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Introduction

The Comprehensive Nuclear-Test-Ban Treaty (CTBT) verification regime is based on four different technologies related to waveform (seismic, infrasound, hydroacoustic) and radionuclide detection. The radionuclide technology is based on the measurement of particles and noble gases.

Concerning noble gases, four radioxenons are relevant and are closely monitored: 131m Xe (T1/2=11.96 d), 133 Xe (T1/2=5.24 d), 133m Xe (T1/2=2.19 d) and 135 Xe (T1/2=9.14 h). The first generation of noble gas measurement systems was developed to satisfy the requirements of the CTBT Organization (CTBTO) [START_REF] Ringbom | SAUNA -a system for automatic sampling, processing, and analysis of radioactive xenon[END_REF][START_REF] Fontaine | Atmospheric xenon radioactive isotope monitoring[END_REF][START_REF] Dubasov | The АРИКС-01 Automatic facility for measuring concentrations of radioactive xenon isotopes in the atmosphere[END_REF]. These systems are now integrated into the CTBTO's International Monitoring System (IMS). A second generation of the systems was developed (Le [START_REF] Petit | Innovative concept for a major breakthrough in atmospheric radioactive xenon detection for nuclear explosion monitoring[END_REF][START_REF] Petit | SPALAX™ New Generation: a sensitive and selective noble gas system for nuclear explosion monitoring[END_REF][START_REF] Topin | SPALAX new generation: New process design for a more efficient xenon production system for the CTBT noble gas network[END_REF][START_REF] Ringbom | Analysis of data from an intercomparison between a SAUNA II and a SAUNA III system[END_REF] with lower detection limits and shorter collection periods. The new generation of the SPALAX system (SPALAX-NG), developed by the French Atomic Energy and Alternative Energies Commission (CEA), underwent an official six-month test period from October 2018 to April 2019 at the CEA premises near Paris, France, for acceptance by the CTBTO. A summary of the measurement system and its operation during the test phase is presented in part 1 of this article [START_REF] Topin | 6 months of radioxenon detection in western Europe with the SPALAX-New Generation system -Part1: Metrological capabilities[END_REF]. Part 2 -the present workfocuses on the atmospheric transport modeling to interpret an unprecedented number of multi-isotope detections at this location, with the following objectives: (i) determine the origin of the measured xenon activity concentrations; (ii) assess the source terms required to explain these detections; (iii) provide a discussion on the contribution of the new detection system to the knowledge of the radioxenon industrial background. The need to properly characterize the global radioxenon background to consolidate the effectiveness of the international monitoring network of the CTBTO was discussed in detail in Wotawa et summarized in Bowyer (2020). Indeed, in the frame of nuclear test detection, one of the challenges is to identify, on a daily basis, among the detections of industrial origin, those likely to be the marker of a major event. Among the possible triggers to discriminate between civilian and military activity, the analysis of radioxenon isotope ratios is a determining factor. In this context, understanding the observed isotope ratios due to industrial activity is therefore crucial.

Methods

Three complementary methods were used to provide an interpretation of SPALAX-NG measurements and utilize the multi-isotope information contained in this dataset: (i) statistical analysis of observed meteorological data during sampling, which allowed the first characterization without numerical simulations; (ii) forward atmospheric transport simulation for background estimation as comprehensive as possible, and (iii) backward simulations for source localization purposes.

The first two methods were applied to the six-month dataset to provide a global understanding of the measurements. The third one was applied only to specific detection cases for further analysis.

Statistical analysis

First, statistical analysis of the meteorological conditions (wind speed and origin) observed during the six-month test of the SPALAX-NG system was performed. The objective is to determine whether specific meteorological conditions can be identified as systematically associated with given categories of detections during the 537 collection periods of the system for which valid samples have been obtained (8-h collection periods, [START_REF] Topin | 6 months of radioxenon detection in western Europe with the SPALAX-New Generation system -Part1: Metrological capabilities[END_REF]. For this purpose, the samples were categorized depending on the number of radioactive xenon isotopes detected in the same sample. Five categories were considered: samples containing respectively zero, one, two, three or four radioxenons.

The measurements were analyzed depending on the amplitude of the 133 Xe activity concentrations because it was the most frequently detected one (in 59 % of the samples). These hourly observations are representative of the meteorological conditions at the location of the measuring system (short distance and no relief between the detection system and the airport).

Background assessment

Atmospheric dispersion simulations were performed using the Lagrangian FLEXPART model [START_REF] Stohl | Validation of the Lagrangian particle dispersion model FLEXPART against large scale tracer experiments[END_REF][START_REF] Stohl | A density correction for Lagrangian particle dispersion models[END_REF][START_REF] Stohl | Technical Note: The Lagrangian particle dispersion model FLEXPART version 6.2[END_REF] Observation assimilation was not used.

