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In September 2017, numerous measurement stations recorded large surface concentrations of 106Ru in Europe. 
This event was well recorded by various monitoring stations worldwide and offer a valuable framework 
to compare the modelling strategies deployed to quickly evaluate where the plume goes and with what 
concentrations. In general, the source and its intensity are not known and hypotheses have to be done. Models 
have to be fast and accurate: Lagrangian and Eulerian are often used but rarely compared. In this study, the 
FLEXPART Lagrangian model and the WRF-CHIMERE Eulerian models are used to simulate the emissions, 
transport and deposition of this source of 106Ru. First, it is shown that the hypothesis of location, timing and 
intensity of the source is realistic, by comparison to surface measurements. Second, sensitivity analysis performed 
with the Eulerian model and several transport scheme showed that this model may provide better results than the 
Lagrangian one. It opens the door to further development, including chemistry and mixing with other pollutants 
during these specific events.
1. Introduction

In September and October 2017 a plume containing ruthenium 106 
(106Ru) was detected by several radioactivity monitoring networks 
across the Northern hemisphere. 106Ru is a fission product of specific 
industrial or military nuclear processes, has no natural sources and a 
half-life of 371.5 days. Therefore, any atmospheric detection of 106Ru
necessarily traces back to an anthropogenic release. Since the detona-
tion of nuclear weapons is one of the possible sources of 106Ru in the 
atmosphere, this isotope is monitored on a daily basis by the Compre-
hensive Nuclear-Test-Ban Treaty Organization (CTBTO) International 
Monitoring System (IMS) all over the globe. During the 2017 event of 
106Ru, this isotope has been detected in stations from the IMS and from 
the “Ring of 5” (Ro5). The Ro5 is an informal association of scientists 
mainly in Europe. It exists since 1983 with the purpose of exchanging 
information on unusual concentrations of radionuclides in the atmo-
sphere. It is composed of 110 sites of aerosols collection in Europe. 
The first alert signal from the Ro5 network came on the 2nd of October 
from an Italian station. On the same day another station, this time in 
Czech Republic, showed sign of 106Ru activity. The following two days 
numerous stations in Europe detected 106Ru (Greece, Sweden, Austria, 
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Poland). Several days after, detections occurred outside of Europe. The 
first detections on the IMS occurred on the 1st of October at the Swedish 
station (SE63). In the East 106Ru was detected on the far end of Russia 
and in Mongolia between the 8th and the 13th of October. On the West 
side the pollution arrived and was measured in the IMS stations situ-
ated in Guadeloupe and in Florida respectively on 18th and on the 21st

of October. Activity concentrations in Europe were ranging from tenths 
of μBq.m−3 up to a maximum of 176 ± 18 mBq.m−3 in Romania. Activ-
ity concentrations on the later detections were of the order of tens of 
μBq.m−3 in both east and west directions. Most of these measurements 
have been compiled in Masson et al. (2019). Substantial events of at-
mospheric release of 106Ru are extremely rare, so that the most likely 
scenario is that all these detections have been a consequence of one 
single event of 106Ru release in the atmosphere.

Apart from presenting and analyzing the available measurements, 
some studies published so far on this event include scenarii regard-
ing the localization, time, duration and magnitude of the 106Ru release 
(Masson et al., 2019; Saunier et al., 2019; Sørensen, 2018; Dumont Le 
Brazidec et al., 2020, 2021; Western et al., 2020).

In Dumont Le Brazidec et al. (2020) the Eulerian model ldX for at-
mospheric transport of IRSN’s operational platform (Tombette et al., 
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Table 1

Few scenarii to describe the causes of the 106Ru pollution of 2017.

Reference Emission Time Location Activity

Dumont Le Brazidec et al. (2021) 09/25/2017 [59◦ ∶ 61◦]E, [55◦ ∶ 66◦]N [200 ∶ 450] TBq
Sørensen (2018) 0–16UTC 09/27/2017 NIIAR nuclear facility 460 TBq
Sørensen (2018) 5–13UTC 09/25/2017 Mayak Production Association 1100 TBq
Saunier et al. (2019) 12–18UTC 09/26/2017 Mayak Production Association ∼ 250 TBq
Western et al. (2020) 12–18UTC 09/24/2017 Mayak Production Association 441 ± 13 TBq
Scenario of this paper 18–19UTC 09/24/2017 Mayak Production Association 500 TBq
2014) is used in conjunction of a Markov Chain Monte Carlo (MCMC) 
method to adjust the origin of emission and its amplitude for the trans-
port model so that it yields results in agreement with the measurements. 
Meteorology from two sources were used: European Centre for Medium-
Range Weather Forecasts (ECMWF) reanalysis of global weather (ERA5 
HRES) (Hersbach, 2019) and Météo France reanalysis with ARPEGE 
model (Pailleux et al., 2000). Saunier et al. (2019) presents also results 
using the Eulerian model ldX but use inverse modelling to reconstruct 
the source term and origin. Meteorology from ARPEGE by Météo France 
has been used. In Western et al. (2020) a Lagrangian atmospheric trans-
port model is used, the Numerical Atmospheric-dispersion Modelling 
environment (NAME, Jones et al. (2007)) from UK Met Office also with 
a MCMC approach for the source estimation. This Lagrangian model 
were driven by numerical weather prediction data from Met Office Uni-
fied Model (Walters et al., 2014). Even though these publications vary 
between each other due to their different working hypotheses, mete-
orology sources and methodologies, all of them are consistent with a 
release of 106Ru some time between Sept. 24 and Sept. 27 somewhere 
in western Russia, in the order of hundreds of TBq.

