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A B S T R A C T   

The Comprehensive Nuclear Test-Ban Treaty Organization (CTBTO) runs to date operationally an atmospheric 
transport modeling chain in backward mode based on operational deterministic European Centre for Medium- 
Range Weather Forecasts-Integrated Forecasting System (ECMWF-IFS) and on National Centers for Environ
mental Prediction-Global Forecast System (NCEP-GFS) input data. Meanwhile, ensemble dispersion modeling is 
becoming more and more widespread due to the ever increasing computational power and storage capacities. 
The potential benefit of this approach for current and possible future CTBTO applications was investigated using 
data from the ECMWF-Ensemble Prediction System (EPS). Five different test cases - among which are the ETEX-I 
experiment and the Fukushima accident - were run in backward or forward mode and - in the light of a future 
operational application - special emphasis was put on the performance of an arbitrarily selected 10- versus the 
full 51-member ensemble. For those test cases run in backward mode and based on a puff release it became 
evident that Possible Source Regions (PSRs) can be meaningfully reduced in size compared to results based solely 
on the deterministic run by applying minimum and probability of exceedance ensemble metrics. It was further 
demonstrated that a given puff release of 4E10 Bq of Se-75 can be reproduced within the meteorological un
certainty range [1.9E9 Bq,1.7E13 Bq] including a probability for not exceeding an assumed upper limit source 
term using simple scaling of a measurement with the corresponding ensemble metrics of backward fields. For the 
test cases run in forward mode it was found that the control run as well as 10- and 51-member medians all exhibit 
similar performance in time series evaluation. Maximum rank difference adds up to less than 10% with reference 
to possible rank values [0,4]. The maximum difference in the Brier score for both ensembles is less than 3%. The 
main added value of the ensemble lies in producing meteorologically induced concentration uncertainties and 
thus explaining observed measurements at specific sites. Depending on the specific test case and on the ensemble 
size between 27 and 74% of samples all lie within concentration ranges derived from the different meteorological 
fields used. In the future uncertainty information per sample could be used in a full source term inversion to 
account for the meteorological uncertainty in a proper way. It can be concluded that a 10-member meteoro
logical ensemble is good enough to already benefit from useful ensemble properties. Meteorological uncertainty 
to a large degree is covered by the 10-member subset because forecast uncertainty is largely suppressed due to 
concatenating analyses and short term forecasts, as required in the operational CTBTO procedure, on which this 
study focuses. Besides, members from different analyses times are on average unrelated. It was recommended to 
Working Group B of CTBTO to implement the ensemble system software in the near future.  
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1. Introduction 

The Comprehensive Nuclear Test-Ban Treaty (CTBT), an international 
agreement to ban all nuclear tests, includes the building of a global 
network of 321 monitoring stations and 16 laboratories for verification 
purposes (CTBT, 1996), the International Monitoring System (IMS, CTBTO 
Preparatory Comission (2019)). Stations therein monitor seismic, 
hydroacoustic, infrasound and radionuclide signatures of different ori
gins with the aim to discriminate non-nuclear natural or civil man-made 
events against violations of the CTBT. The radionuclide component – to 
be considered in this paper – shall comprise measurements of radioac
tivity on aerosols at 80 locations at entry into force of the treaty. Half of 
the 80 stations shall have additional equipment to measure ambient air 
concentrations of four radioactive xenon isotopes (Xe-131m, Xe-133, 
Xe-133m, and Xe-135) produced in nuclear explosions. 

In order to link radionuclide measurements with potential sources, 
the Comprehensive Nuclear Test-Ban Treaty Organization (CTBTO) runs 
operationally an atmospheric transport modeling (ATM) chain in 
backward mode (Matthews and De Geer, 2004) based on the Lagrangian 
Particle Transport and Dispersion Model FLEXPART, version 9.3.2 (Pisso 
et al., 2019; Stohl et al., 2005; 1998; ZAMG, 2018) and the operational 
deterministic ECMWF-IFS run (since June 30th, 2020, cycle 47r1) with 
0.1◦ native and 0.5◦ extracted horizontal resolution and with 137 ver
tical hybrid levels (ECMWF, 2018a) as well as the operational deter
ministic NCEP-GFS run (since December 6th, 2019, version 15.1) with 
the same native and extracted horizontal resolution, but with 64 native 
vertical hybrid and 31 extracted pressure levels (NOAA, 2020a). Stan
dard output products are Source-Receptor Sensitivities (SRSs), called Field 
of Regard (FOR) when an individual layer and one time step are 
considered, for the individual radionuclide IMS stations. Possible Source 
Regions (PSRs) are generated on demand in a continuative analysis using 
WEBGRAPE (Web connected Graphics Engine, CTBTO (2016)) 
combining several FORs and the corresponding measurements in a 
linear regression approach (Wotawa et al., 2003). Thus, a PSR is ob
tained by calculating the correlation between the FOR fields and the 
vector of corresponding observed concentrations for each geotemporal 
grid cell (Ringbom et al., 2014). Whereas one or two FOR fields have to 
be interpreted directly in terms of a possible source region (an unknown 
source term can be also estimated via scaling measurements with cor
responding SRS values), the more advanced PSR method is the standard 
CTBT verification method of choice if a synopsis of many FORs is 
necessary (as is the case for all the backward test cases presented in this 
paper). 

So far ensemble atmospheric transport modeling at CTBTO has been 
confined to multi-model ensemble modeling in case of exceptional 
particulate measurements (Level-5 measurements, see the definition in 
Matthews and De Geer (2004)). On the occasion of a Level-5 event so 
called Regional Specialized Meteorological Centers (RSMCs) as designated 
by the World Meteorological Organization (WMO) run their atmospheric 
transport and dispersion models and provide SRSs to CTBTO and state 
signatories (WMO, 2019). 

Since the beginning of the 1990s (Palmer et al., 1993), ensemble 
prediction has become a widely-known approach to pragmatically treat 
uncertainty in numerical weather prediction (NWP) and air quality 
modeling, being still considered state of the art and subject of contin
uous research with yet increasing popularity (Bauer et al., 2015; Leut
becher and Palmer, 2008; Shemyakin and Haario, 2018; Wilks, 2011). If 
computationally affordable, it is the method of choice to take un
certainties of models and measurement data into account and create 
probabilistic forecasts, even in operational environments. 

Because atmospheric transport models like FLEXPART take inde
pendent meteorological fields as input driving data during runtime 
(called “offline” models), they depend also on the accuracy of the output 
of NWP models and underlying measurements. Consequently, similar 
issues concerning predictability of ATM parameters arise as they do for 
the driving models. It is then intuitive to apply ensemble forecasting to 

those atmospheric transport models as well. Since the first attempt by 
Straume et al. (1998), the ensemble approach for atmospheric disper
sion modeling has increased in popularity. As an example, a platform 
(European Commission – Joint Research Center, 2020) was founded to 
inter-link the community and provide a tool to develop and assess 
ensemble modeling studies including corresponding evaluation. 

Galmarini et al. (2004) provide an overview of ensemble types and 
the research on them. The two most promising approaches for ensemble 
atmospheric transport modeling were later described and compared by 
Galmarini et al. (2010):  

1. Multi-model ensemble: It uses different atmospheric dispersion 
models for each run. In most cases the different atmospheric 
dispersion models are also coupled with data from differing meteo
rological models.  

2. EPS (ensemble prediction system) ensemble: It uses meteorological 
input data from an ensemble prediction system and each run is 
driven by a different member. This type of ensemble is tackled in the 
present research. 

Galmarini et al. (2010) compared those two ensemble modes for 
FLEXPART and four other models. The study in case of EPS-based 
ensemble modeling was performed with a full 51-member ECMWF 
ensemble as input data and this EPS-ensemble showed promising results. 
Multi-model median and the mean of an EPS-based ensemble produced 
the best guidance when compared against measurements. More recently, 
in Galmarini et al. (2018) the benefits of a multi-scale (so-called hybrid) 
ensemble approach were investigated, whereby global and regional 
scales are combined. 

Ensemble modeling is usually based on a large number of ideally 
independent models or model runs and this comes at a computational 
and resources expense. Authors dealing with EPS based ensemble 
dispersion modeling tend to use the full ensemble or, to reduce re
sources, draw a subset (as for example done in De Meutter et al. (2016), 
where just 10 ensemble members were considered when re-calculating 
the ensemble). A most recent work applying multi-input ensemble 
modeling with FLEXPART using the full 51 ensemble members from the 
ECMWF ensemble data assimilation (EDA) system is that of De Meutter 
et al. (2018). The use of ECMWF-EPS ensemble members for operational 
applications in air dispersion modeling is clearly complicated from a 
computational point of view. However, unlike with multi-model en
sembles (Kioutsioukis and Galmarini, 2014) no redundancy has to be 
expected due to the design of the NWP ensemble system. Initial condi
tions are independent/uncorrelated for the 51 members and all the in
dividual members statistically have equal chance to perform best. 

Reducing the ensemble size in a sensible way, is often needed to be 
able to run ensemble forecasts on provided, and often limited, compu
tational facilities. Ensemble runs based on a meteorological ensemble 
input data set reduced via clustering for forward modeling with FLEX
PART for aviation purposes were described and tested in the framework 
of a Master’s thesis by Klonner (2013). The method uses the horizontal 
wind field forcing at a specific vertical level as clustering variable and 
demonstrated utility for volcanic events reaching up to typical cruising 
level altitude (roughly 10 km). However, given that horizontal forcing is 
lowest in the boundary layer, this approach is not useful for the current 
study where focus is on the surface layer and where IMS measurements 
occur. Besides, transport times are as well longer (usually hemispheric 
or even global transport is to be considered), leading to much more 
vertical mixing. Klonner also investigated the use of multiple layers in 
the clustering, but results became fuzzy instead of improving. In addi
tion, if the aim is to reduce the ensemble to a few representativ mem
bers, clustering is only reasonable on a continental scale, e.g. Europe 
(Ferranti and Corti, 2011), and for a limited amount of variables (with 
special focus on the geopotential). Members being similar to each other 
over, e.g., Europe do not need to be similar to each other over another or 
even over several other continents or regions of the earth. CTBTO’s 

C. Maurer et al.                                                                                                                                                                                                                                 



Journal of Environmental Radioactivity 237 (2021) 106649

3

atmospheric transport modeling system, however, covers the whole 
globe and it is not only horizontal wind components which govern 
dispersion in the surface layer. Therefore clustering would not lead to a 
better selection of ensemble members than randomly sampling an 
ensemble subset. 

