The selected stations have already been discussed and are those
that captured the evolution of daily-averaged radioactivity concentra-
tions.
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Figure 7. Concentration of activity expressed in µBq.m−3 as measured (rect-
angles) and predicted by the model. The solid line illustrates instantaneous
pro�le and diamonds stand for model values corresponding to the measure-
ments. From left to right and from top to bottom the stations are : Ispra,
Vercelli, Capo Mele, Torino, Trino and Milano

In Fig.9 a global correspondence between the simulated air concentra-
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Figure 8. Pro�les of activity concentration, µBq.m−3 in Nice, Cadarache and
Montpellier in the south of France. The measurements are represented with
the rectangles, the solid line represents the simulated pro�le and diamonds
stand for measures as predicted by the model

tions and the measured ones is illustrated for all 118 available mea-
surements. The majority of the points are situated between two dotted
lines. It implies that for most of the monitoring stations model predic-
tions come within an order of magnitude to the measurement. There
are some however for which the discrepancies are higher. At the �rst
sight one notices that the points are roughly uniformly distributed
on both sides of the diagonal. Quantitatively this fact is re�ected
in the small values of bias, fractional bias and mean geometric bias,
Tab. 4. The last quantity is particularly well adapted to the analysis
of two data sets with large discrepancies like the ones for the Alge-
ciras simulation. The distribution of the points around the diagonal
of the scatter-plot might be uniform but the discrepancies are large.
Therefore the statistical indicators based on variance, like the normal-
ized mean square error, fractional standard deviation and geometric
mean variance have higher values. The correlation of 20% is quite poor
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Figure 9. Scatter plot for model-to-data comparison in logarithmic scale

mostly due to the fact that no measurement selection has been done
and all have been taken into account in the validation procedure. It is
enough to get rid of the two measurements in the close vicinity of the
source so that is rises up to 46%.

The set-up of the simulation illustrated in Fig. 6 consists in using
operational meteorological �elds of the ECMWF. Previously in this
paper ERA-40 �elds have been used and their merits discussed. Nev-
ertheless, for the dispersion of radioactivity after the Algeciras release
the simulation based on operational �elds give better results than the
one for ERA-40. It is clearly visible if one analysis the values of the
statistical indicators as shown in Tab. 4. All of the values associated
with the ERA-40 �elds indicate much worse model performance.

Conclusion

A preliminary validation of the Polyphemus system has been per-
formed toward measured data the for the Chernobyl accident, the
ETEX campaign and the Algeciras release. The statistical indicators
for model-to-data comparisons indicate the good behavior of the sys-
tem as compared to other state-of-the-art models.
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Indicator ERA-40 Operational

M [µBq.m−3] 365.3 365.3

P [µBq.m−3] 249.1 398.2

B [µBq.m−3] -116.2 32.85

FB -0.38 0.09

MG 4.34 1.55

NMSE 3.40 2.24

FSD 1.60 1.30

VG 203.6 53.1

ρ -0.02 0.19

FM 0.11 0.29
Table 4
Model-to-data comparison for the Algeciras release. Statistical indicators
asses the quality of a simulation based on the ECMWF ERA-40 and opera-
tional meteorological �elds. Due to large discrepancies between model pre-
dictions and data geometric mean bias (MG) and geometric mean variance
(VG) have been additionally reported. The indicators have been computed
for 118 measurements. The only exception is VG which has been computed
for 108 measurements. The measurements are those for which model pre-
diction is higher than 1µBq.m−3

Polyphemus will be the basis of the coming operational system (ldX)
used for long-range dispersion at IRSN (Institute of Radiation Protec-
tion and Nuclear Safety). Complementary works are also in progress.
Sensitivity analysis are currently performed (following [6] for scav-
enging parameterizations and [8] for a comprehensive set of model
con�gurations). A parameterized version describing aerosols to which
radionuclides are bound is also developed. The issue is to have an im-
proved description of the scavenging processes. Some works are also
devoted to the opportunity of using data assimilation to improve fore-
cast of radionuclides.
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A Statistical indicators

The statistical indicators considered to be the most e�ective for the
evaluation of the model-to-data comparison are de�ned in this section
following [38] and [33].

We considered a set of measurements {Mi}N
i=1 (mean M) and the

corresponding model outputs {Pi}N
i=1 (mean P ).

• The bias (B) is de�ned as the average di�erence between the two
sets of value

B =
1

N

N∑

i=1

(Pi −Mi) = P −M (A.1)

Its sign indicates an under or over prediction of the model with
respect to the measurements.

• The fractional bias (FB) represents a relative di�erence between
model outputs and measurements (comprise in [−2, 2]).

FB = 2
P −M

P + M
(A.2)

• The geometric mean bias (FB) is meaningful when the ratio between
measurements and model outputs is large

MG = exp

(
1

N

N∑

i=1

ln Pi − 1

N

N∑

i=1

ln Mi

)
=

N∏

i=1

(
Pi

Mi

) 1
N

(A.3)

• The normalized mean square error (NMSE) gives information on
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the deviations. It is de�ned as

NMSE =
1

N

N∑

i=1

(Pi −Mi)
2

P M
(A.4)

• The geometric mean variance (VG) gives information on the devia-
tions as well. It is de�ned as

VG = exp

[
1

N

N∑

i=1

(ln Pi − ln Mi)
2

]
(A.5)

• The fractional standard deviation (FSD) is de�ned as

FSD = 2
σ2

M − σ2
P

σ2
M + σ2

P

(A.6)

where

σP
2 =

1

N

N∑

i=1

(
Pi − P

)2 and σM
2 =

1

N

N∑

i=1

(
Mi −M

)2

(A.7)
• The correlation coe�cient ranges between −1 and +1. It is de�ned

as
correlation =

∑N
i=1(Mi −M)(Pi − P )√∑N

i=1(Mi −M)2
∑N

i=1(Pi − P )2
. (A.8)

• The �gure of merit (FM) is de�ned as

FM =

∑N
i=1 min(Pi,Mi)∑N
i=1 max(Pi,Mi)

(A.9)
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