In such events of atmospheric release of isotopes of interest, nu-
merical modelling has two main purposes (or other pollutants released 
by natural or accidental events). Firstly, as discussed above, numerical 
models can help construct and test emission scenarii that can explain 
the detected pollution. Secondly, once a scenario is proposed (through 
inverse modelling or as a hypothesis), numerical models can be used 
as forecast tools to estimate in advance the location, shape and con-
centration of the plume, which is in turn useful to permit adequate 
reaction and planning depending on the type of event (e.g. flight re-
strictions in case of volcanic ash release, Plu et al. (2021)). Two types of 
model are usually used to describe atmospheric transport of pollutants: 
Lagrangian and Eulerian models. While Lagrangian models follow air 
parcels and the pollutants they contain along their atmospheric motion 
(Brunner (2012)), Eulerian models divide the space into elementary vol-
umes (grid cells), and represent the evolution of the concentrations of 
pollutants within each of the grid cell. Most chemistry-transport mod-
els – e.g. Geos-Chem – are designed with an Eulerian approach (Henne 
et al., 2013). Compared to Lagrangian models, Eulerian models tend to 
present a numerical diffusion that can deteriorate their precision (East-
ham and Jacob, 2016; Zhuang et al., 2018). Eulerian models contain 
different possible transport schemes with different orders of accuracy 
leading to higher or lower numerical diffusion.

In this study we will propose a scenario to describe this event, 
confirm it with our simulations. At the same time we will compare, 
with said scenario of emission an Eulerian model, CHIMERE, and a 
Lagrangian model, FLEXPART. This comparison aims to identify if 
CHIMERE is suffering from the numerical diffusion known for Eule-
rian models and in case of an operative work can CHIMERE, without 
taking in account potential benefits of an Eulerian model yet (advanced 
chemistry and radioactive decay chains for example), be competitive 
compared to FLEXPART.

Section 2 describes the tools used in this study, observations in sec-
tion 2.1, modelling in Section 2.2 and methods in Section 2.3. Results of 
simulations and comparisons to observations are discussed in Section 3
2

and conclusions and perspectives are discussed in section 4.
2. Observations and models

2.1. Observations

As this event is a very rare occurrence, the last documented detec-
tion at the globe’s scale of 106Ru dates of Chernobyl accident (Paatero 
et al., 2007), a lot of work has been done to pinpoint the origin of the 
emission and its intensity using the measurements done all over Europe. 
Table 1 sums up the scenarii proposed in Masson et al. (2019); Saunier 
et al. (2019); Sørensen (2018); Dumont Le Brazidec et al. (2021); West-
ern et al. (2020) and the one we have chosen.

In Masson et al. (2019) a large number of measurements over many 
locations over Europe were compiled. They are mostly composed of 
measurements done and exchanged in the context of the Ro5. We 
added measurements from a few stations of the IMS from the CTBTO. 
Those will be used to compare the models with each others and their 
respective efficiency to reproduce reality. In total we have 1340 mea-
surements over 337 stations available. Fig. 1 is map of all the stations 
with available measurements. All measurements were done with var-
ious thresholds of detection (from 0.1 μBq.m−3 to 10 μBq.m−3) and 
various sampling frequency: daily for the IMS stations, up to a few days 
in Ro5 stations. A larger sampling time will mean that measurement 
will be more representative of the average of the activity concentration 
and will be less accurate to detect peaks of shorter duration.

In section 2.3 we will define a detection threshold for our simulation 
and a condition to determine if simulations are in agreement with each 
measurement. Comparisons between model and measurements will be 
presented in section 3.3.

2.2. Models

Two atmospheric transport models are part of our study: an Eulerian
model, CHIMERE and a Lagrangian model FLEXPART.

We used CHIMERE v2020r3 (Menut et al., 2021) an Eulerian 
chemistry-transport model (CTM) using WRF meteorological files as in-
put. Multiple advection schemes are available in CHIMERE for both 
horizontal and vertical transports. Flux-form, upwind-biased advection 
schemes are the most common way to treat the advection problem 
in Eulerian chemistry-transport models. These schemes, based on the 
ideas of Godunov (1959), treat advection by estimating the mass fluxes 
between neighboring cell based on reconstructed estimates of tracer 
mixing ratio in the upwind cell. This reconstruction can be uniform 
as in the Godunov (1959) advection scheme (often known as donor-
cell scheme, van Leer (2003)), linear as in the Van Leer (1977) and 
the Walcek (2000) schemes, or parabolic as in the Piecewise Parabolic 
Method (PPM) of Colella and Woodward (1984). A combination of the 
PPM and the Walcek schemes, named PPM+W for “Piecewise Parabolic 
Method + Walcek”, has been designed and proven more accurate than 
both the PPM and Walcek schemes in a bidimensional academic frame-
work with active chemistry (Mailler et al., 2023b). The Després and 
Lagoutière (1999) scheme is a antidiffusive advection scheme which 
has been implemented in the CHIMERE chemistry-transport model and 
proven to reduce plume diffusion at least for volcanic plumes in the 
free troposphere (Mailler et al., 2021; Lachatre et al., 2020, 2022). 
All the above-mentioned schemes are monotonous and conserve mass, 

which are two desirable properties for advection in chemistry-transport 
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Fig. 1. Positions of all measurements stations in the northern hemisphere that have detected 106Ru during this event. Red dots represent the Ro5 stations and the 
magenta stars the IMS stations. The proposed location of the emission source is marked by a blue cross at 55.70◦ N, 60.76◦ E. (For interpretation of the colors in the 
figure(s), the reader is referred to the web version of this article.)

Table 2

Advection schemes used in our simulation using CHIMERE.

Simulation Label Horizontal advection Vertical advection

VLVL Van Leer (Van Leer, 1977) Van Leer (Van Leer, 1977)
VL Van Leer (Van Leer, 1977) Deprés-Lagoutière (Després and Lagoutière, 1999)
PPM Piecewise Parabolic Method (Colella and Woodward, 1984) Deprès-Lagoutiére (Després and Lagoutière, 1999)
W Walcek (Walcek, 2000) Deprés-Lagoutière (Després and Lagoutière, 1999)
PPMW PPM+W (Mailler et al., 2023b) Deprés-Lagoutière (Després and Lagoutière, 1999)
models. While these schemes are not the only ones used in chemistry-
transport models, their use is quite frequent. The CHIMERE model 
implements the Van Leer, Walcek and PPM schemes in the horizontal di-
rection and the Van Leer and Després and Lagoutière (1999) schemes in 
the vertical direction (Menut et al., 2021). The Walcek (2000) scheme is 
also implemented in CCATT-BRAMS (Freitas et al., 2012) and LOTOS-
EUROS (Timmermans et al., 2022). The PPM scheme, apart from the 
CHIMERE model, is also implemented in the advection framework of 
the Geos-CHEM chemistry-transport model (Martin et al., 2022), and 
in the CMAQ chemistry-transport model (Byun and Schere, 2006; Zhao 
et al., 2020)).