Principal Component Analysis (PCA) selection procedures require 
that the ensemble members are distinguishable. This is the case for 
multi-model or multi-physics ensembles, because each member employs 
a specific setting or model. The perturbation of initial conditions and the 
perturbation during the forecasts in ECMWF-EPS on the other hand are 
designed such that the members are interchangeable. 

Most publications deal with ensemble forward modeling of atmo
spheric dispersion. However, in the work of Becker et al. (2007) 
ensemble backward atmospheric dispersion calculations are presented, 
using no EPS based but a multi-model ensemble, consisting of different 
particle transport models, including FLEXPART. The results of this work 
show, that also when using atmospheric transport models in backward 
mode, ensemble methods are superior to single deterministic runs. Ac
cording to these authors the ensemble PSR average outperforms the 
median PSR if time and location of an event are unknown. 

In order to investigate the added value of ECMWF-EPS based atmo
spheric transport modeling five test cases (three real cases, two synthetic 
cases) were performed, three of which constitute typical CTBTO appli
cations in terms of transport ranges: 

• Hypothetical puff release of 1E15 Bq Xe-133 (default standard emis
sion in CTBTO’s operational runs) at the DPRK test site near Punggye- 
ri (129.0◦ E and 41.3◦ N) on Dec., 1st, 00:00-01:00 UTC, 2018 traced 
back from selected receptors for 14 days (backward mode). This test 
case covers north hemispheric winter time conditions. With a puff- 
like release this event constitutes a good example in terms of 
release characteristics to further test the added value of the ensemble 
PSR-approach. 

• Hypothetical puff release of 1E15 Bq Xe-133 at the ANSTO radiophar
maceutical production site (151.0◦ E and 34.1◦ S) on Dec., 1st, 00:00- 
01:00 UTC, 2018 traced back from selected receptors for 14 days 
(backward mode). This test case covers south hemispheric summer 
time conditions. With a puff-like release also this event constitutes a 
good example in terms of release characteristics to further test the 
added value of the ensemble PSR-approach.  

• Real, temporally extended and vertically structured releases of Cs-137 
and Xe-133 as available from the literature (Stohl et al., 2012) for 
the Fukushima-Daiichi NPP (141.0◦ E and 37.4◦ N) accident starting on 
March 11th, 2011, followed for 14 days (forward mode). It is prob
ably the only test case in the CTBT context where abundant IMS 
measurements in combination with a best estimate source term are 
available. Above all, this test case demonstrates the capability of the 
ECMWF-EPS based ensemble to explain measurements on typical 
transport scales considered in the CTBT context taking into account 
meteorological uncertainty provided the source term is known.  

• The May 2019 Selenium-75 puff release from the Belgian research BR2 
reactor (5.1◦ E and 51.2◦ N) on the premises of SCKCEN (IRSN, 2019) 
run in backward mode for 6.5 days. With a puff-like release this event 
constitutes a good example in terms of release characteristics to 
further test the added value of the ensemble PSR-approach. In 
addition, the actual source term is also known with little error so 
estimating the source term based on simple scaling of a measurement 
with ensemble metrics of the SRS value at the known source location 
and emission time can be performed. However, the transport scale 
(confined to Europe) is not typical for CTBTO applications.  

• The ETEX-I release from Monterfil (France) (2.0◦ W and 48.1◦ N) in 
forward mode simulated for 4 days, with the possibility to use a lot of 
measurements at high temporal resolution at various sites all over 
Europe and an extremely well defined release amount. The ETEX-I 
and II cases have been widely used by the atmospheric transport 
modeling community for performance testing (e.g., Galmarini et al. 

(2010), Graziani et al. (1998), Potempski et al. (2008) or Straume 
et al. (1998)). Also this test case demonstrates the capability of the 
ECMWF-EPS based ensemble to explain given measurements. How
ever, the transport scale (confined to Europe) is again not typical for 
CTBTO applications. 

Section 2 describes the set-up of the atmospheric transport and 
dispersion model FLEXPART together with the ECMWF input data and 
the (synthetic) measurements used for individual test cases. Results and 
a discussion thereof are provided in section 3. From the wealth of ma
terial created during the project in terms of ensemble FOR and PSR plots 
as well as box plots of time series and Taylor plots, for selected stations 
examples will be shown. Special emphasis will be on contrasting the full 
51-member ensemble to a random 10-member subset, thereby testing 
the ensemble approach under possible operational constraints. The 
paper is completed by conclusions drawn in section 4 covering the 
relevance and implications of the results found for typical CTBTO 
applications. 

2. Material and methods 

For the five test cases, two types of ECMWF ensemble data sets were 
gathered, where the type depends on their occurrence back in time. 
Whenever possible – in terms of necessary input variables to run 
FLEXPART – existing ECMWF products were selected. Extraction from 
the ECMWF data archive and pre-processing of ECMWF fields for 
ingesting them into the FLEXPART model was done with the most recent 
version of a standard software package (Tipka et al., 2020). However, no 
existing data was available for the Fukushima test case dating back to 
2011 and the ETEX-I test case dating even back to 1994, where an effort 
was undertaken to hindcast the ensembles. ERA5 (ECMWF, 2020a) data, 
providing global reanalyses from 1950 on till present, although in 
principle also useable since it includes 10 ensemble members, could not 
be considered because it is delayed in time by 5 days to the current date 
and thus would not be available in quasi near-real time as required by 
the operational needs of CTBTO. Whereas not important from the sci
entific perspective, for the operational aim of CTBTO one crucial aspect 
of this work was to test the approach assuming operational conditions. 
In order to neglect the forecast error which is not relevant to CTBTO’s 
forensic post-event treaty verification tasks, ECMWF analyses were 
concatenated with short term forecasts rather than using one long-term 
forecast. Synthetic and real measurements were acquired, selected and 
pre-processed if necessary. Specific information related to measurement 
data can be found in corresponding tables in Appendix A. FLEXPART 
was set up uniformly for all five test cases except for output grid hori
zontal resolution. 

2.1. 1st and 2nd test case: Hypothetical puff releases at the DPRK test site 
and the ANSTO radiopharmaceutical production site 

Global ensemble analyses including the control run (in total 26 
different input data sets, available at 00/06/12/18 UTC) were retrieved 
for Dec., 1st to 15th, 2018 from ECMWF’s Meteorological Archival 
Retrieval System (MARS) archive (ECMWF, 2020b) based on the most 
recent IFS model cycle at that time, i.e., 45r1 (ECMWF, 2018b). This 
output of ECMWF’s Ensemble of Data Assimilations (EDA) system is an 
ensemble of 4D-Var data assimilations (Isaksen et al., 2010; Lang et al., 
2019) that reflects uncertainties in observations, atmospheric boundary 
conditions (such as sea-surface temperature) and the model physics by 
stochastic perturbation of parameterized tendencies. 25 additional 
symmetric members were created by subtracting 2x the difference be
tween the 25 ensemble members and the control run from each member. 
Control run and deterministic run are both unperturbed and only differ 
by resolution. Native horizontal resolution of the EDA product adds up 
to TCO639/O640 corresponding to 0.2◦. Subscript ”CO” stands for ”cubic 
octahedral” and subscript ”O” for octahedral reduced Gaussian grid. 
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These terms refer to the representation of the shortest wave and to the 
Gaussian grid characteristics. A switch from ”linear” to ”cubic” in the 
wave representation for the spectral IFS model and from the original 
reduced Gaussian to the octahedral reduced Gaussian grid was intro
duced in early 2016 (Malardel et al., 2016), which improved horizontal 
resolution. To end up with 3-hourly time resolution, the intermediate 
time steps between analysis times 06 and 18 UTC (all parameters to run 
FLEXPART are only available for forecasts launched at these two anal
ysis times, but not for forecasts launched at 00 and 12 UTC) at a given 
day had to be filled with forecasts (steps 3, 6, and 9) started from ana
lyses at 18 UTC of the previous day, at 06 UTC and at 18 UTC of the 
current day. This global meteorological data set with extracted 0.5◦

horizontal resolution and 137 vertical levels could be used for both 
synthetic cases as they cover the same time period. For the 4DVAR/
deterministic forecast native resolution adds up to TCO1279/O1280 
corresponding to 0.1◦. Related unperturbed analyses (4DVAR) with 
interspersed deterministic forecasts based on cycle 45r1 at the very same 
extracted resolution of 0.5◦ and with 137 vertical levels were gathered 
as well. The spatial and temporal resolutions of the data sets used match 
the ones currently in place at CTBTO for atmospheric transport 
modeling. Not using the full spatial and temporal resolution is due to 
computational and storage limitations. 

A NCEP-GFS (NOAA, 2020b) based FLEXPART version 8.2.3 run was 
used to generate pseudo Xe-133 measurements for the two synthetic test 
cases. Xe-133 is the most abundant xenon isotope measured by the IMS 
(Achim et al., 2016) and expected to be released by an underground 
nuclear test (Perkins and Casey, 1996; Sun and Carrigan, 2012) and - 
above all - during radiopharmaceutical isotope production (Bowyer 
et al., 2013; Kalinowski et al., 2014; Saey, 2009). NCEP-GFS meteoro
logical input data used as well comprise a mixture of analyses with 
short-term forecasts on a 0.5◦ grid. However, vertical resolution is quite 
different (26 pressure levels for NCEP-GFS versus 137 hybrid model 
levels for ECMWF-IFS). Synthetic samples from the NCEP-driven 
FLEXPART version 8.2.3 run were selected based on the following 
criteria: 1) An average concentration of at least 1 mBq/m3 over a 
collection period (12 or 24 h) had to be reached as this is the Minimum 
Detectable Concentration (MDC) required by the Preparatory Commis
sion for a certified noble gas sampling device (Czyz et al., 2018). 2) 
Pseudo-samples had to stem either from an operational noble gas IMS 
station (country code, plus ”X” and number, e.g., JPX38) or from a test 
bed IMS station (”XE” plus number, e.g., XE058; see CTBTO (2020a)). 
Both criteria ensured working with a realistic scenario in terms of data 
availability. 