The simulated activity concentrations at the location of the SPALAX-NG were then compared to the actual measurements to verify that IRE is the main contributor to the measured levels and to adjust the average source terms required from the plant for reproducing the set of measurements for each radioxenon isotope. The results are presented in 3.2.

Source localization

Finally, a backward approach was used to analyze the samples characterized either by the detection of a radioxenon alone (other than 133 Xe) or by singular isotopic ratios (see 3.3). For these cases, the source location was determined using the possible source region (PSR) method considering non-detections to constrain the solution. The objective is to verify whether the IRE is at the origin of these singular detections or whether another origin can be identified.

Results

Statistical analysis of meteorological data during sampling

The meteorological conditions (wind speed and origin) during SPALAX-NG sampling were assessed based on the categories of samples, each with sufficient statistical relevance: 6.3% of samples with four radioxenons; 4.7% with three ( 133 Xe + 131m Xe + 133m Xe or 133 Xe + 131m Xe + 135 Xe); 14% samples with two ( 133 Xe + 131m Xe or 133 Xe + 135 Xe or 133 Xe + 133m Xe), and 34.1% where only 133 Xe was detected [START_REF] Topin | 6 months of radioxenon detection in western Europe with the SPALAX-New Generation system -Part1: Metrological capabilities[END_REF]. In all the samples containing two and three radioxenons, 133 Xe was observed. Each category was analyzed separately in terms of 133 Xe activity concentration distributions (Figure 1). The results show that the largest 133 Xe activity concentrations are associated with the concomitant detection of several radioxenons in the sample: the median of the 133 Xe distribution is 20 mBq.m -3 when all four radioxenon isotopes were detected, it is 7 mBq.m -3 with three isotopes, and only 0.7 or 0.2 mBq.m -3 when two isotopes or 133 Xe alone were detected, respectively. 

Simultaneous detections of four isotopes occurred when winds with high speeds prevailed in

Paris from the north/northeast sector. Wind conditions were very similar during the detections of three isotopes but with lower velocity. This result clearly indicates the presence of a dominant source of radioxenons towards the north/northeast of the CEA premises, which is consistent with the location of the IRE plant and with the direct atmospheric transport of its releases towards the SPALAX-NG system. When two isotopes were measured simultaneously, the winds may come from westerly, northerly or easterly directions, making it more difficult to point to a single dominant source. However, these detections were associated with wind directions that are not dominant at the location of the measurement system (see the general wind rose in Figure 2). IRE could have contributed to these detections assuming a less efficient atmospheric transport of the air masses carrying radioxenon than in the two previous cases. For detections where only 133 Xe was detected, the wind rose was very similar to the general one, accounting for a wide range of weather conditions. In addition, the associated 133 Xe activity concentrations are in 75% of the cases below 0.4 mBq.m -3 (Figure 1). A wide range of wind directions associated with low activity concentrations reflects the signature of the global industrial background. For samples where no xenon was detected, the corresponding wind rose shows that winds originated from the west-southwest direction. This result is consistent with the fact that no MIPs and only a few nuclear power plants (NPPs) are located in this direction (Figure 3). By using observations representative of the large scale meteorology (i.e., not influenced by local buildings or topography), this simple approach allows a rapid characterization of a massive amount of data, without the simulation of atmospheric transport. The results do not consider meteorological conditions between the origin of the release and the detection system, which may have been different from those observed locally. Similarly, all wind conditions observed during the collection period are supposed to have the same weight. This may possibly introduce a bias in cases where the wind direction is variable and the transit time of the plume over the system is less than the collection time.

Nevertheless, in the present case, this method clearly confirms the existence of a dominant source (IRE) and indicates the directions where no other major source is expected (southwest of SPALAX-NG). This method can therefore be useful for configurations where the industrial environment around a station is not well known.

IRE (Fleurus) as the main contributor to the measurements

Using the methodology presented in 2.2, a total of 788 simulations were conducted to cover the measurement period (4×197 simulations). Illustration for 133 Xe is presented Figure 4. The four sets of simulated data were analyzed and compared independently with the measurements. To ensure a better comparison, the contribution of releases from industrial sources other than IRE to the measurements was evaluated and subtracted (see section 3.2.1).

The results show significant variability depending on the meteorological data used. To characterize each set of simulations, statistical scores were evaluated (see appendix). Statistics were computed for 133 Xe since it was the most detected. The results showed that it was not possible to identify a set of simulations that best reproduced the measurements (Table 1). It was decided to consider the average of the four sets of simulations. The results show that the Pearson coefficient is the highest for the ensemble mean and its RMSE is one of the lowest. In the following, the results of the atmospheric transport simulations are presented separately for each of the four radioxenons. The ratio of simulated and observed averaged data is calculated to assess the relevance of the a priori source terms.