As described in Menut et al. (2021), CHIMEREv2020r3 includes 
the schemes of Van Leer (1977) – hereinafter “Van Leer scheme” –, 
Walcek (2000) – hereinafter “Walcek scheme” – and Colella and 
Woodward (1984) – hereinafter “PPM scheme” – for horizontal ad-
vection. In the vertical direction, the advection schemes implemented 
in CHIMEREv2020r3 are the Van Leer scheme and the Després and 
Lagoutière (1999) scheme – hereinafter, “DL99 scheme” –. While the 
Van Leer, Walcek and PPM schemes are classical in chemistry-transport 
models, the DL99 is not. It has been shown recently (Mailler et al., 2021; 
Lachatre et al., 2020, 2022) that the use of this antidiffusive advection 
scheme in chemistry-transport models permits to reduce numerical dif-
fusion in both academic and real cases. To our knowledge, CHIMERE is 
the only chemistry-transport model implementing this scheme. Apart 
from these schemes, the version of CHIMERE we have used for the 
present study includes the PPM+W advection scheme. The PPM+W 
scheme, standing for “Piecewise Parabolic Method + Walcek” is a third-
order advection scheme based on the PPM and Walcek schemes. In 
zones of monotonous gradient, the PPM+W scheme is identical to the 
PPM scheme, with a parabolic reconstruction of the mixing ratio in each 
cell. However, in the cells neighboring a mixing-ratio extremum, the 
PPM+W scheme performs a linear (and not parabolic) reconstruction of 
the mixing ratio inside the cell. This reconstruction, following the flux 
adjustments of Walcek (2000), permits to reduce the excess of diffusion 
3

in the vicinity of the maxima. Mailler et al. (2023b) has shown that the 
PPM+W advection scheme performs better than both PPM and Walcek 
in a 2d, academic testcase with active chemistry. Since Mailler et al. 
(2023b) have worked in a purely academic 2d framework with a toy 
chemistry-transport model (ToyCTM v1, Mailler and Pennel (2023)), 
the present study presents the first implementation and use of this ad-
vection scheme in a full-fledge chemistry-transport model on an applied 
real uncontrolled pollution case.

We have tested various model configurations in terms of advection 
schemes to check their impact on numerical diffusion and model perfor-
mance. Table 2 summarizes all the combinations of advection schemes 
we tested with CHIMERE and their associated references. The simu-
lation domain covers the entire Northern hemisphere with resolution 
𝛿𝑥 ≃ 100 km, a coarse resolution adapted to the scale of this event. This 
domain has been built with a North polar stereographic projection. 30 
vertical levels from the surface to 300 hPa (approximately up to 9.8 km 
of altitude) have been used. Deposition of particles on the surface is rep-
resented using the Zhang et al. (2001) parameterization. Meteorology 
has been simulated with the WRF-ARW model version 3.7.1 (Skamarock 
et al., 2008). The WRF simulations have been performed on the same 
grid as CHIMERE using the WRF-CHIMERE simulation framework (Bri-
ant et al., 2017). The WRF simulation has been forced at the boundaries 
and driven within the simulation domain by analyses from the Global 
Forecast System (GFS) provided by the US National Centers for Envi-
ronmental Prediction (NCEP). Nudging towards the GFS analyses inside 
the simulation domain has been performed using spectral nudging (von 
Storch et al., 2000). Both CHIMERE and WRF are using the same do-
main. As described in Briant et al. (2017), in the WRF-CHIMERE sim-
ulation framework, the meteorological fields are updated in CHIMERE 
at a high frequency. For this study, these fields are provided by WRF 
to CHIMERE every 20 minutes. Two options are available in CHIMERE 
for the WRF simulations: either WRF is running as the same time as the 
CHIMERE simulation or WRF can be run on its own, the results saved 
and can be used multiple times as input in CHIMERE. We went with the 

later as we ran multiple numerical transportation schemes in CHIMERE.
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Table 3

Main parameters for our simulations.

Parameter CHIMERE FLEXPART

Output Time Step 1 hour 1 hour
Time Step 20 minutes 10 minutes
Date of emission 18 UTC 09/24/2017 18 UTC 09/24/2017
Emission duration 1 hour 1 hour
Emission height [10 ∶ 20] m [10 ∶ 20] m
Dry Deposition scheme Zhang et al. (2001) Stohl et al. (2010)
In-cloud scavenging Wang et al. (2014) Hertel et al. (1995)
Below-cloud scavenging Willis and Tattelman (1989) McMahon and Denison (1979)
Number of height level 30 30
Number of particles NA 5.106
Particle mean diameter 1.9 μm 1.9 μm
Particle diameter distribution sigma 0.3 0.3
Particle volumic mass 2.5 × 103 kg.m−3 2.5 × 103 kg.m−3

Horizontal Transport VL, PPM, PPMW, W Zero acceleration (Stohl et al., 2010)
Vertical Transport VL, DPL Zero acceleration (Stohl et al., 2010)
Meteo WRF (with GFS 1◦ resolution as input and constraint) GFS at 1◦ resolution
Simulation domain Northern hemisphere for both models
We used FLEXPART (v9.0.2) for our Lagrangian simulation. This 
version of FLEXPART is using GFS meteorological files as input (Stohl 
et al., 2010). We used 5.106 particles in our simulation. The output grid 
used in FLEXPART is defined as 260 per 260 cells with a resolution of 
1.3846◦ for longitude and 0.423◦ for latitude on horizontal level and 
30 height levels from surface to 9780 m corresponding to the highest 
level in CHIMERE domain. The output grid was chosen to be of the 
same resolution as in CHIMERE.