Since the Xe-133 plume quickly disappears from the surface model 
layer right after the release at the ANSTO site, only samples with 
collection stop times from Dec., 9th, onward could be selected. In terms 
of data availability this test case constitutes an unfavorable case due to 
the specific synoptic situation as depicted in the NCEP driving meteo
rological data. Xe-133 data for both synthetic cases can be found in 
Tables A1 and A2 in Appendix A. 

2.2. 3rd test case: Real, temporally extended and vertically structured 
releases for the Fukushima-Daiichi NPP accident 

North hemispheric hindcast ensembles were produced for the period 
March, 11th to 25th, 2011, because model level data (needed to run 
FLEXPART) was no longer available for the operational ensemble 
product of that time. ECMWF’s IFS ensemble for the Fukushima test case 
was hindcasted based on the IFS-model cycle version 45r1 with native 
resolution of TCO639/O640, corresponding to 0.2◦, and 91 vertical 
levels. Perturbed short-range forecasts with initialization time of 00 and 
12 UTC were retrieved on a 0.5◦ grid and 3-hourly time resolution and 
concatenated with analyses. The ensembles consist of 51 members, 
where 50 members were initialized with perturbed initial conditions 
retrieved from operational ensemble data analysis members and calcu
lation of singular vectors was performed with a modified rescale factor 

(Vitart et al., 2019). 
In addition, the 4DVAR product (TL1279/N640 corresponding to 

0.2◦ native resolution) with interspersed deterministic forecasts at the 
very same resolution was gathered as well. Subscript ”L” stands for 
”linear” and subscript ”N” for original reduced Gaussian grid. Both types 
of input data (deterministic and ensemble) were interpolated to a 0.5◦

grid in the frame of data pre-processing and both types of data exhibit 91 
vertical levels. However, whereas the 4DVAR and the deterministic 
forecast product were retrieved from the ECMWF MARS archive and are 
based on IFS cycle 36r4 (ECMWF, 2010) introduced in November 2010, 
the ensemble including the control run was hindcasted based on IFS 
cycle 45r1. Thus, the ensemble performance has to be evaluated against 
the control run of the hindcasted ensemble. Nevertheless, the dispersion 
results based on the 4DVAR product with interspersed deterministic 
forecasts are useful to demonstrate what the deterministic results would 
have looked like right after the accident and how ECMWF forecasts have 
potentially improved in the course of the last decade. 

Upper level west and north-westerly currents led to a fast spread of 
the radioactive material towards the Pacific and to notable measure
ments above all at the US-IMS noble gas and particulate stations Ashland 
(USX74/USP74), Charlottesville (USX75/USP75), Wake Island (USX77/ 
USP77) and Oahu (USX79/USP79). Although in an ideal position, 
Takasaki (JPX38/JPP38) station data, immediately located to the south 
west of the accident site, was not used in the study due to well-known 
data quality issues related to the high level of radioactivity (Stohl 
et al., 2012). Time series for Xe-133 and Cs-137 were selected based on 
the largest measurements corresponding to IMS stations that had 
measured significant amounts of both radionuclides within the target 
time period. Although this approach does not consider the absolute 
largest measurements, the collocation criteria allows to consider the 
complementary information (short-lived, non-depositing noble gas 
versus long-lived, depositing radionuclide attached to particulate mat
ter) provided by the selected measurements in the subsequent evalua
tion of ECMWF-EPS based ensemble runs. Aerosol bound I-131 was not 
considered, because it is treated - apart from the half-life correction - 
exactly in the same way as Cs-137 in FLEXPART. The in total seven 
CTBTO IMS stations used together with mean and maximum activity 
concentrations are listed in Table A3. Particulate data are available 
online in the attachment B-1 to the corresponding United Nations Sci
entific Committee on the Effects of Atomic Radiation (UNSCEAR) Report 
(UNSCEAR, 2013). Permission to use all radionuclide data was granted 
to the contractor via contract number 2018-0655. IMS radionuclide data 
is in principle only available to state signatories or to researchers after 
signing a contract (CTBTO, 2020b) with CTBTO. 

2.3. 4th test case: May 2019 Selenium-75 puff release from the Belgian 
research BR2 reactor 

In May 2019 a release of Selenium (Se-75) occurred accidentally 
from the Belgian research reactor BR2 on the premises of SCKCEN in Mol 
(IRSN, 2019). The incident constitutes an ideal test case to evaluate the 
added value of EPS-based PSRs & FORs due to the specific characteristics 
of the release. Roughly 4E10 Bq of Se-75 were discharged between 13:15 
and 14:00 UTC on May 15th, 2019. The release duration matches almost 
exactly the hourly output interval used in the FLEXPART calculations. 
Although a comprehensive data set comprising samples in several Eu
ropean countries is still to be expected only four detections and three 
non-detections from seven IRSN measurement sites in France were 
available for the present study (see Table A4 in Appendix A). Thus, the 
number of available detections (four) is more realistic in terms of the 
number of detections usually at hand for a CTBT relevant event. How
ever, the distances between the emitter (in Belgium) and the sampling 
sites (in Northern France) are clearly smaller than in the usual CTBT 
context. 

The Selenium case was evaluated on a European domain (30◦ W to 
30◦ E and 30◦ N to 70◦ N) with 0.2◦ extracted meteorological input 
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horizontal resolution. Native horizontal resolution of the EDA product 
again adds up to TCO639/O640, corresponding to 0.2◦. However, no 
additional members had to be generated in a pre-processing step, 
because ECMWF upgraded its system in 2019 in order to produce 50 
members instead of only 25 generated before the upgrade. The corre
sponding 4DVAR and deterministic forecast data set of ECMWF with 
native resolution of TCO1279/O1280, corresponding to 0.1◦, and with 
0.2◦ extracted resolution was used as well. All data come with a vertical 
resolution of 137 model levels and are based on the very same IFS cycle 
45r1. Anaylses and forecasts were once again concatenated. 

Since most collection starts fall before the release they were adjusted 
(see 5th column of Table A4 in Appendix A) based on a simulation 
performed by the Canadian Meteorological Service (CMC - ECCC, 2019) 
in order to avoid gathering of additional meteorological input data 
before the time of the release. Consequently, measurements - assuming a 
constant flow rate - had to be scaled by the quotient of original sampling 
duration and adapted sampling duration resulting in an increase of ac
tivity concentrations (see last but one and last column of Table A4). 
Given a half-life of Se-75 of roughly 120 days the error introduced by 
this approach is negligible. Measurements falling below the MDC were 
set to zero. 

2.4. 5th test case: ETEX-I release from Monterfil (France) 

The ETEX-I case was evaluated on the same European domain (30◦ W 
to 30◦ E and 30◦ N to 70◦ N) as the Selenium case and again with 0.2◦

extracted meteorological input horizontal resolution. ECMWF’s IFS 
ensemble for the ETEX-I scenario was hindcasted based on the previous 
operational model cycle 46r1 with native resolution of TCO639/O640, 
corresponding to 0.2◦, and 91 vertical levels (ECMWF, 2019). 50 
members were again initialized with perturbed initial conditions 
retrieved from ERA5 (ECMWF, 2020a) ensemble data analysis members. 
For the period from October, 23rd to 28th, 1994, the hindcasts were 
started twice per day at 00 and 12 UTC with a forecast range of up to 24 
h and with hourly output (however, meteorological input data was only 
used with 3-hourly resolution and for up to 9 h forecast range for 
running FLEXPART). 

In March 1994 ECMWF had switched to cycle 11r7 (ECMWF, 1994) 
which had only a horizonal resolution of TL213/N80, corresponding to 
1◦, and 31 vertical levels. So for this test case the 4DVAR/deterministic 
forecast runs would not only be different in terms of model physics, but 
also very different in terms of resolution reversing the relationship to the 
ensemble in terms of resolution. Therefore 4DVAR and deterministic 
forecast input data dating back to 1994 were not considered in the 
evaluations. 

340 kg of perfluorcarbon (PMCH) were released at Monterfil in 
France and corresponding measurement data are available at 168 Eu
ropean sites for 30 intervals of 3 h starting with the first sampling in
terval on Oct., 23rd, 15–18 UTC (Graziani et al., 1998). The ambient 
background concentration was already subtracted by the data provider. 
Thus, the concentrations, in ng/m3, represent only the tracer released. 
All valid samples (including the categories valid sample, no tracer found; 
valid sample, tracer found; concentration within 2 standard deviations of 
background variation and concentration given or higher (possible saturation 
effect)) were gathered and the number of above zero samples was 
identified. Those stations which fulfilled the criterion of having more 
than 12 samples above zero were selected. The procedure yielded 15 
stations which is similar to the number of particulate and nobel gas 
sampling stations considered for the Fukushima case. The 15 stations are 
listed in Table A5 in Appendix A. 

2.5. FLEXPART Set-up 

FLEXPART version 8.2.3 was used for test cases 1 and 2. For test 
cases 3 to 5, version 9.3.2 was employed which was specifically adapted 
to the operational needs of CTBTO. According to the authors’ 

experience, version 9 onwards perform considerably better in the near 
field, thus being preferred for the Se-75 and the ETEX-I test cases. Un
desirable features of version 8.2.3 include lack of dispersion in the 
horizontal and vertical, unrealistically small, secondary maxima and a 
plume passage which is too fast. For all test cases FLEXPART was run 
with a 900 s synchronisation interval and output sampling rate as well as 
a 3600 s averaging and output time interval. Subgrid terrain effect and 
convection parameterization were enabled. The FLEXPART output 
contains a single output layer with an upper height of 150 m a.g.l. for all 
test cases. The output domains and their spatial resolutions were chosen 
to be identical to the ones of the computational domains (the meteo
rological domains, respectively). 