Results for 133 Xe

Concerning 133 Xe, in addition to the simulations, the contribution of distant MIPs and NPPs (IRE During the whole period, 133 Xe measurements were reproduced by the simulation, both in terms of timing and amplitude (Figure 5). NPPs and remote MIPs excluding IRE (e.g., Dimitrovgrad, Russia) are responsible for daily background levels and explain most of the lower detections, ranging from 0.1 to 1 mBq.m -3 . The largest detections, ranging from a few mBq.m -3 to 100 mBq.m -3 are explained by the IRE releases. These results are consistent with those of the statistical analysis of meteorological data.

Occasionally, some peaks were underestimated (e. and simulated data is 0.6, suggesting that the a priori 133 Xe source term was slightly too large. 

Results for 133m Xe

For 133m Xe, the simulations also reproduced most of the measurements, at least in time synchronization, considering only the average releases from the IRE (Figure 6). Some detections were underestimated (e.g., October 28, 2018; December 12, 2018; February 23, 2019) and some were overestimated (e.g., January 22, 2019). Some of these trends follow those of 133 Xe. The a priori source term is relevant, which is shown by the averaged observed and simulated data ratio equal to ~1. 

Results for 131m Xe

For 131m Xe, the results show large discrepancies between simulations and measurements in terms of amplitude (Figure 7). However, the timing of the peaks is partly reproduced by the simulations. The ratio of averaged observed and simulated data is equal to ~23 (22.8), which suggests that the a priori 131m Xe source term is underestimated. By multiplying the initial source term by this factor, most of the 131m Xe detections are reproduced even if, and sometimes interestingly at the same dates as for 133 Xe and 133m Xe, some detections remain poorly estimated in amplitude (such as around November 28, 2018; December 12, 2018; January 22, 2019). Some detections are not reproduced (e.g., December 31, 2018).

This particular case is discussed in section 4. 

Results for 135 Xe

As for 131m Xe, results for 135m Xe show large discrepancies between the simulations and the measurements in terms of amplitude (Figure 8). The timing of high measured peaks is partially reproduced. The ratio between averaged observed and simulated data is ~53 (53.3), indicating that the initial 135 Xe source term is significantly underestimated. Although the agreement is improved with the increasing of source terms, some detections < MDC are not reproduced. These low detections are discussed in part 1 of this article [START_REF] Topin | 6 months of radioxenon detection in western Europe with the SPALAX-New Generation system -Part1: Metrological capabilities[END_REF]. As for previous isotopes, some significant peaks are underestimated or overestimated (e.g., January 22, 2019). 

Discussion

The average source terms considered in the simulations for 133m Xe and to a lesser extent for 133 Xe were representative of the actual releases from the IRE. Significant corrective factors were required for 131m Xe and 135 Xe, indicating that the average isotopic ratios initially considered to represent radioxenon releases in the simulations were not appropriate (Table 2 and Table 3). The initial isotopic ratios [START_REF] Gueibe | Setting the baseline for estimated background observations at IMS systems of four radioxenon isotopes in 2014[END_REF] were not derived from observations but from simulations (Saey et al.,2010b). One explanation is that the complexity of physical and chemical processes during fission product manipulation was not captured in the initial process modelling. For all isotopes and after correction on source terms, sometimes synchronously, some detections are under or overestimated. For these specific events, the discrepancies may be caused by an inaccuracy in the simulation of atmospheric transport and/or by real release amplitudes that differ from the averages considered for the IRE. Recent continuous monitoring of the actual stack releases of this plant showed that they were temporally variable in terms of amplitudes and isotopic ratios [START_REF] Friese | High resolution stack data from fission-based Mo-99 production[END_REF]. This variability can be explained by the different phases of production and preparation to production and by the effect of the radioactive decay of radioxenon isotopes during these phases. Finally, some low detections were not reproduced by the simulations, especially for 131m Xe and 135 Xe. Some of them are linked to the releases from sources other than the IRE.

Measured and simulated activity concentration ratios were then compared (Figure 9). The data are presented in the form of multi-isotopic ratio charts (MIRC), as described in [START_REF] Kalinowski | Discrimination of nuclear explosions against civilian sources based on atmospheric xenon isotopic activity ratios[END_REF].

These plots only report detections involving three and four isotopes that correspond to the highest 133 Xe activity concentrations due to the releases from the IRE facility. The diagrams show the variability of the measured isotopic ratios, illustrating the variability of the facility releases. Concerning the simulations, two sets of data are presented and only activity concentrations > 0.1 mBq.m -3 are considered. The first set corresponds to the IRE releases with isotopic ratios given by Gueibe et al.