The meteorological files used in our FLEXPART simulations are the 
same GFS files with a 1◦ resolution used as input and constraining WRF 
when calculating the meteorological files used in CHIMERE (National 
Centers for Environmental Prediction, 2000).

In both FLEXPART and CHIMERE, we have used an inert aerosol 
tracer, disabling chemistry in CHIMERE and all decay in FLEXPART. 
The only mechanism to decrease the tracer quantity in these simulations 
is deposition. Particle tracer was emitted between 18h00 and 19h00 on 
the 24th of September 2017 at constant flux between 10 m and 20 m 
above ground at 55.70◦ N, 60.76◦ E.

Dry deposition is a very sensitive parameter when dealing with the 
life cycle of atmospheric aerosols, with very sharp variations of the dry 
deposition velocity as a function of diameter (Zhang et al., 2001). Even 
though Masson et al. (2019) has suggested a diameter inferior to 1 μm, 
this parameter is poorly constrained for our study case. With a typi-
cally quadratic dependence of the sedimentation speed of the particles 
relative to diameter in the Stokes regime (e.g. Mailler et al. (2023a)), 
the effect of a slightly different hypothesis on diameter over weeks of 
atmospheric advection of 106Ru can dramatically affect the simulation 
results. Apart from the uncertainty on particle diameter, their shape is 
also unknown, which is also problematic since the shape of atmospheric 
aerosols strongly affects their settling speed (Mallios et al., 2020, 2021). 
In the present study, we have considered all the particles carrying 106Ru
to be spherical with density 𝜌 = 2500 kg m−3 corresponding to typi-
cal mineral dust characteristic. The same unimodal size distribution for 
aerosols has been used for CHIMERE and FLEXPART (Table 3) in order 
to be able to compare both simulations.

To determine this common size distribution, several hypotheses for 
the log-normal distribution of aerosols have been tested in FLEXPART, 
and we have retained the hypothesis fitting best the observed results for 
the two most distant stations having detected this event (stations FRP28 
in Guadeloupe and USP72 in Florida). This has led us to determine a 
mass-median diameter 𝐷 = 1.9 μm for the particles, with a standard de-
viation 𝜎 = 0.3. Diameters much below this value would lead to largely 
overestimated activity concentrations at these stations, and conversely, 
diameters much larger would lead to underestimation. In order to bet-
ter characterize the atmospheric transport of this and other events of 
4

aerosol advection in the atmosphere, a good knowledge of the size dis-
tribution, shape and density of the particles is needed, which not within 
our reach for the present study.

The main parameters of the CHIMERE and FLEXPART simulations 
are summarized in Table 3.

2.3. Metrics and statistical methods

This section will detail the tools we used in this paper to evaluate the 
performances of our simulations. First how we quantified and compared 
the diffusion of CHIMERE advections schemes with each other and with 
FLEPXART. And secondly how the comparison with measurements was 
done and how we evaluated the performances of our simulations.

To quantify plume diffusion, we will use the notion of half-volume, 
as introduced by Lachatre et al. (2020). These authors have introduced 
the half-volume as the smallest atmospheric volume that contains at 
least half the mass of tracer (in our case, 106Ru). In our case, at the 
instant when the tracer is first released from its point source, the half-
volume in the Eulerian simulation is the volume of the single model grid 
cell containing all the 106Ru. As the plume is transported and diffused 
by winds and mixing fluxes, the half-volume will typically increase as 
the plume spreads in the atmosphere. This spread depends strongly on 
the diffusivity of the numerical schemes, with the less diffusive schemes 
leading to a smaller half-volume (Lachatre et al., 2020, 2022; Mailler 
et al., 2023b). For FLEPXART simulation, half-volume will be calculated 
with the projected output and so is defined exactly as for CHIMERE 
simulations. In this study the half-volume serves as a indicator of how 
much numerical diffusion occurs and not as an overall performance 
indicator for our simulations.

In a second part we will use the formalism of confusion matri-
ces (e.g. Fawcett (2006)) to compare our model outputs with the 
available observations in terms of detection/non detection. This ap-
proach is commonly used for the prevision of “dichotomous weather 
events” (Stephenson, 2000). This approach will permit a quantitative 
comparison of the agreement of all the tested model configurations with 
106Ru detections at measurement stations. Those matrices are composed 
of four values and are defined as:

• True Positive (TP): 106Ru was detected in both the simulation and 
measurements.

• True Negative (TN): 106Ru was NOT detected in both the simulation 
and measurements.

• False Positive (FP): 106Ru was detected in the simulation but NOT 
in measurements.

• False Negative (FN): 106Ru was NOT detected in the simulation bust 

was in measurements.
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Table 4

Example of confusion ma-
trix between a simulation 
(SIM) and Measurements.

Measured

Yes No

SIM
Yes TP FP
No FN TN

Table 5

Confusion matrix of Random 
no-skill model (RNS) for the 
106Ru pollution of 2017.

Measured

Yes No

RNS
Yes 207.3 319.7
No 319.7 493.3

A theoretical example of confusion matrix is presented in Table 4. 
To compute all four values for our simulations, it is necessary to extract 
a single value in our simulations: positive (concentration is significant) 
or negative (concentration is not significant). The difficulty was to have 
a common framework to compare model and observations: measure-
ments are located in a single location and are temporally integrated 
over different durations depending on the station and the measurement 
period. But they are already classified in an over (positive) or under 
(negative) a limit of detection. On the other hand, model concentra-
tions are a mean value representative of a grid cell for one hour. To 
have the corresponding positive/negative value within our simulations, 
we went with the following: if the surface concentration (lowest level 
in the output grid) value is above a threshold during at least 1 hour 
over the period of the real measurement, the model scores are ‘posi-
tive’ and ‘negative’ otherwise. We chose a value of 10 μBq.m−3 for that 
threshold, corresponding to a low but realistic value of a plume passing 
over the station for a few hours. In total we have 1340 measurements 
covering two third of the simulated period with 514 being positive.

Once the confusion matrices are built, we computed eight indicators 
to summarize the performances of our models. We also compared their 
performances with a “random no-skill” model as defined by Stephen-
son (2000). This model is giving a random prediction for each event,
respecting the same overall detection probability observed in measure-
ments. The confusion matrix of the random no-skill model is presented 
in Table 5.