3. Results and Discussion 

For forward and backward test cases different ensemble products 
were evaluated. Due to the very different users of CTBTO products, with 
a variety of backgrounds, not always atmospheric transport ensemble 
modeling, products together with evaluation statistics were required to 
be straightforward and easy to understand. Since in the CTBT context 
there is usually information on the timing and position of an event (via 
the complementary techniques infrasound, hydroacoustics or seismics) 
the focus is on linking the radionuclide measurements to the known time 
and location of a suspicious event. For the three test cases run in back
ward mode minimum, maximum, median PSR fields and probability of 
exceeding a threshold PSR value were investigated in detail. The field 
averages were also checked, but found to be of no added value compared 
to the medians. Minimum PSR fields can be of added value in case two 
relevant sites (e.g., civil radiopharmaceutical facility and known mili
tary test site with a corresponding waveform signal) fall within the 
deterministic PSR at the same time, but only one of them falls into the 
minimum PSR field. Maximum PSR fields are hardly of any value based 
on the three test cases investigated, because they are considerably 
enlarged and may no longer allow to distinguish between the likelihood 
of possible sources in different places. For the Fukushima test case and 
the ETEX-I case box plots of time series, Taylor diagrams as well as a 
Rank metric (combining correlation coefficient, fractional bias, Kolmo
gorov Smirnov parameter and accuracy) and the Brier score were 
employed. Taylor diagrams combine correlation coefficient, root mean 
square error and standard deviation and are especially useful for dis
playing ensemble performance because performance of every single 
member or deduced metric can be depicted by a (colored) symbol. For 
the Se-75 test case PSR fields as well as minimum, maximum, median, 
probability of exceedance and normalized variance of a selected FOR 
were analyzed. Ensemble results for 10 and 51 members were always 
contrasted against the control or/and - if reasonable - the deterministic 
run. Detailed information on the definitions of statistical metrics can be 
found in Appendix A. 

3.1. 1st test case: Hypothetical puff release at the DPRK test site 

Fig. 1 shows the PSR field based on deterministic ECMWF input for 
time step 20181201 00:00-01:00 UTC, corresponding to the time of the 
puff release of Xe-133. For a proper judgement of performance the whole 
hemisphere affected has to be plotted, the inset displays the zoom on the 
Korean peninsula. As it can be learnt from Fig. 1 location accuracy of the 
synthetic DPRK event is surprisingly high considering the discrepancy 
between the NCEP deterministic run (used to produce the synthetic 
measurements) and the ECMWF control run driven FLEXPART run (see 
Table A1 in Appendix A). The highest PSR values occur right in DPRK 
(dark blue area south-west of the red cross which indicates the test site). 
Results are not compromised by the fact that maximum PSR values stay 
below 0.4. High PSR values are often an artefact of linear regression 
analysis when just based on a few measurements (like it is the case for 
the ANSTO synthetic event, see section 3.2 below) and linear regression 
is dominated by a single pair of high values. If synoptic conditions are 
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favorable and many stations are hit by the plume under investigation 
location accuracy can be high. However, the exact match of the FLEX
PART modeling output time step and the release duration of the hypo
thetical release is in favor of a more accurate result. 

Figs. 2 and 3 show the outcome based on an arbitrarily drawn 10- 
member ensemble subset and the full 51-member ensemble for the 
very same time step. It becomes evident that much of the PSR field (≥
0.1) over Siberia disappears whereas PSR values of 0.3–0.4 can still be 
found in DPRK. Thus, already the minimum of the 10-member ensemble 
constitutes an added value compared to just the deterministic run. 
However, the minimum of the full ensemble adds further benefit 
compared to the reduced ensemble with PSR field values ≥ 0.2 and ≥
0.3, retreating completely to DPRK, the actual source region. The min
imum metric acts as a filter at every grid point, filtering all but the most 
significant parts of the PSR field. Importantly it does not diminish the 
correlation values uniformly. It rather enhances the contrasts between 
higher and lower values. 

The median (not shown) provides hardly any added value compared 
to the deterministic run. The probability metric for exceeding a PSR 
value of 0.27 (Figs. 4 and 5) performs in a similar way as the ensemble 
minimum. DPRK is clearly labeled as source of the release with roughly 
100% probability south-west of the DPRK test site and roughly up to 
30% further off. However, the selection of the threshold is not 
straightforward. Probability of exceedance applied to PSR fields suffers 
from using a fixed threshold. Guided by experience throughout the 
present work the threshold was finally based on the 90% percentile of 

the whole ensemble over all time steps and grid points. More specif
ically, it was based empirically on the maximum of individual members’ 
90% percentiles after discarding those PSR values below 0.1. The feature 
of selecting a threshold rather subjectively is a clear weakness of the 
probability metric. This is unlike the situation with activity concentra
tion values, where a generally useful threshold is easier to define (e.g., 
Operational Intervention Levels - OILs). In essence thresholds need to be 
redefined for every case based on those values deduced from the 
ensemble. 

The average Figure of Overlap of each member with all the others 
(see equation A.4 in Appendix A) adds up to roughly 33% for both the 
reduced ensemble and for the full ensemble for the time step considered, 
that of the Average Agreement of each member with all the others (see 
equations A.8 to A.11 in Appendix A) to roughly 69%.These numbers 
(both to be found in the figure titles) indicate hardly any difference 
between the reduced and the full ensemble according to the two metrics. 

Interestingly neither the deterministic run nor any of the ensemble 
metrics yields a match in time. The actual source location (red cross) is 
only covered by the area of highest PSR values, probabilities of 
exceedances, respectively, around 14 h later compared to the time to the 
puff release. However, in general the temporal agreement of a waveform 
event with a PSR field should not be nailed down to a certain hour in
terval due to the possibility of (considerably) delayed releases (e.g., 
DPRK nuclear test in 2013, see Ringbom et al. (2014)). This is in addi
tion true for zero times determined based on isotopic ratios which may 
be uncertain by a day or more due to uncertainties in activity 

Fig. 1. PSR field based on the FLEXPART run driven with deterministic ECMWF input for time step 20181201 00:00-01:00 UTC. Zoom on DPRK in inset. Red cross 
indicates source location. IMS stations used to calculate the PSR field are labeled. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 2. Minimum PSR field based on the FLEXPART runs driven with a 10-member ECMWF-EPS ensemble for time step 20181201 00:00-01:00 UTC. Zoom on DPRK 
in inset. Red cross indicates source location. IMS stations used to calculate the PSR fields are labeled. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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Fig. 3. Minimum PSR field based on the FLEXPART runs driven with the full ECMWF-EPS ensemble for time step 20181201 00:00-01:00 UTC. Zoom on DPRK in 
inset. Red cross indicates source location. IMS stations used to calculate the PSR fields are labeled. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 4. Probability of exceeding a PSR value of 0.27 based on the FLEXPART runs driven with a 10-member ECMWF-EPS ensemble for time step 20181201 00:00- 
01:00 UTC. Zoom on DPRK in inset. Red cross indicates source location. IMS stations used to calculate the PSR fields are labeled. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Probability of exceeding a PSR value of 0.27 based on the FLEXPART runs driven with the full ECMWF-EPS ensemble for time step 20181201 00:00-01:00 
UTC. Zoom on DPRK in inset. Red cross indicates source location. IMS stations used to calculate the PSR fields are labeled. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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measurements and different scenarios for ingrowth of precursors 
(Ringbom et al., 2014) and/or may also be affected by a delay between 
the date of origin (e.g, generation in a nuclear explosion or a reactor 
core) and the actual release of radionuclides to the atmosphere. 

3.2. 2nd test case: Hypothetical puff release at the ANSTO 
radiopharmaceutical production site 

Fig. 6 shows the PSR field based on the deterministic ECMWF input 
for time step 20181201 00:00-01:00 UTC, which is exactly the time of 
the puff release of Xe-133. Fig. 6 demonstrates that the PSR method fails 
for this very challenging event. This test case was challenging in two 
ways: 1) considerable discrepancies in the lowest model layer between 
the NCEP and ECMWF driven FLEXPART run occurred (see Table A2 in 
Appendix A) and 2) - at least according to NCEP data - the exceptional 
synoptic situation with only two IMS stations being hit by a reasonable 
amount (≥ 1 mBq/m3) of Xe-133 within 14 days after the release. As a 
consequence the PSR method locates the possible source location 
wrongly. 

Nevertheless, the minimum of the reduced ensemble (Fig. 7) entails 
an interesting feature compared to Fig. 6 as PSR maxima (0.4–0.5) get 
confined to a region 1000 km southeast and 3000 km east of the actual 
source site with only a thin branch (PSR values < 0.4) stretching over 
Antarctica. The minimum of the full ensemble (Fig. 8) reflects an even 
broader reduction of PSR size. The part of the PSR field stretching over 
Antarctica is further diminished (to small patches of values < 0.2) 
compared to the reduced ensemble (Fig. 7) and nearly disappears 
completely. Just small parts east and southeast of Australia closest to the 
actual source location are left (with maxima in the range 0.3–0.4). Only 
a very small portion of the deterministic PSR field finally remains. The 
median (not shown) does not outperform the deterministic run. Per
formance of the probability of exceedance (also not shown) is - like for 
the DPRK test case - similar to that of the ensemble minimum. Although 
one might expect a benefit from the maximum of the (full) ensemble 
specifically for this test case, no benefit can be demonstrated (Fig. 9). 

The Figure of Overlap varies between 55% for the reduced ensemble 
and 50% for the full ensemble, that of the Average Agreement between 
71% and 67%. The difference is thus bigger than for the DPRK test case, 
also reflected by a bigger difference between PSR products for the 
reduced and the full ensemble. A reduced agreement among all the 
ensemble members becomes naturally more probable with increasing 
ensemble size. 

3.3. 3rd test case: Real, temporally extended and vertically structured 
releases for the Fukushima-Daiichi NPP accident 

Box plots of time series (including minimum, 1st quartile, median, 
2nd quartile and maximum) together with the deterministic run, the 

control run and the measurements (including the MDC) for Xe-133 are 
displayed in Figs. 10 and 11 for IMS stations USX75 on the US east coast 
and USX79 in the Pacific for the full ensemble. These stations were 
chosen to be displayed because they comprise the largest numbers of 
available measurements within the simulation period. All measurements 
with an appropriate quality rating up to the simulation end (March, 
25th, 21:00 UTC) are considered (therefore time series date-times may 
not be continuous). A logarithmic scale was used due to the range of 
activity values encountered. 