(2017) and the second to those proposed in this study (Table 2). The variability of the measurements cannot be totally reproduced because average source terms are considered in the simulations (identical releases each day). However, the simulations do account for the variability due to the duration of transport between the plant and SPALAX-NG as it was different from one detection to the other (influence of radioactive decay). The results indicate that source terms proposed in this study lead to a fairly satisfactory agreement with the measurements. The MIRC diagram with four isotopes (Figure 9 left) shows a detection close to the screening line (sample of October 7, 2018), which is clearly distinct from the other detections. The IRE plant is the main contributor to this event (Figure 5 where 133 Xe > 50 mBq.m -3 for this date). Simulations of the atmospheric transport in the backward mode (7-d retro dispersion) were carried out to assess the source terms required to reproduce the measurements. Figure 10 displays the location map of the potential sources. Localization, based on 133m Xe, was performed using a PSR method considering the nondetections before and after the event, and spatially constrained assuming a maximum source term of 1.10 13 Bq. This result confirms that the IRE is a potential source and the minimum source term required for the installation is compatible with its operation (a few 10 10 Bq, see Table 2). The source terms required for the other facilities present in the calculation domain are higher than the expected values given their nature, which excludes them as main contributors.

The issue of a possible contribution of the BR2 reactor (Mol, Belgium) must be addressed. In the present case, the observed ratios 135 Xe/ 133 Xe and 133m Xe/ 133 Xe are characteristic of IRE's releases. Only the ratio 133m Xe/ 131m Xe is abnormally high, due to a lack in 131m Xe. A contribution from the BR2 reactor would probably not led to this observation. 

Contribution of local sources

While most of the detections are well explained by the IRE releases, some weak detections are not reproduced by the simulations as shown for 131m Xe and 135 Xe. Furthermore, the isotopic ratio performed and localization was conducted using the PSR method. The localization method is the same as the one described previously in Figure 10, considering either 131m Xe or 135 Xe. Among selected cases, eleven could not be linked to the IRE releases: five involving 135 Xe and six involving 131m Xe. Figure 12 presents three typical cases:

• Detection of 131m Xe alone on October 1, 2018. 131m Xe=0.25±0.08 mBq.m -3 (MDC=0.22 mBq.m -3 ); 

Conclusions and discussion

The data from the six-month test of SPALAX-NG at the CEA premises near Paris, France, as part of the system qualification process by the CBTO were analyzed by atmospheric transport modeling.

Owing to the improvements in detection limits, particularly for metastable xenon, and the reduction of collection periods, the new radioxenon system led to an unprecedented number of multi-isotope detections recorded at this location.

The metrological capabilities of SPALAX-NG allowed a precise characterization of the radioxenon background in Paris and in particular of the releases of the main industrial contributor:

• The concomitant detections of three and four isotopes, characterized by high activity concentrations in 133 Xe, were due to the releases from the medical isotope production facility IRE (250 km away, Fleurus, Belgium) when meteorological conditions were favorable (straight atmospheric transport between source and detector, high wind speeds).

• Most of the single-and two-isotope detections, characterized by lower intensities, were related either to the IRE releases during less favorable meteorological conditions or to the 133 Xe global background.

• Average IRE's source terms previously published in the literature for 133m Xe and to a lesser extent for 133 Xe (slightly overestimated by a factor 1.7) agree with the measured activity concentrations. These are relevant estimates of emissions for this period, assuming releases from 7h to 12h UT. Average source terms initially considered for 131m Xe and 135 Xe were underestimated by a factor of ~23 and ~53, respectively.

• Several low detections could not be linked to the releases from the IRE. Analysis of some representative cases showed that they were related to the contribution of other industrial sources and to the low releases from a research center located near the SPALAX-NG system.

This study suggests that when deployed in the IMS network of the CTBT, the new noble gas detection systems will lead to more detections, especially from local sources, due to their improved performance. More 131m Xe detections may be expected due to the releases from facilities handling 131 [START_REF] Saey | A long distance measurement of radioxenon in Yellowknife, Canada, in late October 2006[END_REF]. For these events, low activity concentrations were measured as less than 1 mBq.m -3 or equal to a few mBq.m -3 . In this context, it is necessary to have simulation tools to assess the contribution due to the distant 133 Xe global industrial background with the upmost timeliness (even for four radioxenons) and to identify the contribution of local industrial and nuclear facilities. Releases from such sources, if not identified, can disrupt the analysis of isotopic ratios measured following nuclear tests.