The statistical indicators we will use in the rest of our study are the 
following:

• Sensitivity = 𝑇𝑃∕(𝑇𝑃 +𝐹𝑁): quantifying the ability of the models 
to detect True Positive values. Sensitivity is also is called “Hit rate” 
in Stephenson (2000);

• Specificity = 𝑇𝑁∕(𝑇𝑁+𝐹𝑃 ): quantifying the ability of the models 
to detect True Negative values;

• Precision = 𝑇𝑃∕(𝑇𝑃 + 𝐹𝑃 ): quantifying the ability of the models 
to not produce False Positive values. At 1 no False positive was 
detected;

• Negative Value Precision (NPV) = 𝑇𝑁∕(𝑇𝑁 + 𝐹𝑁): quantifying 
the ability of the models to not produce False Negative values. At 
1 no False Negative was detected.

• Accuracy = (𝑇𝑃 + 𝑇𝑁)∕(𝑇𝑃 + 𝑇𝑁 + 𝐹𝑃 + 𝐹𝑁): proportion of 
correct detections over all measurements.

• Balanced Accuracy (BA) (𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 +𝑆𝑝𝑒𝑐𝑖𝑓 𝑖𝑐𝑖𝑡𝑦)∕2: quantifying 
precision of the models. By construction, the BA is exactly 0.5 for 
the random no-skill model. In short, BA > 0.5 for a model means 
5

that this model has more skill than the random no-skill model.
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Fig. 2. Half-Volume of the 106Ru plume as a function of time in the CHIMERE 
simulations defined in Table 2 for the firsts few days of simulations. Dotted line 
represents a simulation using Van Leer vertical advection scheme. Dash-dotted 
lines represent simulations using Deprés-Lagoutière vertical advections scheme.

All those indicators vary between 0 and 1, 1 representing best per-
formance possible for the indicators.

We also computed Matthews correlation coefficient (MCC)
(Matthews, 1975; Baldi et al., 2000) and the bias (Stephenson, 2000). 
The MCC varies between -1 (complete disagreement) and 1 (total agree-
ment) and a random model will score 0. With the confusion matrices it 
is defined in equation (1). The MCC is a particularly reliable indicator 
in the case of a two-class confusion matrix (Chicco et al., 2021).

Φ= (𝑇𝑃 × 𝑇𝑁) − (𝐹𝑃 × 𝐹𝑁)
√
(𝑇𝑃 + 𝐹𝑃 )(𝑇𝑃 + 𝐹𝑁)(𝑇𝑁 + 𝐹𝑃 )(𝑇𝑁 + 𝐹𝑁)

(1)

The bias is defined as 𝐵 = 𝑇𝑃+𝐹𝑃

𝑇𝑃+𝐹𝑁
(Stephenson (2000)). The bias 

is zero by construction in the random no-skill model, but not in the 
simulations.

3. Results

In this section we will determine if numerical diffusion is effectively 
decreased by using specific numerical resolution schemes for transport 
(3.1). We will then compare the behavior of CHIMERE and FLEXPART 
on our test case. On one hand to identify any discrepancies due to the 
numerical diffusion (3.2). On the second hand to compare models per-
formances to reflect the reality of the available data (3.3).

3.1. Alleviating Eulerian diffusion in CHIMERE

Before comparing the CHIMERE simulations with observations and 
with the FLEXPART simulations, comparing these simulations with each 
other is needed to quantify the differences in numerical diffusion de-
pending on the advection schemes used (see Table 2). For this purpose, 
we will use time-series of the half-volume which, as discussed earlier, 
is a measure of numerical diffusion.

Fig. 2 shows the calculated half-volumes for all the simulations listed 
in Table 2. Comparing simulation VLVL with simulation VL, we observe 
that the use of the Deprés-Lagoutière scheme for vertical advection 
scheme systematically reduces the half-volume compared to the Van 
Leer scheme, as already observed in Lachatre et al. (2020) in the con-
text of a volcanic plume from the Etna volcano. Regarding the impact 
of horizontal advection schemes, the results shown in Fig. 2 show that 
the PPM+W scheme is the less diffusive of all the tested horizontal 
scheme. The Walcek scheme is less diffusive than the PPM scheme in 
this case, while the Van Leer scheme yields the strongest half-volume 

all along the simulation. These results are consistent with the results 
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Fig. 3. 106Ru plume on the 10th of October 2017 at 7 pm, a few days after the 
emission, as simulated with CHIMERE (top, PPMW) and FLEXPART (bottom). 
Colors represent the simulated activity concentrations integrated over vertical 
column of 106Ru in μBq.m−3. Only concentrations over 1 μBq.m−3 are repre-
sented. Blue cross is the origin of the emission in our scenario.

obtained by Mailler et al. (2023b) in an academic framework (their 
Fig. 8c). The configuration with minimal numerical diffusion among the 
5 CHIMERE simulations is the PPM+W simulation, with the Després-
Lagoutière scheme for vertical advection and the newly implemented
PPM+W scheme for horizontal advection. In the next section, this sim-
ulation will be compared in detail to a FLEXPART simulation.

3.2. Comparison of diffusion between CHIMERE and FLEXPART

This paragraph aims to compare the half volume computed for 
CHIMERE and FLEXPART simulations. This will estimate the over dif-
fusion emerging from the numerical resolution of the advection in 
CHIMERE.

Fig. 3 shows the simulated plume with our models on the 10th

of October 2017 in the PPMW simulation with CHIMERE and in the 
FLEXPART simulation. At that date, the CHIMERE and FLEXPART sim-
ulations are consistent with each other. They depict a 106Ru plume 
present over large parts of Europe, Asia and the Mediterranean basin, 
from Sweden and Norway in the North to Lybia and Egypt in the South, 
and from Italy to the West to central Asia to the East. At this date, 
some differences are also visible between the CHIMERE simulation and 
the FLEXPART simulation: in some areas of the plume (Scandinavia, 
North Africa, the Western Mediterranean Basin and the Middle-East), it 
seems to be spread over larger surfaces in CHIMERE than in FLEXPART, 
suggesting more diffusion in CHIMERE than in FLEXPART. It is also 
6

visible in certain areas that the simulated plume is more concentrated 
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Fig. 4. Half-volume calculated for the models we used. Dotted line repre-
sents a simulation using Van Leer vertical advection scheme. Dash-dotted lines 
represent simulations using Deprés-Lagoutière vertical advections scheme. Con-
tinuous line represents the FLEXPART simulation. Insert highlights the first few 
days with a logarithmic scale for Y-axis.

in FLEXPART than in CHIMERE, reaching stronger activity concentra-
tions values, for example over Scandinavia and the Arctic ocean. On the 
other hand, in the FLEXPART simulation, the plume reaches places from 
which it is absent in the CHIMERE simulation, for example over the Pa-
cific and Indian oceans, while on the other hands the plume extends 
over the Western mediterranean sea in CHIMERE but not in FLEXPART. 
The map comparison at that date is therefore twofold regarding numer-
ical diffusion, with visibly less spread of the plume in FLEXPART over 
certain areas, but visibly more spread in other areas.

To compare quantitatively diffusion between CHIMERE and FLEX-
PART, the half-volume time-series for FLEXPART and for the 5 
CHIMERE simulations are presented in Fig. 4 over the total simulated 
period. First, we observe that the general evolution of the half-volume 
is very similar in all the CHIMERE simulations and in FLEXPART. In 
the second part of the simulations, from 2017-10-05, the FLEXPART 
simulation has a systematically smaller half-volume than the CHIMERE 
simulations. It is also visible that all along the simulations the ver-
tical advection scheme in CHIMERE has a significant impact on the 
numerical diffusion in CHIMERE, with the VLVL simulation having a 
systematically higher half-volume than other CHIMERE simulations all 
along the numerical experiment, while in the second half of the simu-
lations (starting around 2017-10-05) the time series corresponding to 
different horizontal schemes in CHIMERE (VL, W, PPM, PPMW) become 
very close to each other. Therefore, the half-volume time series in Fig. 4
shows that, for the first 10 days after the 106Ru emission episode, addi-
tional diffusion in CHIMERE compared to FLEXPART is not systematic. 
Later on, the CHIMERE simulations systematically exhibit a half-volume 
slightly stronger than the FLEXPART simulation, and it is clearly visible 
than the use of the antidiffusive Després-Lagoutière scheme in the verti-
cal direction reduces much of this gap, while the choice of less diffusive 
schemes for horizontal advection seems to be less important in the long 
run. We will check in 3.3 if that impact negatively the performances of 
the models.

3.3. Impact of the diffusion

In this section we will discuss what is the impact of the numeri-
cal diffusion of CHIMERE over the model performances in a practical 
situation.

In order to verify performances of our simulations, we propose to 
compare CHIMERE and FLEXPART simulations over our test case and 

the measurements. For each location in (Masson et al., 2019) we ana-
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Fig. 5. Time series of activity concentration of 106Ru in a measurement station located in Stockholm (Sweden). Black is the measurements, blue is simulated activity 
concentration in CHIMERE simulation labelled PPMW, brown in Flexpart.
lyzed time series of the detection of 106Ru for all our simulations and 
for measurements. A few examples of the 337 time series we checked 
are presented in Fig. 5.

The main observations we extracted from them are: temporally all 
the simulations are in agreement between each others and most impor-
tantly in agreement with measurements. In term of activity concentra-
tions there is more discrepancy (Görlitz time series for example) but that 
was to be expected because of the fundamental differences between the 
models and the unknown around the granularity of the aerosol. Though 
the activity concentration in all simulations stays in the same order of 
magnitude. Compared to measurements, it varies also quite a bit. In 
Budapest, simulation underestimate largely the concentrations but in 
7

Krakow they are in good agreement.
Moreover for the well defined peaks of measured activity concen-
trations, for example in Sweden and Poland (middle row of Fig. 5), we 
observed also well defined main peaks in our simulations. The hourly 
precision in our simulations allows to show finer variations (three peaks 
for the Polish station) that we can’t always confirm with the measure-
ments done with longer sampling time, but appears in both models. On 
the other hand the Hungarian and Polish stations measurements are in 
agreement for respectively the second and third smaller peaks observed 
in our simulations

We were especially interested in the behavior of our models for 
longer travel distances. The FRP28 IMS station located in Guadeloupe 
is thus a valuable comparison test for our model. Our simulations show 

a nosier output for FLEXPART and a blunted one for CHIMERE. Both 
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Table 6

Confusion matrices for FLEXPART, PPMW, PPM, W, VL and VLVL simulations.

Measured Measured Measured

FLEX Yes No PPMW Yes No PPM Yes No

Model
Yes 345 286 Yes 341 108 Yes 342 116
No 169 540 No 173 718 No 172 710

W Yes No VL Yes No VLVL Yes No

Model
Yes 349 150 Yes 335 104 Yes 335 102
No 165 676 No 179 722 No 179 724

were expected because of the low level of activity left due to deposi-
tion occurring since a month already. The IMS Koweit station (KW40) 
in Fig. 5 shows those observations. Again both model are behaving sim-
ilarly and the highest simulated activity concentration for the CHIMERE 
simulation happened at the correct time.

IMS stations’ measurements are done daily making them a valuable 
asset for a comparison of time-series. When analyzing the time-series, 
the KW40 IMS stations presented three detections episodes separated 
by a 24 h time window with no detections. Our simulations reproduced 
these three main periods separated by a lower simulated activity con-
centration in between. As mention before the longer time passed the 
noisier the simulations get. In the case of KW40 we can see that the 
quality of the successive episodes decreased, with a higher degradation 
in the case of the FLEXPART simulation. In the CHIMERE simulation the 
last episode is very round peak compared to the first two with multiple 
sharper peaks. This blunted third peak might be an observable effect of 
the Eulerian diffusion.

Time-series on locations of the measurements stations give a general 
outlook on performances. It indicates that models are in good agree-
ment with each other and with the measurements. Next section will 
present results for an objective comparison based on skill scores.