Table 1 gives an overview for the reduced 10-member and for the full 
51-member ensemble regarding performance to capture measurements 
for all selected individual time series (”X” refers to noble gas sampling 
stations, ”P” to particulate sampling stations) applying again a threshold 
of 1 mBq/m3 to Xe-133 observations and the MDC as threshold to Cs-137 
observations. The reason for applying the 1 mBq/m3 threshold also here 
is that especially concentrations at or below this level are more likely to 
be due to the normal radioxenon background (Achim et al., 2016) rather 
than being related to the Fukushima accident. On average 53% and 74% 
of the selected Xe-133 samples are covered by the 10- and 51-member 
ensemble. 

A larger number of samples clearly reveals big discrepancies between 
FLEXPART calculations based on the deterministic run and the control 
run (see also subsection 2.2 and Table 2). It has to be stated that model 
concentrations are generally highly underpredicted for Cs-137, also 
based on improved ECMWF input data produced in the hindcast. How
ever, Stohl et al. (2012) stated that ”for the FLEXPART run driven with 
ECMWF data wet scavenging of Cs-137 was much stronger compared to the 
NCEP driven run causing a strong underestimation of Cs-137 concentrations 
at sites in North America and Europe. Because the agreement of model results 
(both using a priori and a posteriori emissions [as derived by Stohl et al., 
previous to and after the inversion evaluation]) with measurement data 
was better with NCEP data than with ECMWF data also for Xe-133, results 
based on ECMWF data were largely discarded”. Of course, Stohl’s analysis 
only refers to and can only refer to the IFS cycle of that time, i.e. 36r4. 

Most importantly, model performance is similar for the control run, 
the reduced and the full ensemble median when evaluating Xe-133 time 
series in detail. This is especially true for both median values. There is 
only a slight benefit when switching from the control run to ensemble 
medians in terms of metrics. These features are confirmed by the two 
example Taylor diagramms in Figs. 12 and 13 as well as ranks (rank 
ranges from 0 to 4, see Appendix A, equation A.8) and the Brier scores 
(calculated for the reduced and the full ensemble based on the MDC, see 
equation A.3 in Appendix A) in Table 2. It is remarkable that the 
deterministic run (based on the IFS model version in place in 2011) 
behaves like an outlier for station USX75 (see Fig. 12). With perfect 
performance for BS = 0, the ensemble does a very good job in forecasting 
concentrations above the MDC for three of the six stations (BS ≤ 0.25) 
and a good job for two of the remaining three stations (BS ≤ 0.44). 

Fig. 6. PSR field based on the FLEXPART run driven with deterministic ECMWF input for time step 20181201 00:00-01:00 UTC. Red cross indicates source location. 
IMS stations used to calculate the PSR field are labeled. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Stations featuring the highest BS values (e.g., station USX75 or SEX63) 
are those for which there are a number of measurements around or even 
above 1 mBq/m3 which are probably not related to the Fukushima ac
cident (see also Achim et al. (2016)). However, no definite statement is 
possible about the provenance of these samples. Maximum rank differ
ence between the control run and the 10- and 51-member medians adds 
up to less than 10% with reference to possible rank values [0,4]. The 
maximum difference in the Brier score for both ensembles is less than 
3%. The added value of the ensemble is rather in giving an indication of 
possible concentration spreads (which often include the actual 

measurements) than yielding a more accurate forecast (via calculation 
of the median). 

Finally, it has to be stated that all statistical metrics presented in this 
subsection suffer from the comparatively small number of measure
ments (with a maximum of 23 samples for USX75) per station. This is 
also related to the fact that not all elevated measured samples could be 
modeled due to being forced to cut the simulation on March, 25th, 21 
UTC because of storage demands for ECMWF ensemble data (hemi
spheric ECMWF full ensemble data at 0.5◦ resolution and with 91 ver
tical levels requires 1.1 TB of disk space). Cs-137 simulations are 

Fig. 7. Minimum PSR field based on the FLEXPART runs driven with a 10-member ECMWF-EPS ensemble for time step 20181201 00:00-01:00 UTC. Red cross 
indicates source location. IMS stations used to calculate the PSR fields are labeled. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 8. Minimum PSR field based on the FLEXPART runs driven with the full ECMWF-EPS ensemble for time step 20181201 00:00-01:00 UTC. Red cross indicates 
source location. IMS stations used to calculate the PSR fields are labeled. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 9. Maximum PSR field based on the FLEXPART runs driven with the full ECMWF-EPS ensemble for time step 20181201 00:00-01:00 UTC. Red cross indicates 
source location. IMS stations used to calculate the PSR fields are labeled. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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especially affected since major emissions ended several days after those 
of Xe-133. However, a sparse number of data pairs will usually be the 
case when working with CTBTO IMS data. 

3.4. 4th test case: May 2019 Selenium-75 puff release from the Belgian 
research BR2 reactor 

Fig. 14 shows the PSR field based on the deterministic ECMWF input 
for time step 20190515 13:00-14:00 UTC, roughly corresponding to the 
time of the puff release of Se-75. For a proper judgement of performance 
again the whole domain containing non-zero PSR values has to be 
plotted. As could be expected given the close proximity between the 
actual source location (in Belgium) and the measurement sites (in 
France) as well as the puff-like nature of the release the PSR method 
works quite well. Unlike for the DPRK test case (see subsection 3.1) the 
highest PSR field values include the actual source location right at the 
time of the actual release (13:00-14:00 UTC). 

From Figs. 15–17, it becomes evident that there is a considerable 
benefit from using the ensemble minimum and the probability of ex
ceedance (the latter is just shown for 10 members) metrics due to an 
increased contrast between more likely and less likely source regions. 
The minimum PSR field based on the full ensemble just displays three 
small patches of correlation values ≥ 0.9 and one of them is right at the 

actual source. There is a slight added value from using the median 
ensemble metric in terms of better confining the area with highest cor
relation values (not shown). The Figure of Overlap and the Average 
Agreement add up to 65 and 80% for the reduced ensemble and to 67 
and 80% for the full ensemble and are thus again very similar for both 
ensemble sizes. The concept of using the 90% ensemble PSR percentile 
as threshold for the probability of exceedance gets confirmed via this 
test case. 

Given the reported 4E10 Bq of the puff release, an attempt is made to 
estimate the release based on ensemble SRS values (sometimes also 
called ”poor man’s inversion”). For the detection from the most distant 
sampling site (Omonville, 0.0011 mBq/m3, collected between 
20190513 00:00 UTC and 20190520 00:00 UTC) Table 3 shows the SRS 
value and its ensemble metrics interpolated to the location of the BR2- 
reactor for the reduced and the full ensemble for the time interval 
13:00-14:00 UTC, roughly corresponding to the time of the puff release 
of Se-75. Simple scaling of the (scaled) measured concentration with the 
SRS values as extracted from the table adds up to roughly 1.26E10 Bq for 
the deterministic run, to roughly 1.52E10 Bq for the median, 8.97E11 Bq 
for the minimum and 3.08E9 Bq for the maximum of the reduced 
ensemble. Source term estimates are inversely proportional to SRS 
values. The best source term estimates can be deduced from the 
ensemble median and the deterministic run. More importantly, the 

Fig. 10. Box plots of ensemble time series, deterministic run (hres), control run (crtl) and measurements including MDCs for IMS station USX75 for the full ensemble 
and for Xe-133. x-axis indicates collection stop times. 

Fig. 11. Box plots of ensemble time series, deterministic run (hres), control run (crtl) and measurements including MDCs for IMS station USX79 for the full ensemble 
and for Xe-133. x-axis indicates collection stop times. 
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actual source term is covered by the ensemble of modeled source terms. 
The values in the 3rd and 7th row in Table 3 imply that there is a 
94–100% probability that the source term falls below 2.00E12 Bq. The 
concentration threshold of 1E-18 Bq/m3 was chosen for both the prob
ability of exceedance and the normalized variance as it corresponds to 1 
mBq/m3 if the standard CTBTO source term of 1E15 Bq would have been 
used. The degree of uncertainty in source term estimates related to 
ECMWF input data based on median, minimum and maximum SRS 

values is reflected by a medium to high normalized variance in Fig. 18. 
The full ensemble has in fact no advantage over the reduced ensemble 
for estimating the release amount and its uncertainty. SRS values are 
very similar apart from the minimum and maximum. This behaviour is 
again underpinned by the Figure of Overlap and the Average Agreement. 

Table 1 
Number of samples N greater than or equal to selected threshold value and 
number of explained samples N for the reduced and the full ensemble for the six 
selected IMS sampling sites time series for each of the two isotopes.  

IMS station N ≥
thres.  

N expl. 
-10/51 
mem. 

Comment on Cs-137 time series 

CAX16 (Yellowknife, 
Canada) 

3 2/3  

CAP17 (St. John’s, 
Canada) 

2 0/0 Modeled Cs-137 too diluted when 
reaching the station 

SEX63 (Stockholm, 
Sweden) 

9 3/5  

SEP63 (Stockholm, 
Sweden) 

2 1/1 Timing of the plume arrival 
reproduced 

USX74 (Ashland, US) 13 5/9  
USP74 (Ashland, US) 6 1/5 For 5/1 samples the ensemble 

maximum comes close to the 
measurements 

USX75 
(Charlottesville, 
US) 

16 10/12  

USP75 
(Charlottesville, 
US) 

4 1/3 Timing of the plume arrival 
reproduced 

USX77 (Wake Island, 
US) 

6 3/3  

USP77 (Wake Island, 
US) 

3 0/0  

USX79 (Ohau, US) 13 9/12  
USP79 (Ohau, US) 6 0/1 Timing of the plume arrival 

reproduced  

Table 2 
Number of involved sample pairs N, rank and Brier score for the Fukushima test 
case.  