Appendix

The statistical scores were defined in Eslinger et al. 

  al. (2010), Achim et al. (2016), Gueibe et al. (2017), Generoso et al. (2018) and

Figure 1 :

 1 Figure 1: 133 Xe activity concentration distributions (in mBq.m -3 ) measured by SPALAX-NG during the test phase considering only samples with detections of, respectively, 4, 3, 2, or 1 radioxenons (from left to right). Boxplots show the median (middle line in the box), 25 th and 75 th percentiles (bottom and top lines of the box), and minimum and maximum values (bottom and top points).

Figure 2

 2 Figure2shows the wind roses observed between October 2018 and April 2019 for each of the

Figure 2 :

 2 Figure 2: Meteorological observations at Paris-Orly airport (METAR network), 20 km from the CEA premises. Wind roses show the occurrences of wind speed and origin direction observed during the SPALAX-NG collection periods for samples including detections of 4, 3, 2 from left to right (upper row) and 1, no radioxenon from left to right (lower row). The "general" wind rose corresponds to entire set of wind data observed from October 2018 to April 2019. The percentages correspond to the occurrences of counts per wind direction. Color scale indicates the wind speed (m.s -1 ).

  The contribution of another usual main MIP (Chalk-River, Canada) in the northern hemisphere is null because it has been shut down in October 2016 (Hoffman et al., 2018) and the North American NPPs are too far to lead to a significant signal.

Figure 3 :

 3 Figure 3: Location of the main radioxenon sources identified in the spatial domain defined for this study (Achim et al., 2016; Gueibe et al., 2017). White circles: nuclear power plants; the size of circles is proportional to average releases. Yellow circles: radionuclide production plants for medical use. The black square defines the location of SPALAX-NG.

Figure 4 :

 4 Figure 4: Time series of simulated 133 Xe activity concentrations (mBq.m -3 ) at SPALAX-NG location (October 2018-April 2019) resulting from IRE (Fleurus) releases, and obtained separately from the four sets of simulations using different meteorological data.

  excluded) was evaluated by the operational and automatic global background simulation tool developed in 2012 by the French National Data Center (NDC). The results are available in real time and in the form of 4-d forecasts. The tool provides a time series of 12-h average activity concentrations at the locations of CTBT stations and the CEA premise. About 50 TBq of 133 Xe are emitted daily into the atmosphere by the nuclear industry. For each identified industrial source, average daily source terms are considered (detailed in Achim et al., 2016). This isotope is detected almost continuously by CTBT stations around the globe with significant spatial, temporal, and seasonal variability (Generoso et al., 2018). The other radioxenon isotopes are detected more sporadically.

  g., December 12, 2018 and February 23, 2019) and some were overestimated (e.g., January 22, 2019) with possible explanations given further. The ratio of averaged observed (the simulated contribution of the 8-hour interpolated distant background subtracted)

Figure 5 :

 5 Figure 5: Time series of simulated and measured 133 Xe activity concentrations (mBq.m -3 ). Simulations correspond either to the contribution of IRE only (blue: a priori source term ; orange: corrected source term), the Belgian MIP in Fleurus, or to the contributions from worldwide sources except IRE (brown, French National Data Center global background simulation, interpolated on 8 h periods). Black squares and the black line are, respectively, the SPALAX-NG measurements and the minimal detectable concentration (MDC). Only valid SPALAX-NG samples are reported.

Figure 6 :

 6 Figure 6: Time series of simulated and measured 133m Xe activity concentrations (mBq.m -3 ). Simulations include releases from IRE only (blue). Black squares and the black line are, respectively, the SPALAX-NG measurements and minimal detectable concentration (MDC). Only valid SPALAX-NG samples are reported.

Figure 7 :

 7 Figure 7: Time series of simulated and measured 131m Xe activity concentrations (mBq.m -3 ). Simulations correspond to the contribution of IRE only (blue: a priori source term; orange: corrected source term). Only valid SPALAX-NG samples are reported.

Figure 8 :

 8 Figure 8: Time series of simulated and measured 135 Xe activity concentrations (mBq.m -3 ). ). Simulations correspond to the contribution of IRE only (blue: a priori source term; orange: corrected source term). Only valid SPALAX-NG samples are reported.

Figure 9 :

 9 Figure 9: Four isotope (left: 135 Xe/ 133 Xe vs 133m Xe/ 131m Xe) and three isotope (right: 135 Xe/ 133 Xe vs 133m Xe/ 133 Xe) MIRC plots (multi-isotopic ratio charts) of measured and simulated activity concentrations. Screening lines (based on activity ratios) are from Kalinowski et al. (2010) (left plot) and from Le Petit et al. (2017) (right plot). Civilian operations are supposed to show up left of the different screening lines while ratios on the right of the screening lines are representative of a nuclear explosion. Ratios from the SPALAX-NG measurements are shown in white squares (for 133 Xe measurements, simulated contribution of the 8-hour interpolated distant background was subtracted). Simulated ratios considering IRE source terms derived from Gueibe et al. (2017) are indicated with white triangles. Simulations considering IRE source terms proposed in Table 2 are indicated with black triangles.