3.4. Objective indicators comparison

To get an objective comparison of performances we calculate the 
confusion matrices for all the simulations as described in section 2. All 
confusion matrices are presented in Table 6. First point to note is that 
the confusion matrix of the FLEXPART simulation presents more FP 
than in all our CHIMERE simulations. Meaning that the total number of 
simulated positives value 𝑃 = 𝑇𝑃 +𝐹𝑃 is higher than for any CHIMERE 
simulations. At this point that could further indicate, knowing that the 
half-volume of our CHIMERE simulation is bigger than FLEXPART’s, 
that the tracer diffused more in CHIMERE and presents activity concen-
trations slightly lower than in FLEXPART’s simulation and such going 
under our threshold value more often. That might indicate an impact 
on performances of CHIMERE.

Table 7 presents all calculated indicators for our models and the ran-
dom model we presented in section 2.3. A few important points can be 
highlighted. First and foremost, all models perform better than the ran-
dom no-skill for every indicator at the exception of the bias. Also, all the 
advection combinations tested with CHIMERE score better than FLEX-
8

PART with respect to the indicators. This indicates that in this particular 

Table 7

Performances indicators for all simulations. Bold is for
is for the worst, random no-skill model excluded.

Label Bias Sensitivity Specificity Prec

VLVL 0.850 0.652 0.877 0.76

VL 0.854 0.652 0.874 0.76
PPM 0.891 0.665 0.860 0.74
W 0.971 0.679 0.818 0.69
PPMW 0.874 0.663 0.869 0.75
FLEXPART 1.228 0.671 0.654 0.54

RANDOM 1.000 0.384 0.616 0.38
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Fig. 6. Top: Comparison of time series of all advections schemes tested with 
CHIMERE on the station “Alba-Lulia, Romania” location. Bottom: Time series
of FRP28 IMS station in Guadeloupe comparison between the least (PPMW) an 
most (VLVL) diffusive advections schemes tested with CHIMERE.

case CHIMERE presents better performance in nearly all indicators (bet-
ter hit rate, less false alarms), sensitivity of FLEXPART being the closest 
to CHIMERE simulations. Between the different advections schemes in 
CHIMERE no particular differences seem visible in term of scores except 
for the simulation utilizing the Walcek horizontal advections scheme, 
which seems slightly inferior to other CHIMERE simulations.

Fig. 6 shows time series of the simulated activity concentrations over 
station Alt-Perau (Austria) for all the CHIMERE simulations. In this time 
series, we see that the choice of advection schemes changes strongly the 
intensity of the simulated peaks, where peak obtained with the less dif-
fusive model configuration (PPM+W) is about 50% stronger than in 
the most diffusive model configurations. Comparing these time series 
with Fig. 2 makes sense, since we observe that the schemes represent-

ing the smallest half-volumes for the plumes (PPM+W, Walcek, PPM) 

 best performances in the tested models and italic 

ision NPV Accuracy Baccuracy MCC

7 0.802 0.790 0.764 0.548
3 0.801 0.789 0.763 0.545
7 0.805 0.785 0.762 0.538
9 0.804 0.765 0.749 0.500
9 0.806 0.790 0.766 0.549

7 0.762 0.660 0.662 0.317

4 0.616 0.527 0.500 0.000
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Table 8

Performances indicators for all simulations for our three threshold values. Bold is for best performances in the 
tested models and italic is for the worst, for each threshold.

Threshold Bias Sensitivity Specificity Precision NPV Accuracy Baccuracy MCC

VLVL
5 0.860 0.652 0.870 0.758 0.801 0.787 0.761 0.540

10 0.850 0.652 0.877 0.767 0.802 0.790 0.764 0.548
15 0.844 0.648 0.878 0.767 0.800 0.790 0.763 0.546

VL
5 0.866 0.652 0.867 0.753 0.800 0.784 0.759 0.535
10 0.854 0.652 0.874 0.763 0.801 0.789 0.763 0.545
15 0.846 0.650 0.878 0.768 0.801 0.790 0.764 0.548

PPM
5 0.918 0.671 0.846 0.731 0.805 0.779 0.759 0.527
10 0.891 0.665 0.860 0.747 0.805 0.785 0.762 0.538
15 0.866 0.660 0.872 0.762 0.804 0.790 0.766 0.548

W
5 0.992 0.679 0.805 0.684 0.801 0.757 0.742 0.485
10 0.971 0.679 0.818 0.699 0.804 0.765 0.749 0.500
15 0.938 0.677 0.838 0.722 0.807 0.776 0.757 0.522

PPMW
5 0.914 0.669 0.847 0.732 0.805 0.779 0.758 0.527
10 0.874 0.663 0.869 0.759 0.806 0.790 0.766 0.549

15 0.864 0.658 0.872 0.761 0.804 0.790 0.765 0.547

FLEX
5 1.263 0.683 0.639 0.541 0.764 0.656 0.661 0.313

10 1.228 0.671 0.654 0.547 0.762 0.660 0.662 0.317

15 1.208 0.658 0.657 0.544 0.755 0.657 0.657 0.307
Fig. 7. Example of time series where the Walcek advection scheme presents a
false positive peak and the other CHIMERE advections schemes do not. Mea-
surement station is in Würzburg, Germany.

are also the ones representing the strongest peaks. Fig. 6b shows the 
time series for the less diffusive simulation (PPM+W) and for the most 
diffusive, for IMS station FRP28, in the French overseas territory of 
Guadeloupe. Many characteristics of the simulations can be observed 
on this time series: first, both simulations have their first significant 
peak at the time of detection of the plume by the IMS station. However, 
both models go past the threshold value of 10 μBq m−3 once or twice in 
the days following the detection, which is considered as a “false alar-
m” (FP) in the confusion matrices. Regarding the peak intensity, we 
observe as Fig. 6a that the peaks are stronger in the less diffusive sim-
ulation (PPM+W), and weaker in the most diffusive one (VLVL), while 
the minima in-between two peaks are lower in the PPM+W simulation: 
the less diffusive simulation, characterized by a smaller half-volume 
(Fig. 2) has sharper peaks, more clearly separated from each other. An-
other point worth mentioning is the lower performances observed for 
the Walcek horizontal advection scheme compared to the other schemes 
in CHIMERE. We checked on every time series at our disposal and re-
marked that, over certain stations, this specific simulation presents false 
detection peaks where the other ones do not. Fig. 7 shows an example of 
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said false positive peaks. That confirms the value differences in Table 7, 
especially in term of bias and sensitivity, and suggests that, while less 
diffusive than Van Leer and even than PPM, the Walcek scheme may 
underperform these schemes in certain situations, in a way sufficiently 
significant to substantially degrade its scores against other advection 
schemes (Table 7).