IMS station N Rank BS 

CAX16-deterministic 5 1.81 – 
CAX16-control 5 2.65 – 
CAX16-10 members 5 2.97 0.41 
CAX16-full ensemble 5 3.00 0.38 

SEX63-deterministic 21 0.71 – 
SEX63-control 21 1.97 – 
SEX63-10 members 21 2.20 0.66 
SEX63-full ensemble 21 2.26 0.66 

USX74-deterministic 14 2.24 – 
USX74-control 14 3.02 – 
USX74-10 members 14 3.27 0.10 
USX74-full ensemble 14 3.21 0.11 

USX75-deterministic 23 1.86 – 
USX75-control 23 2.68 – 
USX75-10 members 23 3.07 0.44 
USX75-full ensemble 23 3.01 0.44 

USX77-deterministic 7 1.13 – 
USX77-control 7 2.18 – 
USX77-10 members 7 2.34 0.16 
USX77-full ensemble 7 2.39 0.17 

USX79-deterministic 14 2.21 – 
USX79-control 14 1.96 – 
USX79-10 members 14 2.16 0.07 
USX79-full ensemble 14 2.19 0.07  

Fig. 12. Taylor diagram including the individual members (ens), the medians 
(med_10 and med_51–10 and 51 members), the control (mem_00) and the 
deterministic (hres) run for IMS station USX75. The reference point is displayed 
as black dot. 

Fig. 13. Taylor diagram including the individual members (ens), the medians 
(med_10 and med_51–10 and 51 members), the control (mem_00) and the 
deterministic (hres) run for IMS station USX79. The reference point is displayed 
as black dot. 
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These scores add up to 73 and 93% for the reduced ensemble and to 72 
and 92% for the full ensemble. The values are higher than for both 
synthetic test cases (especially for the Figure of Overlap) which has to be 
expected due to the shorter transport ranges. 

3.5. 5th test case: ETEX-I release from Monterfil (France) 

Overall, the plume passages are well captured and ranks are com
parable to or even higher than the ones of the Fukushima test case, but 

the ensemble has less skill in covering actual measurements (see Table 4) 
based on the uncertainty in meteorological input fields. However, it 
should be recalled that for the Fukushima case the IMS sampling times 
were much longer. Also, it is well known from model-measurements 
inter-comparisons that higher measurements are easier to predict than 
smaller ones (Arnold et al., 2015). For the Fukushima test case it was 
reasonable to exclude Xe-133 measurements below a threshold for the 
analogous evaluation. 

The differences between the control run, the arbitrarily selected 10- 

Fig. 14. PSR field based on the FLEXPART run driven with deterministic ECMWF input for time step 20190515 13:00-14:00 UTC. Red cross indicates the actual 
source location. Stations used to calculate the PSR field are labeled. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 15. Minimum PSR field based on the FLEXPART runs driven with a 10-member ECMWF-EPS ensemble for time step 20190515 13:00-14:00 UTC. Red cross 
indicates the actual source location. Stations used to calculate the PSR fields are labeled. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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member and the full ensemble median are very small which is confirmed 
by corresponding ranks in Table 4. This is again especially true for both 
medians based on different ensemble sizes. Plume arrival is properly 
indicated by the ensemble for all but one station (DK06), at least via an 
above zero ensemble maximum. On average 27% of the samples are 
covered by the reduced and 37% by the full ensemble. Contrasting these 

two numbers with the equivalent numbers of the Fukushima test case 
the added value of the full ensemble is only half as large. The ability to 
cover measurements varies considerably between the individual sta
tions. Whereas only one measured sample falls into the range of possible 
modeled concentrations for DK05 and DK10 for both the reduced and 
the full ensemble, 12 out of 14 samples are captured by the full ensemble 

Fig. 16. Minimum PSR field based on the FLEXPART runs driven with a 51-member ECMWF-EPS ensemble for time step 20190515 13:00-14:00 UTC. Red cross 
indicates the actual source location. Stations used to calculate the PSR fields are labeled. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 

Fig. 17. Probability of exceeding a PSR value of 0.99 based on the FLEXPART runs driven with a 10-member ECMWF-EPS ensemble for time step 20190515 13:00- 
14:00 UTC. Red cross indicates the actual source location. Stations used to calculate the PSR fields are labeled. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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for N07 (see Fig. 19 and Table 4). 
Box plots of ensemble time series together with the control run and 

the measurements for species PMCH for the full ensemble are displayed 
for two ETEX-I sampling stations in Figs. 19 and 20, namely for N07 and 
PL02. 

4. Conclusions 

The present work demonstrates that analyzing FLEXPART based 
ensemble SRS, FOR and PSR products in addition to results based on the 
deterministic ECMWF run is of added value when (puff) release amounts 
and possible source regions have to be determined. For the FOR fields, 
the comprehensive list of ensemble products investigated and that are 
considered suitable to reflect meteorological uncertainty in a meaning
ful way comprises the median, minimum, maximum, probability of 

exceedance and normalized variance. The minimum, median and 
maximum products as a function of space and time can indicate the 
possible spread in estimated source terms, whereas a high probability of 
exceedance given a specific FOR threshold value allows to estimate the 
upper bound of the source terms under investigation. Since a source 
term can be preliminarily estimated based on scaling of a measurement 
with the SRS value at the assumed source location and emission time its 
variation implicitly gives also information about the variation of the 
estimated source term. The normalized variance, specifically developed 
within this project, gives an impression of the expected degree of FOR 
variation. For the PSR fields the selected metrics include minimum and 
probability of exceedance, which were demonstrated to better constrain 
a possible source region via enhancing contrasts between less likely and 
more likely source regions. Finally, ensemble time series can help 
explaining measured samples of the IMS if the underlying source term is 
known. 

The test cases confirmed that an arbitrarily selected 10-member 
ensemble is sufficient (and probably even mandatory under opera
tional CTBTO-constraints) in order to benefit to a large degree from 
desirable ensemble properties, i.e., more constrained PSR fields as well 
as uncertainty estimates for FOR fields and modeled time series which 
capture the actual measurements. The gain of using the full 51-member 
ensemble is rather small compared to the computational efforts. The 
relation between skill and ensemble size was found to depend heavily on 
the used measures in the past, but in general skill is expected to increase 
with the ensemble size (see, e.g., Buizza and Palmer (1998)) if the 
ensemble members are chosen randomly. Model performance when 
trying to predict measured samples, however, is similar for the control 
run when compared to the ensemble medians (in agreement with the 
work of De Meutter et al. (2016)), and even more for the reduced and the 
full ensemble medians in the present study, which may reflect the fact 
that forecast uncertainty was largely suppressed by concatenating ana
lyses and short term forecast (forecast range is always smaller than or 
equal to 9 h). Besides, e.g., member #1 started from the analysis at 12 

Table 3 
(Reduced and full ensemble) metrics names, corresponding SRS values inter
polated to 51.2◦ N and 5.0◦ S (grid point closest to the BR2 reactor) and esti
mated source term resulting from scaling with the scaled Omonville 
measurement.  

(Ensemble) metric SRS value [1/m3] or 
probability [%] 

Source 
estimate [Bq] 

Deterministic run 1.59E-16 1.26E10 
Probability of exceeding 1E-18 1/m3 

– reduced ensemble 
100 2.00E12 

Minimum – reduced ensemble 2.23E-18 8.97E11 
Median – reduced ensemble 1.32E-16 1.52E10 
Maximum – reduced ensemble 6.50E-16 3.08E9 

Probability of exceeding 1E-18 1/m3 

– full ensemble 
94 2.00E12 

Minimum – full ensemble 1.15E-19 1.74E13 
Median – full ensemble 1.59E-16 1.26E10 
Maximum – full ensemble 1.08E-15 1.85E9  

Fig. 18. Normalized variance of FOR fields for the Omonville sample based on the FLEXPART runs driven with a 10-member ECMWF-EPS ensemble for time step 
20190515 13:00-14:00 UTC. Red cross indicates the actual source location. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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UTC on average does not ”know” the history of member #1 started at 00 
UTC due to the randomness of perturbations introduced during data 
assimilation. This may contribute to the fact that a lot of uncertainty is 

already covered by a 10-member subset. In principle (although 
computationally hardly feasible) the ensemble could be enlarged via 
permutations (i.e., e.g., continuing the first 12 h based on member #1 
with member #10 for the next 12 h and so on). There is - on average - no 
use in ”tagging” ECMWF ensemble members. This is unlike the situation 
with, e.g., a multi-physics ensemble (e.g., Evans et al. (2012)). The 
added value of the ensemble is rather in giving an indication of possible 
concentration ranges (which - as demonstrated - often include the actual 
measurements) and stating their likelihood rather than yielding a more 
accurate forecast. 

Probably the most important impact under a future perspective will 
be estimating uncertainties of modeled time series for the full inversion 
(e.g., Stohl et al. (2012)) of a complex (time variable) source term. Apart 
from using a specific uncertainty estimate for each modeled sample, 
using FOR and PSR ensemble metrics may also help to link (a) given 
measured sample(s) more accurately to a known source location, thus 
selecting only those samples for source term inversion, where a sole 
influence of a single emitter under question can be assured. This is an 
important aspect in the light of future projects planned by CTBTO (i.e., 
projects dealing with radioxenon source term and background 
estimates). 

Additional real test cases - if proper data is available - should be 
performed with the ensemble (post-processing) software developed 
within this project. Transport ranges should preferentially correspond to 

Table 4 
Number of samples N > 0.0, number of explained samples N > 0.0 for the 
reduced and the full ensemble and rank for the control run as well as the reduced 
and the full ensemble medians for the 15 selected ETEX-I sampling sites time 
series.  

Sampling 
station 

N >
0.0 

N > 0.0 expl. – 10/ 
51 mem. 

Rank control/10-mem med./ 
51-mem med. 

A02 20 4/5 1.62/1.60/1.64 
CR01 18 3/7 2.99/3.11/3.05 
DK01 13 3/4 2.86/2.90/2.89 
DK05 16 1/1 2.40/2.40/2.40 
DK06 14 4/5 2.25/2.23/2.28 
DK10 14 1/1 2.72/2.74/2.72 
F02 9 3/3 3.19/3.18/3.14 
H01 14 3/3 3.19/3.24/3.18 
H02 13 5/10 2.95/3.04/3.06 
N07 14 11/12 3.43/3.46/3.44 
PL02 13 6/9 3.59/3.59/3.62 
PL03 16 5/7 2.89/2.90/2.89 
PL08 15 1/3 2.44/2.41/2.46 
SR01 15 3/5 3.01/2.90/2.95 
SR03 14 3/4 3.01/3.12/3.07  

Fig. 19. Box plots of ensemble time series, control run (ctrl) and measurements for ETEX-I sampling site N07 for the full ensemble. x-axis indicates collection 
stop times. 