Figure 10 :

 10 Figure 10: Geographical areas potentially at the origin of the release (PSR) that explain the detection of 133m Xe on October 7, 2018. The color scale provides the minimum source terms required to explain the measurements (Bq). Blue circle: location of SPALAX-NG. Red circle: location of the IRE, Fleurus (Belgium). Black circles: NPPs. Open black triangles: nuclear research centers (Saclay, France; Mol, Belgium).

Figure 11

 11 Figure11shows the recent measurements at the IRE stack presented as four-and three-isotope MIRC

Figure 11 :

 11 Figure 11: MIRC diagrams (multi-isotopic ratio charts) illustrating the isotopic ratio variability measured at the IRE stack (Fleurus). Each point is a 15-min measurement and the color scale refers to the magnitude of the releases in 133 Xe (from Friese et al., 2019). On the left, diagram with four isotopes ( 135 Xe/ 133 Xe vs. 133m Xe/ 131m Xe). On the right, diagram with three isotopes ( 135 Xe/ 133 Xe vs. 133m Xe/ 133 Xe). For comparison, the yellow star shows the isotopic ratios required to obtain the detection on October 7, 2018. Prior and proposed (this study) average isotopic ratios used in the simulations to represent IRE releases are indicated with white and black triangles, respectively.

131m

  Xe/133 Xe and135 Xe/133 Xe distribution functions presented in[START_REF] Topin | 6 months of radioxenon detection in western Europe with the SPALAX-New Generation system -Part1: Metrological capabilities[END_REF] show high singular points. Atmospheric transport modeling was carried out to determine the origin of these detections. A selection was first made to identify the samples corresponding to such particular events. Detections of three and four isotopes (due to the releases from the IRE) were excluded from the analysis, as well as activity concentrations close to the critical level (≈ MDC/2) with high uncertainties and statistical risk of false positive. For this purpose, the arbitrary criterion [ 131m Xe and 135 Xe activity concentrations] > MDC/1.5 was defined. The highest isotopic ratios were observed in cases where only two isotopes were detected and where the activity concentrations in 133 Xe were low. Regarding the detections of a single isotope, excluding 133 Xe, only 131m Xe was measured alone in two occasions. Thus, with the selected criteria, approximately 30 detections with two isotopes ( 135 Xe and 133 Xe or 131m Xe and 133 Xe) or only 131m Xe were selected. Atmospheric transport simulations in backward mode (7-d retro dispersion) were

Figure 12 :

 12 Figure 12: Analysis of: a) Detection of 131m Xe alone on October 1, 2018. b) Detection of 131m Xe and 133 Xe on December 31, 2018 c) Detections of 135 Xe and 133 Xe on October 24, 2018. Left column: geographical areas potentially responsible for the releases (PSR) of a) 131m Xe b) 131m Xe c) 135 Xe. The colored areas give the minimum source terms required for obtaining the detections. Blue circle: location of the SPALAX-NG. Red circle: location of the IRE, Fleurus (Belgium). Black circles: NPPs. Open black triangles: nuclear research centers (Saclay, France; Mol, Belgium). Right column: (lower graphics) simulated 133 Xe industrial background (blue bar chart), SPALAX-NG measurements (black curve) expressed in mBq.m -3 , sampling periods for different detections (shaded areas marked "Sampling"). Upper graphics: origin of the simulated background expressed in % of IRE, European nuclear power plants, and other global contributors (NPPs and MIPs).

  , 2016 and Maurer et al., 2018. In the following descriptions, let S denote simulated activity concentrations, M denote measured concentrations, an overbar denote an average over the data set, and i denote an index of the N sample values.

