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Abstract.

Sulfur hexafluoride (SFg) is a highly potent and long-lived greenhouse gas whose atmospheric concentrations are increasing
due to human emissions. In this study, we determine European SFg emissions from 2005 to 2021 using a large ensemble of
atmospheric inversions. To assess uncertainty, we systematically vary key inversion parameters across 986 sensitivity tests and
apply a Monte Carlo approach to randomly combine these parameters in 1,003 additional inversions. Our analysis focuses
on high-emitting countries with robust observational coverage — UK, Germany, France, and Italy — while also examining
aggregated EU-27 emissions.

SFg emissions declined across all studied regions except Italy, largely attributed to EU F-gas regulations (2006, 2014),
however, national reports underestimated emissions: (i) UK emissions dropped from 68 (47-77) t yr~! in 2008 to 19 (15-26)
t yr—! in 2018, aligning with the reports from 2018 onward; (ii) French emissions fell from 78 (51-117) t yr—! (2005) to 35
(19-54) tyr—! (2021), exceeding reports by 88%; (iii) Italian emissions fluctuated (25-48 t yr~!), surpassing reports by 107%;
(iv) German emissions declined from 182 (155-251) t yr—! (2005) to 97 (88-104) t yr—! (2021), aligning reasonably well with
reports; (v) EU-27 emissions decreased from 403 (335-501) t yr—! (2005) to 225 (191-260) t yr—! (2021), exceeding reports
by 20%. A substantial drop from 2017 to 2018 mirrored the trend in southern Germany, suggesting regional actions were taken
as the 2014 EU regulation took effect.

Our sensitivity tests highlight the crucial role of dense monitoring networks in improving inversion reliability. The UK
system expansions (2012, 2014) significantly enhanced result robustness, demonstrating the importance of comprehensive

observational networks in refining emission estimates.
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Sulfur hexafluoride (SFg) is a fluorinated gas (F-gas), which has the highest global warming potential (GWP) of all known
greenhouse gases (GHG), with current estimates of 18,400, 24,700, and 29,800 for 20-, 100-, and 500-year time horizons,
respectively (WMO, 2022). Even more concerning, estimates of its atmospheric lifetime range between 850 and 1,280 years
(WMO, 2022), implying that SF4 from past, present, and future anthropogenic emissions will accumulate in the atmosphere
and will warm the climate for thousands of years.

Since the late 1990s, global SFg mole fractions have almost tripled, from 4.2 ppt in 1998 to 11.4 ppt in 2023 (Lan et al.,
2024b), while global atmospheric growth rates have more than doubled, from 0.20 t yr=' in 1998 to 0.41 t yr—! in 2023 (Lan
et al., 2024b). Radiative forcing increased from 2.4 in 1998 to 6.2 mW m~2 in 2022. If the current global emission trend
continues, SFg radiative forcing could increase up to 70 mW m~2 by the end of the century (Hu et al., 2023).

Due to its high stability, SFg is used mainly as an insulator for electric equipment in the power industry (e.g. IEEE,
2012; Koch et al., 2018; Cui et al., 2024), with emissions occurring during equipment leakage, failures, maintenance, and
decommissioning. It is also used in the metal industry as a blanketing gas (e.g. Maiss and Brenninkmeijer, 1998), as a cover
gas in magnesium production and processing (Bartos et al., 2007; Ottinger et al., 2015), for semiconductor manufacturing for
equipment cleaning and plasma etching (e.g. Cheng et al., 2013), and in the past it was even used to fill sports shoes (Pedersen,
2000) and car tires (Schwaab, 2000). In the 1990s, especially in Western Europe, SFg was used to fill double-glazed windows
(e.g. Schwarz, 2005), which still represents a substantial European emission source (United Nations Framework Convention
on Climate Change, 2023).

SFg was regulated under the Kyoto Protocol, where it is listed as one of the six categories of major GHGs (United Nations
Framework Convention on Climate Change, 1997). To meet the Kyoto Protocol’s targets, the EU passed regulation No.
842/2006 (EU, 2006), setting rules for the containment, recovery, use, and reporting of fluorinated gases. It banned the use
of SFg in vehicle tires (starting in 2007) and in large-scale magnesium die-casting (starting in 2008), as well as in soundproof
windows and footwear. The EU’s 2014 regulation (No0.517/2014, EU, 2014) further restricted SF¢ use, requiring leak detection
systems for electrical switchgear by 2017 and banning it from recycling magnesium alloys by 2018. The new 2024 F-gas
regulation mandates the phase-out of F-gases in medium-voltage switchgear by 2030, high-voltage switchgear by 2032, and
prohibits SFg use for switchgear maintenance by 2035, unless reclaimed or recycled (EU, 2024).