Fig. 20. Box plots of ensemble time series, control run (ctrl) and measurements for ETEX-I sampling site PL02 for the full ensemble. x-axis indicates collection 
stop times. 
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those usually considered under CTBT verification tasks. The ensemble 
hindcast of the ETEX-I case was highly appreciated by the pertinent 
community. CTBTO and ECMWF agreed on a procedure to keep these 
data accessible, i.e. extractable from ECMWF’s MARS archive (CLASS =
AT, TYPE = PF, STREAM = ENFO, EXPVER = b03h) for any public 
ECMWF user, on the long term for scientific purposes. 

Based on the pertinent literature review performed, on the five test 
cases evaluated as well as on feedback from the Joint Expert Group of 
Working Group B of CTBTO, it was recommended to CTBTO to run the 
ensemble software created in the frame of the work presented opera
tionally or at least quasi-operationally on an ad-hoc basis. If computa
tional and storage constraints are a limiting factor runs should be 
performed with 10 ECMWF-EPS members only for the time being. 
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Appendix A 

A.1. Test cases data 

Tables A1, A2, A3, A4 and A5 list stations with corresponding samples or sample statistics used in the five test cases described in sections 1, 2 and 3. 
For the synthetic test cases, the NCEP based FLEXPART version 8.2.3 run used to generate pseudo-measurements was checked regarding con

sistency with a FLEXPART version 8.2.3 run based on a pertinent ECMWF-EPS control run. Distinct differences could be found as illustrated in 
Tables A1 and A2 (5th and 6th column). Concentrations for the selected samples differ at least by one order of magnitude being much lower for the 
ECMWF based run for the DPRK test case, with 11 samples equal to zero. According to the NCEP driven run for the synthetic DPRK test case especially 
IMS station XE058 is much more affected one day after the release. Also, averaged over all non-zero predictions the ECMWF-EPS control run based 
FLEXPART run clearly underestimates concentrations compared to the NCEP driven run (0.26 mBq/m3 vs. 1.01 mBq/m3). For the synthetic ANSTO 
test case the situation is the other way round in terms of magnitudes averaged over all non-zero predictions (1.59 mBq/m3 vs. 0.44 mBq/m3). The 
plume according to the NCEP data driven FLEXPART run evidently gets sucked up by an intensive low pressure system (with a reduced core pressure of 
967 hPa according to the Australian Bureau of Meteorology, http://www.bom.gov.au/) south of Australia very quickly and only reappears (at 
concentrations ≥ 1 mBq/m3) several days later in the surface layer over the Pacific ocean. 

A comparison with results from the most recent FLEXPART version 10.4 (7th column) proves that these differences are evidently due to the 
meteorological input data and their digestion by the atmospheric transport model for both test cases. Results between version 8.2.3 and version 10.4 
are only different by a few tenths of mBq/m3 for the very same meteorological driving data. FLEXPART version 10.4 was officially released in 2019 by 
the Norwegian Institute for Air Research (NILU) and can be considered a major update of the FLEXPART software (Pisso et al., 2019).  

Table A.1 
List of selected synthetic Xe-133 samples for the DPRK test case. Columns from left to right: IMS station ID, geographical position, collection start [YYYYMMDD 
HHMMSS], collection stop [YYYYMMDD HHMMSS], FLEXPART V8 average activity concentration [Bq/m3] based on NCEP input, FLEXPART V8 average activity 
concentration [Bq/m3] based on ECMWF control run input and FLEXPART V10 average activity concentration [Bq/m3] based on NCEP input.  

Station ID Geograph. position Collection start Collection stop Act. conc. NCEP V8 [Bq/m3] Act. conc. ECMWF V8 [Bq/m3] Act. conc. NCEP V10 [Bq/m3] 

CNX22 113.30◦ E, 23.10◦ N 20181211 150000 20181212 150000 0.161E-02 0.0 0.165E-02 
CNX22 113.30◦ E, 23.10◦ N 20181212 150000 20181213 150000 0.527E-02 0.0 0.520E-02 
CNX22 113.30◦ E, 23.10◦ N 20181213 150000 20181214 150000 0.149E-02 0.0 0.139E-02 
JPX38 139.08◦ E, 36.30◦ N 20181204 180000 20181205 060000 0.144E-02 0.0 0.145E-02 
JPX38 139.08◦ E, 36.30◦ N 20181209 180000 20181210 060000 0.815E-02 0.0 0.822E-02 
JPX38 139.08◦ E, 36.30◦ N 20181210 060000 20181210 180000 0.527E-02 0.320E-04 0.552E-02 
JPX38 139.08◦ E, 36.30◦ N 20181210 180000 20181211 060000 0.360E-02 0.594E-05 0.408E-02 
JPX38 139.08◦ E, 36.30◦ N 20181213 060000 20181213 180000 0.136E-02 0.577E-06 0.139E-02 
XE058 132.00◦ E, 44.15◦ N 20181201 120000 20181202 000000 0.718E-02 0.0 0.718E-02 
XE058 132.00◦ E, 44.15◦ N 20181202 000000 20181202 120000 0.144E-01 0.0 0.145E-01 
XE058 132.00◦ E, 44.15◦ N 20181203 000000 20181203 120000 0.385E-02 0.0 0.391E-02 
XE058 132.00◦ E, 44.15◦ N 20181203 120000 20181204 000000 0.848E-02 0.0 0.855E-02 
XE058 132.00◦ E, 44.15◦ N 20181212 000000 20181212 120000 0.136E-02 0.732E-05 0.154E-02 
XE058 132.00◦ E, 44.15◦ N 20181212 120000 20181213 000000 0.166E-02 0.191E-04 0.196E-02 
XE058 132.00◦ E, 44.15◦ N 20181213 000000 20181213 120000 0.228E-02 0.147E-05 0.246E-02 
XE060 158.78◦ E, 53.05◦ N 20181206 000000 20181206 120000 0.132E-01 0.550E-06 0.131E-01 
XE060 158.78◦ E, 53.05◦ N 20181206 120000 20181207 000000 0.345E-02 0.663E-05 0.357E-02 
XE060 158.78◦ E, 53.05◦ N 20181209 120000 20181210 000000 0.184E-02 0.276E-04 0.177E-02 
XE060 158.78◦ E, 53.05◦ N 20181210 000000 20181210 120000 0.142E-02 0.474E-06 0.126E-02 
USX74 99.77◦ W, 37.17◦ N 20181213 000000 20181213 120000 0.256E-02 0.814E-05 0.265E-02 
USX74 99.77◦ W, 37.17◦ N 20181213 120000 20181214 000000 0.547E-02 0.694E-05 0.528E-02 
USX74 99.77◦ W, 37.17◦ N 20181214 000000 20181214 120000 0.230E-02 0.0 0.222E-02 
USX74 99.77◦ W, 37.17◦ N 20181214 120000 20181215 000000 0.254E-02 0.602E-07 0.253E-02 
USX75 78.40◦ W, 38.00◦ N 20181211 120000 20181212 000000 0.126E-02 0.0 0.123E-02 
USX75 78.40◦ W, 38.00◦ N 20181212 000000 20181212 120000 0.350E-02 0.125E-03 0.320E-02 
USX75 78.40◦ W, 38.00◦ N 20181212 120000 20181213 000000 0.146E-02 0.317E-04 0.147E-02 
USX79 158.00◦ W, 21.52◦ N 20181213 030000 20181213 150000 0.149E-02 0.300E-05 0.152E-02 
USX79 158.00◦ W, 21.52◦ N 20181213 150000 20181214 030000 0.140E-02 0.644E-04 0.143E-02  
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Table A.2 
List of selected synthetic Xe-133 samples for the ANSTO test case. Columns from left to right: IMS station ID, geographical position, collection start [YYYYMMDD 
HHMMSS], collection stop [YYYYMMDD HHMMSS], FLEXPART V8 average activity concentration [Bq/m3] based on NCEP input, FLEXPART V8 average activity 
concentration [Bq/m3] based on ECMWF control run input and FLEXPART V10 average activity concentration [Bq/m3] based on NCEP input.  

Station ID Geograph. position Collection start Collection stop Act. conc. NCEP V8 [Bq/m3] Act. conc. ECMWF V8 [Bq/m3] Act. conc. NCEP V10 [Bq/m3] 

XE001 58.47◦ W, 34.54◦ S 20181213 000000 20181213 120000 0.114E-02 0.171E-04 0.115E-02 
XE001 58.47◦ W, 34.54◦ S 20181213 120000 20181214 000000 0.311E-02 0.656E-04 0.287E-02 
XE001 58.47◦ W, 34.54◦ S 20181214 000000 20181214 120000 0.220E-02 0.902E-06 0.204E-02 
CLX19 109.35◦ W, 27.13◦ S 20181208 090000 20181209 090000 0.171E-02 0.201E-03 0.182E-02 
CLX19 109.35◦ W, 27.13◦ S 20181209 090000 20181210 090000 0.743E-02 0.135E-04 0.733E-02 
CLX19 109.35◦ W, 27.13◦ S 20181210 090000 20181211 090000 0.845E-02 0.156E-04 0.836E-02 
CLX19 109.35◦ W, 27.13◦ S 20181213 090000 20181214 090000 0.161E-02 0.403E-04 0.159E-02   

Table A.3 
Selected CTBTO IMS sites used for the Fukushima test case and their statistical parameters (mean and maximum of Xe-133 and Cs-137 activity concentrations). Number 
of valid samples refers to the time period March, 12th, 00 UTC to 25th, 21 UTC, 2011, where modeled samples lay above zero.  

Station ID Geograph. position # valid samples Mean act. conc. [mBq/m3] Max. act. conc. [mBq/m3] 

Yellowknife (Canada) CAX16 114.47◦ W, 62.48◦ N 5 640 2179 
St. John’s (Canada) CAP17 52.74◦ W, 47.59◦ N 13 0.0004 0.0032 
Stockholm (Sweden) SEX63/SEP63 17.95◦ E, 59.41◦ N 21/13 229/0.0011 3306/0.0110 
Ashland (US) USX74/USP74 99.77◦ W, 37.17◦ N 14/12 3409/0.0164 16380/0.0560 
Charlottesville (US) USX75/USP75 78.40◦ W, 38.00◦ N 23/13 839/0.0461 3775/0.4300 
Wake Island (US) USX77/USP77 166.61◦ E, 19.29◦ N 7/12 478/0.0425 1330/0.2300 
Ohau (US) USX79/USP79 158.00◦ W, 21.52◦ N 14/12 4891/0.5417 11740/3.1000   

Table A.4 
Table of IRSN sites with measured and modified Se-75 activity concentrations used in the evaluation of the Se-75 test case. Data basis as of January 2020. 6th column 
lists the scaling factors which were applied to original activity concentrations (4th column) to accomodate them to adapted collections starts (5th column).  

Station Geograph. 
position 

Original collection period Original act. conc. ± uncertainty 
[mBq/m3]  

Modified collection 
start 

Scaling 
factor 

Modified act. conc. 
[mBq/m3] 

Villeneuve 
d’Ascq 

3.14◦ E, 50.62◦

N 
20190514 00:00 UTC - 20190517 
00:00 UTC 

0.096 ± 0.009  20190515 19:00 
UTC 

72/29 0.238 

Villeneuve 
d’Ascq 

3.14◦ E, 50.62◦

N 
20190517 00:00 UTC - 20190521 
00:00 UTC 

< MDC  20190517 00:00 
UTC 

0 0.0 

Maubeuge 3.92◦ E, 50.27◦

N 
20190513 00:00 UTC - 20190516 
00:00 UTC 

< MDC  20190515 19:00 
UTC 

0 0.0 

Penly 1.21◦ E, 49.98◦

N 
20190513 00:00 UTC - 20190520 
00:00 UTC 

0.0053 ± 0.0007  20190516 00:00 
UTC 

168/96 0.0093 

Paluel 0.63◦ E, 49.86◦

N 
20190513 00:00 UTC - 20190520 
00:00 UTC 

0.0027 ± 0.0004  20190516 01:00 
UTC 

168/95 0.0048 

Omonville-la- 
Petite 

1.88◦ W, 49.70◦

N 
20190513 00:00 UTC - 20190520 
00:00 UTC 

0.0011 ± 0.0002  20190516 05:00 
UTC 

168/91 0.002 

Flamanville 1.87◦ W, 49.55◦

N 
20190513 00:00 UTC - 20190520 
00:00 UTC 

< MDC  20190516 05:00 
UTC 

0 0.0   

Table A.5 
Selected sites used for the ETEX-I test case and their statistical parameters (including mean and maximum concentrations of PMCH).  

Station ID Geograph. position # valid samples Mean conc. [ng/m3] Max. conc. [ng/m3] 

Feuerkogel A02 13.73◦ E, 47.82◦ N 24 0.02 0.07 
Cervena CR01 17.55◦ E, 49.77◦ N 23 0.15 0.5 
Aalborg Airport DK01 9.87◦ E, 57.10◦ N 16 0.48 3.04 
Hvide Sande DK05 8.13◦ E, 56.00◦ N 24 0.26 2.01 
Jaegersborg DK06 12.53◦ E, 55.77◦ N 22 0.37 4.34 
Skrydstrup Airport DK10 9.27◦ E, 55.23◦ N 21 0.26 1.55 
Alencon F02 0.10◦ E, 48.45◦ N 22 0.39 3.23 
Budapest/Lorinc H01 19.18◦ E, 47.43◦ N 20 0.21 1.2 
Gyor H02 17.68◦ E, 47.70◦ N 23 0.07 0.52 
Stavanger/Sola N07 5.63◦ E, 58.88◦ N 23 0.10 0.37 
Kielce PL02 20.70◦ E, 50.82◦ N 23 0.12 0.48 
Klodzko PL03 16.65◦ E, 50.43◦ N 23 0.13 0.72 
Zielona Gora PL08 15.53◦ E, 51.93◦ N 23 0.45 1.97 
Jaslovske Bohunice SR01 17.67◦ E, 48.48◦ N 22 0.26 0.82 
Lucenec SR03 19.77◦ E, 48.33◦ N 23 0.08 0.24  
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A.2. Metrics definition 

The normalized variance for FOR fields with a cut-off threshold (1E-18 Bq/m3) for the underlying concentrations and a logarthmic color scale was 
introduced for the purpose of displaying uncertainty related to meteorological ECMWF input. At every grid point and for every time step and with i =
1…N ensemble members the normalized variance norm_var is defined as the quotient of the variance and the squared average: 

norm var=
1
N

∑N
i=1

(
cmodi − cmod

)2

cmod2 (A.1)  

with cmodi being the individual ensemble member concentrations and cmod being the average ensemble concentration. The grid point variance is 
normalized with the square of the mean grid box value since plotting non-normalized values may be misleading. E.g., a 5% variation in absolute 
numbers around the mean value will be very different for 0.1 compared to 10 Bq/m3. Also, due the variable range of possible normalized variance 
values depending on the ensemble size N (maximum possible value equal to N-1) qualitative color bar labels are used instead of quantitative ones and 
thus it is only possible to extract qualitative information on meteorological uncertainty at every grid point and for every time step. 

At every grid point and for every time step and for N ensemble members the probability of exceedance prob_ex(T), sometimes also called Agreement in 
Threshold Level (Galmarini et al., 2004), is defined as percentage of ensemble member sensitivities (or correlations) SRSi (or Ri) exceeding a predefined 
value T: 

prob ex(T)=
∑N

i=1nT

N
∗100% (A.2)  

with nT = |{x∈ SRS : x> T}|
The higher the percentage value the higher is the likelihood that at least a defined reference SRS (or R) value is exceeded. 
The Brier score (BS) (e.g., used by Galmarini et al. (2010)) for a given decision threshold is defined as the mean square error of a probability 

forecast: 

BS= 1
/

N
∑N

i=1
(Fi − Oi)

2 (A.3)  

where N is the number of forecasts, Fi is the forecast probability on occasion i and Oi is the observation (0 or 1) on occasion i. The score weights larger 
errors more than smaller ones. In the context of the present paper the Brier score reflects the ability of the ensemble to correctly forecast the probability 
of above or below MDC samples. 

The spatial coverage of a simulated cloud compared with a monitored one (or another simulated one) is well represented by the Figure of Merit in 
Space (FMS) or Figure of Overlap (FO) (see, e.g., Galmarini et al. (2010) and Kioutsioukis and Galmarini (2014)) defined as: 

FMS= 100%∗|{x : M(x)>T ∩O(x)>T}| / |{x : M(x)> T ∪O(x)> T}| (A.4)  

for some threshold T, where M(x) and O(x) are predicted and observed (or some other predicted) values, respectively, at point x. T was set to 1E-18 Bq/ 
m3. 

The accuracy ACC (see, e.g., Galmarini et al. (2010) and Kioutsioukis and Galmarini (2014)) is defined as: 

ACC= 100%∗|{t : M(t)≥ T|O(t)≥ T ∪M(t)<T|O(t)< T}| / |{t : O(t)}| (A.5)  

for some threshold T, where M(t) and O(t) are predicted and observed (or some other predicted) values, respectively, at time step t. 
The fractional bias (FB) (used inter alia by Solazzo and Galmarini (2015)) is defined as: 

FB= 2∗
O − M
O + M

(A.6)  

M and O denote the corresponding averages over time or space (depending on the application). 
The Kolmogorov-Smirnov parameter (KSP) is defined as: 

KSP=Max|D(Mk) − D(Ok)|∗100% (A.7)  

where D is the cumulative distribution of the predicted and measured (or other predicted) concentrations over the range of k values such that D is the 
probability that the concentration will not exceed Mk or Ok. The score measures the ability of the model to reproduce the measured (or another 
predicted) concentration distribution regardless of space and time. The maximum difference between any two distributions cannot be more than 
100%. 

In order to partially mitigate the deficiencies of independent statistical measures, an approach whereby a set of statistical scores are combined into 
one rank measure can be taken. Hegarthy et al. (2013) used the rank defined in equation A.8 for comparing two-dimensional fields: 

Rank=R2 + 1 − |FB / 2| +FMS
/

100 + (1 − KSP / 100) (A.8) 

Becker et al. (2007) combined the explained variance R2, FB and FMS into a rank measure (however, the KSP may have been skipped for an 
improper reason; personal communication). For the calculation of the case specific so-called Agreement of Model p with all others, cAgreementp, from 
the case specific rank value of model p, cRNKp, these authors prefer to give the percentage of the maximum cRNK value (3.0) while excluding the 
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trivial auto-correlation result as follows: 

cAgreementp =
100%

3(N − 1)
∑N

i=1
εipcRNKp (A.9)  

with N being the total number of experiments’ participants and εip = 1 for i ∕= p and 0 for i = p. For the purpose of the present research the rank was 
amended by the Kolmogorov-Smirnov parameter and used as defined in equation A.8. 

The belonging case and model specific anomaly, cAnomalyp, to the case specific across participants’ Average Agreement (cAV) is calculated as: 

cAnomalyp = cAgreementp − cAV (A.10)  

with 

cAV=
1
N

∑N

p=1
cAgreementp (A.11) 

The Average Agreement tends to be larger than the Figure of Overlap for a given time step, since the former is based on a rank measure which 
comprises R2, the Kolmogorov-Smirnov parameter and the fractional bias in addition to the space sensitive Figure of Overlap. The Kolmogorov- 
Smirnov parameter in contrast to the other metrics is not at all sensitive to spatial disagreements and can thus positively affect the Average Agree
ment even in the case of an unsatisfactory Figure of Overlap. 

For time series analysis the Figure of Merit in Space in equation A.8 was replaced by the accuracy (equation A.5) as in Maurer et al. (2018). T was 
set to either the MDC for the Fukushima test case or to zero (background had already been subtracted by the data providers) for the ETEX-I test case. 
This is motivated by the fact that the ability to discriminate between above and below MDC values is of high importance for CTBT verification. 
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