  ; Brioude et al., 2013; www.flexpart.eu), version 9.0.2. Four radioactive isotopes, 131m Xe,133 Xe, 133m Xe, and 135 Xe, were considered in the simulations as non-reactive species.The decay of the radioactive isotopes of xenon has been considered but the133 Xe ingrowth due to The results of the simulations consisted of the time series of eight-hour average activity concentrations at the location of the SPALAX-NG, corresponding to the actual collection periods. The total contribution was obtained by adding the results of all simulations. Radioxenon releases are assumed to be daily and to last five hours from 07:00 to 12:00 UTC (Achim et al., 2016), with an average source term for each isotope. The source term for 133 Xe is the same as used in Achim et al.

	components of wind (u, v), temperature and water vapor mixing ratio (qvapor) were set to 0.00025 s -1 .
	(2016), i.e., 2.7 TBq/d. The source terms for three other xenon isotopes were derived from this quantity,
	applying isotopic ratios estimated from the emission inventory published by Gueibe et al. (2017).
	Consequently, source terms of 4.3 GBq/d, 68 GBq/d, and 2.6 GBq/d were considered for 131m Xe,
	133m Xe, and 135 Xe respectively.
	Four different sets of meteorological data were used:
	(i)	US National Centers for Environmental Prediction (NCEP)'s Global Forecast System
	(GFS) data with 6 h and 0.5°×0.5° resolution www.nco.ncep.noaa.gov/pmb/products/gfs/;
	(ii)	NCEP/GFS data with 6 h and 0.25°×0.25° resolution;
	(iii) NCEP GDAS/FNL (final) analysis and forecast (analysis +3 h) data with 3 h and
	0.25°×0.25° resolution (ds083.3 | DOI: 10.5065/D65Q4T4Z, https://rda.ucar.edu/datasets/ds083.3/);
	(iv)	Data from the Weather Research and Forecasting mesoscale model (WRF) (Skamarock et
	al., 2008). NCEP GDAS/FNL data (3 h and 0.25°×0.25°) were used to provide initial and boundary
	conditions to the WRF simulations. Version 3.9.1 was used. The period was divided into 6 one-month
	periods. For each period, 2 spin-up days have been added. Two nested domains have been defined: (1)
	180 x 180 grid points, 15 km resolution, centered on latitude 47° and longitude 2°, including part of
	Western Europe and (2) 304 x 262 grid points, 5 km resolution, including France and Belgium. The
	time step was set to 30 seconds to comply with the fine-grid domain resolution. The main
	parameterizations for both domains had the following characteristics: the physics suite CONUS was
	used, calls to radiation physics every 15 minutes (radt=15), calls to boundary-layer physics every time
	step (bldt=0), cumulus physics calls every 5 minutes (cudt=5), and Xu-Randall cloud fraction method
	(icloud=1) was used. Grid nudging was applied only for domain 1 (coarse domain) including the
	planetary boundary layer, with an interval of 180 mins. The nudging coefficients for horizontal

133m Xe decay was not taken into account.

A forward approach was adopted to simulate the dispersion of noble gases from the Institute for Radio Elements (IRE) with a priori knowledge of releases for the four radioxenon isotopes. IRE is a medical isotope production plant (MIP) located in Fleurus, Belgium (4.535°E, 50.457°N), approximately 250 km northeast of SPALAX-NG (located at CEA premises, 32 km southwest of Paris). This plant is one of the main contributors to the radioxenon background levels in the northern hemisphere

[START_REF] Saey | The influence of radiopharmaceutical isotope production on the global radioxenon background[END_REF], Saey et al., 2010a[START_REF] Eslinger | International challenge to predict the impact of radioxenon releases from medical isotope production on a comprehensive nuclear test ban treaty sampling station[END_REF]

.

Simulations covered the period from September 20, 2018 to April 04, 2019 (official ending of the test period), corresponding to 197 days of release. The simulations were initiated before the official start of the test period (October 1, 2018) to have a calculated radioxenon background due to the IRE at the time of the first sample. The choice was made to consider independent simulations (one per release day). This strategy makes it possible to represent each release by one million Lagrangian particles to ensure the representativeness of the simulations. The dispersion of each release was calculated over ten days.

Table 1 : statistical scores calculated for 133 Xe and for each set of simulations. Scores are also given for the average of the simulations.

 1 

	133 Xe	Mean activity concentration (mBq.m -3 )	Pearson correlation (R)	RMSE NMSE	Fractional bias (FB)
	Measurements (minus simulated distant background)	2.8				
	GFS 0.5	3.8	0.51	20.80	40.80	0.31
	GFS 0.25	4.2	0.52	28.46	69.61	0.40
	GDAS 0.25	4.3	0.45	40.27	134.70	0.43
	WRF	5.9	0.46	40.28	99.38	0.71
	Average of simulations	5.1	0.57	25.64	46.10	0.59

Table 2 : A priori atmospheric releases of 133 Xe, 131m Xe, 133m Xe, 135 Xe for IRE medical from literature and proposed values obtained from comparisons of atmospheric transport simulations and SPALAX-NG measurements over the 6 months test period.

 2 

		Prior average IRE source terms	Proposed source terms
		used in simulations (Bq/d)	(Bq/d)
	133 Xe	2.7×10 12 (1)	1.6×10 12

Table 3 : A priori (left) and proposed (right) characteristic isotopic ratios of Fleurus releases derived from Table 2.