A key aspect of the Kyoto Protocol was the implementation of a robust system for monitoring GHG emissions, requiring
Annex-I countries (industrialized countries) to submit annual reports to the United Nations Framework Convention on Climate
Change (UNFCCC), including SF¢. These reports are almost exclusively calculated by so-called bottom-up methods, where
statistical data on economic production and consumption are combined with source-specific emission factors to estimate
national emissions. The Emissions Database for Global Atmospheric Research (EDGAR) and the Greenhouse Gas and Air
Pollution Interactions and Synergies (GAINS) model also provide bottom-up inventories of SFg emissions. However, due to

inherent uncertainties associated with bottom-up methods, there is a strong demand for independent verification (e.g. Weiss
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et al., 2021), which can be achieved through top-down approaches, such as inverse modeling (e.g. Leip et al., 2017). In an
inversion approach, atmospheric observations are used together with an atmospheric transport model to optimize the emissions.
Several inversion studies have investigated SFg emissions, however, limited research has specifically focused on the European
continent. The global inversion study by Rigby et al. (2010) estimated total European SFg emissions from 2004 to 2008,
distinguishing between emissions from reporting and non-reporting countries. Ganesan et al. (2014) estimated SFg emissions
for 2012 in well-monitored countries, including Germany, France, and the UK. Their estimates indicated higher emissions than
those officially reported to the UNFCCC. Brunner et al. (2017) used four independent inverse models to estimate European SFg
emissions in 2011. Their results were 47% higher than the UNFCCC reports, with Germany identified as the largest emitter.
Simmonds et al. (2020) used three different inversion systems to estimate total SFg emissions from western Europe between
2013 and 2018, with one of the systems extending its analysis to cover 2007-2018. Their calculated emissions ranged from
comparable to significantly higher than the reported values. Their work also suggested substantial SFg emissions in southwest
Germany. In the UK’s annual report to the UNFCCC, Manning et al. (2022) presented inversion results for SFg emissions in
both the UK and northwest Europe, revealing a downward trend in both regions. The global inversion study by Vojta et al.
(2024) provided an annual SFg time series for the aggregated EU-27 emissions, between 2005 and 2021. They found a decline
in SF¢ emissions, with a significant drop in 2018, which they attributed to the impact of the EU’s 2014 F-gas regulation.
While recent studies have employed regional high-resolution inversions to constrain SFg emissions in China (An et al.,
2024) and the U.S. (Hu et al., 2023), there is no recent high-resolution regional study examining the trend of SFg emissions
in Europe. This research endeavors to bridge a significant gap in our understanding of European SFg emissions. We adopt
the methodology established by Vojta et al. (2024), adapting it for a high resolution (0.25x0.25°) inversion covering all of
Europe. Utilizing the same datasets, we quantify SFg emissions across the continent for the period 2005 to 2021. While
Vojta et al. (2024) primarily investigated the influence of different a priori inventories, this study delves deeper by conducting a
comprehensive sensitivity and uncertainty analysis. We systematically examine the impact of a wide range of parameters on our
inversion results, enabling a more robust quantification of overall uncertainties and a thorough investigation of the sensitivity

to individual inversion components.

2 Methods
2.1 Measurement data

In this study, we utilize the same global observational dataset as employed by Vojta et al. (2024), where a detailed description
is available. Therefore, we only provide a brief overview here. The dataset is based on globally distributed atmospheric
observations of SFg dry-air mole fractions collected between 2005 and 2021. It includes continuous on-line measurements,
instantaneous flask sample data from surface stations, and observations from mobile platforms. The measurements were
contributed by various independent organizations such as the National Oceanic and Atmospheric Administration (NOAA)
and the Advanced Global Atmospheric Gases Experiment (AGAGE) international network. Continuous surface measurements

were averaged over 3-hour intervals and all observations were standardized to the SIO-2005 calibration scale (for more details



Figure 1. Locations of the observation stations in and around Europe. Stations with continuous surface measurements (BIK, BRM, BSD,
CMN, HFD, JFJ, MHD, RGL, TAC, ZEP, ZSF) are represented with red triangles, while surface ask measurements (BAL, BSC, CIB, HPB,
HUN, LMP, MHD, OBN, OXK, PAL, STM, TAC, WIS, ZEP) are shown with black dots.

85 see \Vojta et al., 2024). It is noteworthy that the number of available European on-line monitoring stations increased over the
study period. While at the beginning only 5 such stations were available (Bialystok: BIK, Jungfraujoch: JFJ, Mace Head:
MHD, Zeppelin: ZEP, Zugspitze-Schneefernerhaus: ZSF), the monitoring network in Western Europe signi cantly expanded
with the addition of UK observations from Ridge Hill (RGL) and Tacolneston Tall Tower (TAC) in 2012 and further from
Bilsdale (BSD) and Heath eld (HFD) in 2014. Figure S1 provides an overview of all the ground-based measurements globally,

gwhile Fig. 1 shows the stations in Europe.

To determine the in uence of data selection criteria on our results, we created eight different subsets. 1) We used the entire
global dataset (presented in Vojta et al., 2024), and 2) we created a European subset by excluding on-line stations outside
Europe (BRW, CGO, COI, GSN, HAT, 12O, MLO, NWR, RPB, SMO, SPO, SUM, THD; see Fig.S1) while retaining the
European sités(BIK, BRM, BSD, CMN, HFD, JFJ, MHD, RGL, TAC, ZEP, and ZSF; see Fig. 1). Note that the stations

95 SUM in Greenland and 1ZO in Tenerife are geographically closest to the European inversion domain. For these global and
European datasets, we further re ned the selection by: a) retaining only night observations (00:00 - 06:00) at mountain stations
and afternoon observations (12:00 - 18:00) at all other sites for continuous monitoring stations; b) creating a data subset
that excludes mountain stations, and c) generating a subset that omits low-frequency measurements and data from movin
platforms, retaining only high-frequency surface observations. Table S1 provides the number of observations used from each

100 dataset for each year, whereas Tab. S2 shows the availability of online measurements within and outside Europe.

1we initially still kept the globally distributed ask measurements and observations from moving platforms to improve the baseline optimization



105

110

115

120

125

130

2.2 Emission sensitivities

We use the Lagrangian particle dispersion model (LPDM) FLEXPART 10.4 (Pisso et al., 2019) in backward mode to simulate
the atmospheric transport of §Rracing its movement from the measurement locations back to the emission sources. We
neglect loss processes, given thag $almost inert up to the middle stratosphere. For every observation, we release 50,000
virtual particles continuously over a 3-hour interval from the measurement site, tracking their trajectories backward in time for
50 days. The average time spent by these particles in a given emission grid cell determines the sensitivity of the observation to
emissions from that speci c grid cell. These simulated emission sensitivities form the basis for the atmospheric inversion. We
run FLEXPART on a European domain (14/-40 E, 30 N-72 N) with an output resolution of 0.25¢0.25 and on a global

domain with an output resolution of 1.81.0 , both with 18 vertical layers of 0.1, 0.5, 1, 2, 3,4, 5,7, 9, 11, 13, 15, 17, 20, 25,

30, 40, and 50 km above ground level (agl) interface heights. The emission sensitivities were calculated solely for the lowest
layer, ranging from 0 to 100 meters agl, where almost all emissions occur. We utilize hourly ECMWF BR#Ab elds
(Hersbach et al., 2018) to drive the FLEXPART simulations. Speci cally, we use &235 resolution wind elds for the
European domainand 0.8 0.5 wind elds for the global domain, both with 137 vertical levels. Figure 2 shows the simulated
annual averaged emission sensitivities for the years (a) 2005 and (b) 2018. In 2018, Europe - particularly northwestern Europe
- shows signi cantly higher emission sensitivities compared to 2005. This increase is largely due to the expansion of the
observation network in the UK. As a result, northwestern Europe, including major emitters such as Germany, France, and
the UK, became well-monitored, suggesting that substantial improvements in emission estimates through the inversion can be

expected over time.
2.2.1 Baseline

Using the emission sensitivities simulated by FLEXPART, we can link the mole fractions at the receptor to emissions occurring
within 50 days of the backward tracking. However, emissions preceding the 50-day period can not directly be captured with
these backward simulations. Nevertheless, they still have to be considered when comparing the modeled mole fraction values
with the observations. Therefore, all these emission contributions are aggregated in a so-called baseline which must be adde
to the modeled emission contributions. We apply a Global-Distribution-Based (GDB) method (Vojta et al., 2022) to calculate
the baseline, directly from a 3D global mole fraction eld. For this, the endpoints of the FLEXPART back-trajectories, are used
to determine an observation's sensitivity to the mole fractions at the end of the 50-day simulation period. These sensitivities
are simply obtained by dividing the number of trajectories ending in a speci ¢ grid cell by the total number of trajectories
calculated, as loss processes are omitted. We then multiply the sensitivities with globally 3D griddediS&Factions at the

time of particle termination and integrate the product over the entire globe. As for the 3@I8Fve employed the data set

created by Vojta et al. (2024). Finally, the contributions from emissions occurring during the 50-day FLEXPART simulation

2ERAS is the fth generation of the European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis, providing comprehensive
global climate and weather data from January 1940 to the present.



Figure 2. Simulated emission sensitivities for the years 2005 and 2018 in Europe. The displayed values represent the annual sum of
FLEXPART calculations. As a result, sites with frequent online observations carry more weight than those relying on ask measurements or

observations from mobile platforms.



period but outside of the European domain are added to the baseline. For a more detailed description of the GDB method anc
the simulation of the mole fraction elds please see Vojta et al. (2022) and Vojta et al. (2024).

2.3 A priori emissions

We create seven different Europears SFpriori emission elds with 0.25 0.25 resolution for our inversion domain and for
135 the period 2005 to 2021 that are based on three different bottom-up sources: GAINS, the annual national emission reports to
the UNFCCC, and the bottom-up estimates from EDGAR.

— GAINS: We created two a priori emission elds based on the GAINS inventory (Purohit and Héglund-Isaksson, 2017),
which is detailed in Vojta et al. (2024). The inventory is available at @Solution globally and at 0.Iresolution for a
European subset covering the EU-27, Iceland, Norway, Switzerland, and the UK. For the rst eld (GS), we re-gridded
140 the global 0.5 inventory to 0.25 over the European domain by interpolation. For the second eld (GS-HR), we used
the higher-resolution European dataset, aggregated it to,GaB8 combined it with the global dataset. While both elds
thus share the same resolution (0.B%er Europe), the information content differs: GS is interpolated from coarser data,

whereas GS-HR retains detail from the original high-resolution European inventory.

— Reports to the UNFCCC: We utilize the total national $Emissions reported annually to the UNFCCC (United Nations
145 Framework Convention on Climate Change, 2023) and distribute these emissions within each country's borders on a
0.25 0.25 grid, based on two different proxy datasets: (1) gridded population density (CIESIN, 2018) (UP), or (2)
nightlight remote sensing data (Elvidge et al., 2021) (UN).

— EDGAR: We use the newly updated, 0.0.1 -gridded annual Sf~emission inventory EDGARV8.0 (EDGAR, 2023;
Crippa et al., 2023) and regrid it to 0.28.25 resolution (E8). In addition, we also utilize the national annual total
150 emissions provided by the previous version EDGARV7.0 (EDGAR, 2022; Crippa et al., 2021), and distribute those totals
according to (1) gridded population density (CIESIN, 2018) (E7P) or (2) night light remote sensing (Elvidge et al., 2021)
(E7N).

To account for contributions from emissions occurring during the 50-day FLEXPART simulation period but outside the

European domain, we utilize the global a priori emission elds generated by Vojta et al. (2024). These elds were calculated
155 using the same methodology as our European a priori elds but at a coarser resolution of 1.0Nbi& that this approach
results in a single global coarse GAINS inventory.

Figure 3 shows the seven generated European a priori emission elds averaged across the study period from 2005 to 2021
Overall, these emission elds display a relatively similar spatial pattern, especially when compared to the signi cantly larger
differences observed in the global patterns of the bottom-yprs€ntories (see Vojta et al., 2024). All European inventories

160 show high Sk emissions in central Europe, with Germany being the largest emitter. Notably, a priori emissions are particularly

SEmissions of non-Annex | countries, that fall within our inversion domain but are not further investigated, were estimated proportionally to their national
electricity generation as described in Vojta et al. (2024).