To comfort our first observation that CHIMERE performs better than 
FLEXPART in this particular case, we decided to test the robustness of 
our choice for our thresholding method. We tested a lower (5 μBq m−3) 
and a higher (15 μBq m−3) threshold values for our analysis. Results are 
shown in Table 8. All indicators do not vary significantly with the dif-
ferent thresholds tested. The best and worst model performances do not 
vary much either. We also tested the impact of the meteorology by using 
the same WRF files we used for our CHIMERE simulations as input in 
a version of FLEXPART capable of using them as input (Brioude et al., 
2013). We used the exact same parameters as in the FLEXPART sim-
ulation we presented. We observed small improvements in the scores 
between the two FLEXPART simulations when using the WRF calcu-
lated meteorology but our conclusions remain. All scores we calculated 
clearly show that an Eulerian model like CHIMERE can be adapted to 
simulate advection of radioisotope plumes over long distances and long 
times, and can perform better than a Lagrangian model compared to 
observations on a uncontrolled pollution case.

4. Conclusions

The main goal of this study was to evaluate the capability of two 
models, Eulerian and Lagrangian, including several transport schemes 
to accurately model a specific radionuclides transport event. The stud-
ied case corresponds to the release of an unique tracer, 106Ru, on 24𝑡ℎ of 
September 2017. It means that the corresponding measurements, when 
non-zero values are measured, are necessarily relative to this unique 
release. First, the simulations showed that the hypothesis about the lo-
cation and the timing was correct and realistic. By construction, the 
Eulerian model is more diffusive than the Lagrangian one, and this was 
quantified on this test case. A sensitive point was to show that the use 
of the Després and Lagoutière (1999) scheme enables to reduce the dif-
ferences between the two models. The benefit of this scheme on the 
vertical remain during the whole simulation, when the benefit of vari-
ous more or less horizontal advection schemes, is mainly obtained just 
after the release, when concentrations are important. Finally, tests with 
several schemes showed that the combination of DPL, vertically, and 

PPM+W, horizontally enables to have results of same shape that with 
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the use of Lagrangian model. It means that with this transport scheme, 
it is possible to keep the advantages of a Lagrangian model (reduced 
numerical diffusion) but also benefit of all capabilities of an Eulerian 
scheme.

The present study also shows that in a comparison with realis-
tic data and measurement conditions (sparse measurements in time 
and location, and a wide range of sampling time reacting to an un-
expected event) both approaches were yielding better results and per-
formances than a random model. Overall CHIMERE proposed better 
performances on this applied case than FLEXPART for all eight indi-
cators we computed and for all the tested combinations of numerical 
advection schemes. At the exception of the Walcek horizontal advection 
scheme, all CHIMERE advection schemes scored quite comparatively 
with each other. Between the best overall (best in 6 out of 8 indicators) 
scoring advection schemes combination (VLVL) and the least diffusive 
(PPMW) differences of scores are extremely close, only 0.002 of dif-
ferences for BAccurracy for example. The Walcek horizontal advection 
scheme despite being less diffusive in our analysis than the best scoring 
advection schemes (VLVL), presents a small supplementary amount of 
False Positive peaks than the other numerical schemes for transport on 
our test case.

Even knowing that scores depend on multiple parameters we hoped 
that reducing numerical diffusion would suffice to improve the scor-
ing. Turns out that was not the case in our study. Neither was there 
a large degradation of scores between the advection schemes tested. It 
leads us to conclude that reducing the numerical diffusion does not di-
rectly imply better scores and that changing advections schemes have 
a more complex impact on scores than anticipated. Other parameters 
might have a bigger impact on performances for both model for exam-
ple the aerosol representation. Future works might greatly benefit of a 
more precise and better constrained granularity of the aerosol consid-
ered, especially in the context of an accidental release. The deposition 
has an impact on performances for this case in our models (obviously 
as it is the only sink for the aerosol). We fixed the distribution of size 
of the aerosol in our simulation to being a monodispersive Gaussian
distribution centered and calibrated to allow our simulations to demon-
strate, on farther stations (FRP28 in Guadeloupe and USP72 in Florida), 
a data coherent result. A better knowledge on the aerosol size distribu-
tion might lead to better performances in the models and thus on future 
risk assessment analysis. Furthermore this paper only takes into account 
the atmospheric transport part of our model but as an Eulerian model 
CHIMERE could bring even more information on more complex cases 
involving complex chemistry or radioactive decay chains.

Another consideration not developed in this study is the response 
time to an accidental release. This kind of models can be used for emer-
gency procedures, mostly when there is a suspicion of a nuclear accident 
and one wants to be able to simulate the most likely transport very 
quickly. On this particular event and with our computing power, with 
FLEXPART we can simulate a 24 hours period with 1 processor in about 
1 hour. For the same simulated period we need around 45 minutes but 
using 60 processors with CHIMERE, assuming meteorology calculations 
are done or not needed (using ECMWF files as input for example). If 
CHIMERE is capable of bringing a more complex answer on a given 
problem, FLEXPART on the other hand is a very efficient tool to give an 
answer faster, especially if computational power is limited. Conjoint use 
might lead to interesting results in future cases and studies: using FLEX-
PART as a “First-responder” or to rapidly explore parameters spaces 
(for example aerosol physical description) and CHIMERE as an more in 
depth “Investigator” or for re-analysis of past events as presented in this 
study.
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