 3 

		Prior average	Proposed average
		isotopic ratios	isotopic ratios
	135 Xe/ 133 Xe	9.63E-04	8.96E-02
	133m Xe/ 131m Xe	1.58E+01	6.85E-01
	133m Xe/ 133 Xe	2.52E-02	4.33E-02

Table 3 )

 3 are consistent with the 15 min average IRE stack measurements. Ratios proposed in Table3are also in good agreement with those reported in[START_REF] Hoffman | Medical isotope production, research reactors and their contribution to the global xenon background[END_REF] for radioxenon measurements in Ottawa, Canada, and mainly due to releases from the Chalk River site.

•

  Detections of135 Xe and133 Xe on October 24, 2018. 135 Xe=0.18±0.08 mBq.m -3 (MDC=0.21 mBq.m -3 ). This event corresponds to the highest activity concentration ratio observed during the test period.135 Xe/ 133 Xe=1.7;• Detections of 131m Xe and 133 Xe on December 31, 2018 (highest observed activity concentration ratio 131m Xe/ 133 Xe=5.9). 131m Xe=0.54±0.12 mBq.m -3 (MDC=0.21 mBq.m -3 ).Activity concentrations are low, at the MDC level, but the presence of isotopes in the samples is statistically highly likely. The source localization results show that for these cases, the air masses collected during the sampling periods came from the northwest, excluding the IRE as a potential source.In agreement with the observations, simulation of the133 Xe global background delivered by the French NDC operational tool showed that the contribution of industrial facilities was very low during these detections. The localization maps indicate that a few nuclear power plants located in France and in Great Britain as well as the nuclear research center located in Saclay, France (15 km northwest of SPALAX-NG) are the potential sources. Owing to its proximity, the Saclay site was studied more closely. Regarding 131m Xe detections, this center hosts a producer of radioelements for medical use (https://www.curiumpharma.com) using 131 I. As a result of specific processes, this plant could have released 131m Xe into the atmosphere. Facilities using 131 I are identified as potential 131m Xe emitters(Bowyer, 2020;[START_REF] Ringbom | Radioxenon releases from a nuclear power plant: stack data and atmospheric measurements[END_REF]. The source terms from Saclay to explain these two detections are in the range of 10 7 -10 8 Bq. The origin of135 Xe could be linked to the release from a reactor as the phases of power changes of these installations may lead to drastic increases in the 135 Xe/ 133 Xe isotopic

  I, which is a major and widespread component used in the radiopharmaceutical industry. More generally, within the framework of the CTBT, given the typical distances between known nuclear test sites and noble gas stations (hundred, if not thousands, of kilometers), discrimination of military signatures on the basis of four or three isotopes can only be carried out if significant releases occur and atmospheric transport is directly from the test site to a station. The history of North Korean nuclear tests conducted since 2006 shows that the radioxenon detections following these events involved, when they occurred, only two radioxenon isotopes: 133m Xe and133 Xe in 2006 at a non-CTBT station[START_REF] Ringbom | Measurements of radioxenon in ground level air in South Korea following the claimed nuclear test in North Korea on October 9, 2006[END_REF] or 131m Xe and 133 Xe in 2013[START_REF] Ringbom | Radioxenon detections in the CTBT international monitoring system likely related to the announced nuclear test in North Korea on February 12, 2013[END_REF] or even only one ( 133 Xe in 2006 at a CTBT station,

ratio [START_REF] Ringbom | Radioxenon releases from a nuclear power plant: stack data and atmospheric measurements[END_REF]. The CEA research center located at Saclay hosts the Orphée nuclear research reactor, which was definitively shut down at the end of 2019. The reactor's provisional operating schedule for 2018 (http://www-llb.cea.fr/suivi-reacteur/p2018.html) indicates that the reactor was shut down from mid-October to mid-November 2018, which excludes any releases during this period. Finally, some of these detections may come from the production of reference atmospheres [START_REF] Sabot | Experimental facility for the production of reference atmosphere of radioactive gases (Rn, Xe, Kr, and H isotopes)[END_REF] or from more distant facilities (NPPs).

The fractional bias (FB) is measure of the bias between measured and simulated values. The FB is normalized to the range2 to 2 and positive values indicate simulations are larger than measured values. The fractional bias is defined as:

The correlation coefficient R is used to represent the linear relationship between measured and simulated values where the summation is taken over all samples. Possible values for R range from1 to 1.

The correlation coefficient is calculated from:

The normalized mean square error (NMSE) is a measure of the difference between paired measured and simulated values. The normalized mean square error is calculated from: