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26 Abstract. Radiocarbon ('*C) is a valuable tracer to determine the relative fossil fractions of emitted carbonaceous
27  greenhouse gases, such as CO, and CHs. While atmospheric ACO, measurements have been conducted at
28 multiple sites for several decades, A'*CHs measurements remain more limited, mainly due to measurement
29 challenges. In addition, nuclear power plant '“CH, emissions can complicate data interpretation. In this study,
30  biweekly A'"*CH, and A'*CO, measurements at the Swiss High-Altitude Research Station Jungfraujoch (JFJ, about
31 3500 m a.s.l.) between 2019 and 2024 are presented. Over this period, A*CH, values showed an increase from
32 350 =+ 19 %o to 381 = 13 %o, while A'*CO> values decreased from -2.0 = 3.8 %o to -12.7 = 2.0 %o, respectively. The
33 former is related to the slight increase of '“CH, emissions from the nuclear industry over the last years, while the
34 latter is linked to the dilution of the '*CO, signal due to the release of '*C-devoid CO, from combustion of fossil
35 fuels. Despite its high elevation, JFJ is still influenced by nuclear power plants (NPPs) operating in Europe.
36 Considering a European-scale atmospheric dispersion model and '*CHs and '*CO, emissions from European NPPs,
37 the mean nuclear '“C contribution to our individual measurements was estimated to be 7 +9 %o for A*CH, and
38 0.240.4 %o for ACO,. Furthermore, our A*CH, measurements reasonably agree with simulated atmospheric
39  values of A'*CH4 estimated by a global atmospheric one-box model and an estimation of global nuclear “CHs
40 emissions.
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42 1. Introduction

43 Carbon dioxide (CO;) and methane (CH4) are the two main anthropogenic greenhouse gases (GHGs) responsible
44 for global climate change (IPCC, 2023; WMO, 2025). Since the Industrial Revolution around 1850, their global
45 atmospheric concentrations have been multiplied by about 1.5 and 2.7, respectively, from around 285 to 422.8 ppm
46 in 2024 for CO; (Etheridge et al., 1996; Lan et al., 2025b) and from around 800 to 1930 ppb in 2024 for CH4
47 (Hmiel et al., 2020; Lan et al., 2025a). Anthropogenic emissions of CO, and CHs (mainly from the energy sector
48 for fossil CO, and CHa, and agriculture and waste management for biogenic CHs) are responsible for this rise in
49 concentrations and resulting climate change. In the period 2010-2019, CO, and CH4 were responsible for a global
50 warming of around 0.8°C and 0.5°C, respectively, relative to the period 1850-1900 (IPCC, 2023). To implement
51 effective mitigation measures, the main emission sources of both GHGs have to be better quantified and monitored.

52 Radiocarbon ('*C), a radioactive isotope of carbon with a half-life of 5700 + 30 years (Kutschera, 2019), is a
53  valuable tracer to distinguish fossil from modern carbon sources. Naturally produced in the upper atmosphere
54 through the interaction of thermal neutrons with nitrogen, '*C is finally oxidized to '“CO,, which can be integrated
55 into the biosphere via photosynthesis and into the hydrosphere via gas exchange at the water-atmosphere interface
56 (Graven et al., 2020). On the one hand, fossil fuels (e.g. coal, oil, natural gas) that were formed millions of years
57 ago are now devoid of '“C because of its short half-life compared to geological time scales. On the other hand,
58  CO, and CHy4 derived from fresh organic matter contain '“C/'C ratios close to the current atmospheric “CO,
59 signature. Atmospheric '*CO, and '“CH,4 measurements are thus valuable proxies to study the different sources of
60 CO; and CHy released to the atmosphere.

61 Atmospheric '*CO, measurements have a long history. Since the first measurements focused on the documentation
62 of the atmospheric '*CO, bomb peak in the 1950s-1960s associated with nuclear bomb tests (Levin et al., 1985;
63 Manning et al., 1990; Nydal and Lovseth, 1983), there are now international monitoring programs following the
64 long-term evolution of atmospheric '“CO; at background sites (e.g., Hammer et al., 2017; Turnbull et al., 2007).
65 Observations at the High-Altitude Research Station Jungfraujoch (JFJ) in Switzerland have been conducted since
66 1986; there, two-weeks integrated CO, samples have been collected and further purified and analyzed at the
67 Heidelberg laboratory (Germany) (Levin et al., 2013, 2023). On a more local scale, atmospheric '“CO,
68 measurements have been used to study CO, emissions from urban areas to entire countries (Basu et al., 2020;
69 Graven et al., 2018; Levin et al., 2003). Since the bomb peak in the middle of the last century, A'*CO, values have
70 been declining mostly due to the emissions of '*C-free fossil fuel CO», which depletes the atmospheric A'*CO,
71 signal (Levin et al., 2010).

72 Atmospheric measurements of '“CH, have been more limited than '*CO, so far. One reason for this is related to
73 the about 200-times lower atmospheric CH4 concentration compared to CO»: while 2-5 liters of air are sufficient
74 to analyze '*CO; (e.g. yielding about 1 mgC from 5 L air at 420 ppm CO,), several tens of liters are required for
75 14CH, analysis (e.g. yielding about 50 pgC from 50 L air at 2 ppm CHy). The sampling and analysis of '“CHy is
76 therefore difficult, and prone to CO, contamination. Besides this technical consideration, the interpretation of
77 atmospheric '*CH4 measurements may be complicated at study sites that are influenced by nuclear power plants
78 (NPPs) (Eisma et al., 1994, 1995; Levin et al., 1992). Pressurized water reactors (PWRs), which are currently the
79  most widely operated plants (IAEA PRIS, 2025), emit '“C mainly as '“CHa, whereas other reactor types emit '“C
80  mainly as CO, (Vance et al., 1995; Zazzeri et al., 2018). The annual global nuclear '“C emission rate for 2016
81  has been estimated to about 105 TBq for '“CO, and about 45 TBq for '“CH, (Zazzeri et al., 2018). Although '*CO,
82 emissions are larger, the influence of nuclear '“CH, emissions on atmospheric '“CHy is stronger due to the much
83 lower atmospheric CH4 concentration compared to CO,. This also explains why current atmospheric '“C/!%C ratios
84 are about 35% higher for *CH, than '*CO, (Emmenegger et al., 2025a; Gonzalez Moguel et al., 2022).

85 Despite these challenges, several analysis setups and atmospheric '*CH, datasets have been reported from ice cores
86 and atmospheric samples. In the 1990s, Levin et al. (1992) reported, in particular, first sporadic '“CHs4
87 measurements between 1988 and 1991 at JFJ. Eisma et al. (1994, 1995) measured atmospheric '“CHy values from
88 a tall tower in the Netherlands and highlighted the challenge to interpret '*CH4 measurements, even when using
89 an atmospheric transport model to evaluate the nuclear influence on the measurements. Lassey et al. (2007a, b)
90 compiled more than 200 individual atmospheric '“CH; measurements from the Northern and Southern
91 Hemispheres between 1986 and 2000 and deduced that about 30% of the global CH4 source for this period had a
92 fossil origin. Hmiel et al. (2020) used '“CH4 measurements from ice cores to better constrain natural geological
93 (i.e., fossil) CH4 emissions during the preindustrial era. By synthetizing atmospheric CH4 concentration and its
94 major isotopologues (‘*CHs, CH3D and “CHy) for 1750-2015, Fujita et al. (2025) estimated 30 % lower global
95 CH,4 emissions from the fossil-fuel industry compared to previous isotope-based studies. Another output of their
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96 work was an updated inventory of the nuclear '“CH, emissions between 1960 and 2015 based on nuclear electricity
97  production data.

98 In recent years, several novel analysis systems and studies for '*CH,4 have been reported (Espic et al., 2019;

99 Gonzalez Moguel et al., 2022; Zazzeri et al., 2021, 2023) increasing the analysis capabilities, even in a more field-
100 compatible way (Zazzeri et al., 2025). Despite these new studies, recent background atmospheric '*CHa values are
101 still missing. At the Laboratory for the Analysis of Radiocarbon with AMS (LARA, University of Bern) (Szidat,
102 2020), a system exists since 2019 to analyze '“CH, and '*CO, from a single atmospheric sample (Espic et al., 2019)
103 and was already used in several studies (Espic et al., 2025; Etiope et al., 2024; Zazzeri et al., 2025). Here, we
104  presentatmospheric '“CHs and '*CO, measurements conducted at the High-Altitude Research Station Jungfraujoch
105 between 2019 and 2024, discuss their representativeness regarding the nuclear influence in Europe and show their
106 relevance as worldwide background values.

107

108 2. Material & Methods
109 2.1. Jungfraujoch Site and Sampling Strategy

110 The High-Altitude Research Station Jungfraujoch (stretching from 3455 to 3585 m a.s.1., 46°32°51”N, 7°59’7”E,
111 JFJ), established in 1931, is located on a mountain ridge in the Swiss Alps. Among others, this station is part of
112 the Global Atmosphere Watch (GAW) network as well as of the Network for the Detection of Atmospheric
113 Composition Change (NDACC). Furthermore, JFJ is labelled as an Class 1 Station of the European-wide Integrated
114 Carbon Observation System (ICOS) Research Infrastructure (Heiskanen et al., 2022) since May 2018 (Yver-Kwok
115 etal., 2021). Because of its high elevation, JFJ is a well-recognized international background station (Leuenberger
116 and Fliickiger, 2008). However, it is also intermittently impacted by direct transport from the polluted planetary
117 boundary layer, most frequently during daytime from April to September (Henne et al., 2010).

118 A biweekly air sampling program measuring '“CHs and *CO; at JFJ every two weeks started in January 2019.
119 Until March 2023, two morning grab air samples were taken using a membrane pump (N022AN.18, KNF
120  Neuberger AG, Germany) that directly pumped air from the Sphinx terrasse (3580 m a.s.l.) at JEJ into two PE-Al-
121 PE 120 L bags (Tecobag, Tesseraux Spezialverpackungen GmbH, Germany) through a dedicated sampling line
122 (Synflex Decabon 1300 Tubing, OD = 6 mm). The sampled air was dried with a magnesium perchlorate dryer
123 (Mg(ClO4)2, ACS reagent, ThermoFisher, USA) to avoid condensation and further reactions between water vapor
124 and other sampled gas species. The sampling duration per bag was commonly between 20 and 55 min depending
125 on the ambient pressure, temperature and the flow resistance during sampling due to the dryer and the long length
126 and small diameter of the sampling line. The morning grab samplings were performed manually and as early as
127 possible in the morning to avoid the influence of the daytime planetary boundary layer; in practice, it commonly
128 occurred between 7:00 and 10:00 UTC, depending on the seasonal train schedule ensuring the public transport up
129  toJFJ.

130 To increase the reproducibility of the air sampling procedure and its representativeness as a background
131 measurement, an automated air sampling system was developed replacing the manual sampling from April 18"
132 2023 onwards (Fig. 1). Its development was guided by two principles: (1) air sampling should occur passively,
133 i.e., without any mechanical pumps in contact with the sampled air, thereby minimizing the risk of contamination
134 from membrane outgassing; and (2) sampling should be restricted to nighttime when the station mostly resides
135 within the free troposphere, allowing for the collection of temporally integrated samples over multiple days. The
136 novel Jungfraujoch Air Sampling System (JASS) consisted of a custom-made electropolished steel sampling tank
137 (260 L, L =140 cm, OD = 51 cm, Bechtiger Edelstahl AG, Switzerland) coupled to a sampling box containing a
138 series of valves, all controlled by a home-made control unit including a Raspberry Pi 4B module (Raspberry Pi
139 Ltd, United Kingdom) (Fig. 1). The whole system was installed under the roof of the research station at JFJ, at
140  about 3462 ma.s.l. (Fig. S1). Its design allows a routine integrated nighttime air sampling procedure lasting 6
141 hours every night (between 00:00 and 06:00 UTC) over 14 days, so integrating 84 hours in total. Compared to the
142 initial biweekly morning grab sampling strategy, integrated sampling gives a more representative air mixture for
143 every two-week period of interest.
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Figure 1: Jungfraujoch air sampling system (JASS) used for integrated nighttime air sampling over 14 days since April
18 2023.

The inlet of the sampling line (Synflex Decabon 1300 Tubing, OD = 12 mm, L~10 m) was protected by a dust
filter (Fig. 1). A flushing membrane pump (N022AN.18, KNF Neuberger AG, Germany) continuously conveyed
outside air through this sampling line and a water separator to the sampling box. Through two T-pieces (SS-12MO0-
3, Swagelok, USA) integrated in this sampling line, part of the sampled air could be further directed into the
sampling box, either automatically using line (1), or manually using line (2) (Fig. 1). At the beginning of a
sampling period, the tank was evacuated using a vacuum pump (MV 2 NT, Vacuubrand GmbH + Co KG,
Germany); the end pressure was < 0.7 mbar. During automatic air sampling, the sampling line (1) was open and
worked as follows: both 2/2-way solenoid valves Al and A2 (0330-A-02, Biirkert, Germany) were open and the
3/2-way solenoid valve B (0330-F-02, Biirkert, Germany) was in the position connecting this line with the tank
(blue connection, Fig. 1); the mass-flow controller (MFC, F-201DV, Bronkhorst, The Netherlands) between Al
and A2 ensured a controlled air flow into the system and the increasing pressure in the tank was monitored by a
pressure gauge (RPT 200 AR, Pfeiffer Vacuum, Germany); in front of the MFC, a Mg(ClO4); dryer dried the
sampled air and a 0.5 pm filter (SS-4FWS-05, Swagelok, USA) protected the MFC from particulate matter. After
6 hours of sampling, both A1 and A2 valves were closed. This sampling procedure was repeated every night. After
14 nighttime samplings, the pressure in the tank reached 600-650 mbar. The mean ambient atmospheric pressure
at JFJ was 656 mbar over the period 2019-2024 (Emmenegger et al., 2025d); we configured our passive sampling
system in a way where the tank pressure was always lower than ambient pressure, otherwise the passive sampling
based on the pressure difference between the tank and the ambient pressure would not work. On-site, the transfer
of the sampled air from the tank into a new bag was prepared in this manner: a dedicated transfer pump (N922SPE,
KNF Neuberger AG, Germany) was turned on and the manual 3/2-way valve D2 was turned to the left (Fig. 1);
the position of the 3/2-way valve D1 stayed by default turned to the left. The Python script running on the
Raspberry Pi was then restarted to turn on the vacuum pump and switch the 3/2-way solenoid valve B in the
position connecting the tank with the pump line (red connection, Fig. 1). At this stage, the transfer pump was
evacuating the tank and after ~30 s of line flushing, a bag was connected to the line for the transfer of the sampled
air. After about one hour, enough air was transferred to the bag for further '“C analyses. It was then closed and
disconnected from the transfer pump (tank pressure at around 70-90 mbar). To accelerate the evacuation of the
tank and condition it again for the next sampling, the valve D2 was then turned to the right, and the vacuum pump
was evacuating the tank. The system was left like this for the rest of the day and, at 23:59 UTC, valve B switched
automatically back to its sampling position (blue connection, Fig. 1) (final tank pressure < 0.7 mbar), the vacuum
pump turned off and the whole system was ready to start the next sampling period. The whole sampling system
was validated to be leak-tight in our laboratory in Bern before being transferred to JEJ. The low pressure achieved
in the tank before each new sampling every two weeks regularly validated the tightness of the sampling system.

2.2. Sample preparation and measurements of A¥CHq4 and A*CO:
For both morning grab and integrated nighttime sampling strategies, the air collected in bags was transferred to

the LARA laboratory at the University of Bern (Szidat, 2020), where a dedicated extraction line for '*CH4 and
14CO, analysis was available (see Espic et al., 2019 for details). The typical air volume for one analysis was 60 L.
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184  During a preconcentration step, this air was pumped successively through three traps filled either with fiber glass
185 or activated charcoal and cooled down with liquid nitrogen; this allowed us to preserve the whole amount of CH4
186 contained in the initial 60 L of air by trapping or pumping away the main other gas species, especially nitrogen
187 and oxygen. CO, was quantitatively trapped in the first trap and could be collected separately (see below). After
188 that, the gas sample volume was about 10 mL, small enough to be run through a gas chromatograph (GC, 7890B,
189 Agilent, USA; ShinCarbon ST 80/100 packed column; thermal conductivity detector, He as carrier gas) to purify
190 the sample. CH4 was isolated quantitatively from the remaining CO and CO; present in trace quantities due to
191 different elution times in the GC (CO: ~2 min; CH4: ~8 min; CO»: ~13 min). Downstream of the GC, the extracted
192 pure CH4 was converted into CO> by combustion in a flow oven at 950°C using copper oxide wires as a catalyst.
193 The CHy-derived CO; (~60 to 70 pg of carbon, ugC) was transferred into glass ampoules (OD = 4 mm) and sealed
194 for gas radiocarbon measurements. After the CHy4 extraction procedure, the CO; of the sample held in the first trap
195 was recovered by cryogenic transfer into a~55 mL glass flask. The carbon mass of the recovered CO, was typically
196 greater than 1 mgC, which was transformed into graphite using an automated graphitization equipment (AGE)
197 (Némec et al., 2010).

198 Radiocarbon analyses of the gaseous CHgs-derived CO, samples and the graphite CO, samples were performed
199 either at LARA or at the Laboratory of Ion Beam Physics, ETH Ziirich, Switzerland, using the same type of AMS
200 (MIni CArbon DAting System, MICADAS), equipped with a gas ion source (Ruff et al., 2007; Synal et al., 2007).
201 Glass ampoules were cracked in a dedicated gas inlet system (Wacker et al., 2013) and the CHs-derived CO, was
202 diluted with He to ~5%, transferred into a syringe, and then fed into the ion source using a constant gas flow.
203 Graphite samples were introduced directly to the MICADAS source. For both types of samples, raw *C/!2C as
204  well as '3C/"2C ratios were converted into F'*C and §'3C values, respectively, by performing a blank subtraction
205 as well as a standard normalization and correction for isotope fractionation (only for F'*C) using '*C-free CO,
206 (F'“C = 0) and CO; produced from the primary NIST standard oxalic acid 11 (SRM 4990C) (F'“C = 1.34066,
207 313C = -17.8 %o), respectively. For the gas measurements, standards came from two gas bottles directly attached
208 to the gas inlet system; both mixtures consisted of 5% CO, with the F'*C value of interest and 95% He. For the
209 graphite measurements, both standards underwent the same sample preparation as the CO, samples and were
210 measured with them in the same magazine. The final data evaluation was done using the BATS tool (Wacker et
211  al, 2010). The typical measurement precision is 8 %o for *CH, and 1.5 %o for 1“CO; (see below). Throughout the
212 current work, '“C results are reported using the notation A'*C, and calculated with age correction as the parameter
213 A in Stuiver and Polach (1977) and in equation 29 in Stenstrom et al. (2011).

214

215 2.3. Ancillary measurements and datasets

216 At JF], in the framework of the ICOS measurement program, CO; and CH4 concentrations are measured
217 continuously using cavity ringdown spectroscopy; corresponding hourly average values were used in the present
218 study (Emmenegger et al., 2025b, ¢). Furthermore, integrated samples have been collected since 1986 to analyze
219 atmospheric A*CO,, first started by the University of Heidelberg, now run as part of the ICOS Research
220 Infrastructure (Emmenegger et al., 2025a; Hammer et al., 2017; Levin and Kromer, 2004). The dedicated setup
221 draws ambient air throughout 14 days through a sodium hydroxide solution, in which CO, is chemically absorbed.
222 We chose the same 14-day schedule for our nighttime sampling as the ICOS schedule to enable a comparison
223 between both datasets. ICOS A*CO; values are also reported as A values according to Stuiver and Polach (1977).

224 We also made use of continuous *?Radon (in the following referred as Rn) measurements at JFJ with a two-filter
225 dual loop alpha particle detector, operated by the University of Basel since 2009 (Griffiths et al., 2014) and which
226 is meanwhile part of ICOS (Fig. S1). Rn is emitted from land surfaces into the atmosphere and because of its half-
227 life of 3.8 days, it is a potential tracer of recent land contact. In this study, Rn was used as a proxy to distinguish
228 atmospheric conditions mostly influenced by free tropospheric conditions from conditions mostly influenced by
229 the planetary boundary layer (i.e., with recent land contact). To account for variations in ambient temperature and
230 pressure, the raw hourly Rn concentrations (Conen, 2025) were converted into Rn values at STP conditions (i.e.,
231  T=0°C,P=101"325 Pa).

232 To evaluate the accuracy and stability of our A'*CH, and A*CO, measurements over time, regular measurements
233 of a pressurized air bottle (PAB) (Carbagas, Switzerland) considered as an internal standard have been performed
234 since March 2022 in parallel to the measurements of the JFJ samples; this air strictly underwent the same extraction
235 and measurement procedures as the JFJ samples. A first bottle was measured until end of July 2023
236 (CH4 = 1997 £2 ppb, and CO, = 434.5 £0.1 ppm), replaced by a second one in August 2023 (CH4 = 2178 +2 ppb,
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237  and CO, =455.8 0.1 ppm). It should be noted that the A'CH4 and A*CO, values of both bottles were a priori
238 unknown and that we used them to evaluate the stability of the values derived from our measurement procedure.

239 2.4. Atmospheric modeling of nuclear *C influence at JFJ

240 One goal of the present study was to evaluate the influence of nuclear '*CHs and '“CO, emissions on our
241  atmospheric A'"*CH4 and A*CO, measurements at JFJ. For this purpose, the amount and transport of '*CH, and
242 14CO, molecules from nuclear emissions were simulated using the Lagrangian particle dispersion model FLEXible
243 PARTicle (FLEXPART) (Pisso et al., 2019) in the version adopted for inputs from the numerical weather prediction
244  model COSMO (Henne et al., 2016). Here, we use the COSMO analysis product of the Swiss Federal Office of
245  Meteorology and Climatology (MeteoSwiss), based on high spatial resolution (1 km x 1 km) model simulations
246 and using a local ensemble transform Kalman filter (LETKF) meteorological data assimilation system (Schraff et
247 al., 2016). Meteorological analysis fields from this product were available at 1 hour temporal resolution for the
248 Alpine domain (approximately 0-17°E, 42-50°N). The FLEXPART-COSMO model was used in previous
249 atmospheric studies including the verification of the Swiss CH4 emission inventory (Henne et al., 2016), the
250 influence of nuclear '“CO, emissions on ACO; at a Swiss tall tower (Berhanu et al., 2017), the analysis of CO»
251 and 8'3CO; at JFJ (Pieber et al., 2022), and for inverse modeling of halocarbon emissions over Switzerland
252 (Katharopoulos et al., 2023). Here, the model was operated in the same way as in Katharopoulos et al. (2023). In
253 short, 50'000 model particles were released continuously from JFJ for every 3-hour interval and traced backwards
254 in time for 4 days or until they reached the domain boundaries. Afterwards, the integration of the particles' path
255  was continued for up to 10 days in a European scale FLEXPART-IFS simulation driven by hourly inputs from the
256 European Centre for Medium-Range Weather Forecasts (ECMWF) HRES operational forecast/analysis product
257 available at 0.1°x0.1° resolution. The residence time of particles below a height of 50 m above model ground is
258 then estimated in 3-hourly intervals and divided by air density provides so called source sensitivities (or
259 concentration footprints).

260  Nuclear '“C emissions between 2019 and 2023 from the nuclear power plants (NPPs) located in the modeling area
261 (Fig. S2) were mostly estimated using the compilation of nuclear '“C emissions of Laemmel et al. (2025). The
262 atmospheric transport modeling was performed only for the period 2019-2023, as the input parameters for 2024
263 were not yet fully available. For most countries (Bulgaria, the Czech Republic, Romania, Slovakia, Slovenia,
264 Spain, the Netherlands, and the United Kingdom) only annual total '“C emissions for the NPPs were available. For
265 some countries, more detailed information could be used including quarterly '“C emissions from NPPs in France
266 and Germany and monthly emissions for the Swiss NPPs Leibstadt and Gosgen, the Swedish NPPs Forsmark,
267 Oskarshamn, and Ringhals, some NPPs in the United Kingdom and the French nuclear fuel reprocessing plant
268  (NFRP)La Hague. Monthly inorganic and organic '“C emissions from the Hungarian NPP Paks were also available
269 for 2019 in this dataset. In addition to these published values, monthly inorganic and organic '“C emissions for
270 2020-2023 were kindly made available by the operating company of the NPP Paks for this simulation. Reported
271 emissions from the NPPs located in Belarus, Belgium, Russia, and Ukraine were not available; we estimated the
272 annual '“C emissions for each of these plants by multiplying the annual electricity production (Laemmel and
273 Szidat, 2025) by reactor-specific emission factors (EF) 0f0.19, 0.41, and 1.3 TBq/GWa (GWa = gigawatt x 1 year)
274 for PWR, VVER (water-cooled water-moderated energy reactor), and LWGR (light water graphite reactor),
275 respectively. EF values for PWR and VVER were derived from the work of Fujita et al. (2025) and EF value for
276 LWGR from the work of Zazzeri et al. (2018).

277  In a further step, '*CH4 and '*CO, emissions per NPP were derived, as the reported values were mainly for total
278 14C. We used data for inorganic and organic '“C emissions that were reported in some countries (e.g. for NPPs in
279 Germany, Hungary, Spain, Sweden, and Swizerland). For other countries we assumed that PWRs and VVERs emit
280 75 % of the total '*C amount in organic form (so 25 % in inorganic form) and that all the other reactors (e.g. boiling
281 water reactor (BWR), LWGR, and pressurized heavy water reactor (PHWR)) emit '“C entirely in inorganic form,
282 as also was assumed by Fujita et al. (2025). Furthermore, we assumed that the inorganic '“C form is entirely
283  composed of '“CO; and that '*CH, represents 72.5 % of the organic '“C form; this last value was derived from the
284 study of Kunz (1985) who analysed the composition of hydrocarbons of gaseous effluents at two PWRs in the
285 USA. They reported values of 68 and 77 % at the PWR Ginna and PWR Indian Point, respectively. Finally, the
286 annual, quarterly or monthly emission amount of '*CO, and '“CH4 available for each plant was equally divided
287 into three-hour intervals to compute an emission rate per output step of the FLEXPART transport simulation.
288 FLEXPART-derived source sensitivities, convoluted with these emission rates yield '“C mole fractions at the
289  sampling site and a nuclear correction for A'*CN* can be calculated assuming a mass balance model for C and '“C
290 (Graven et al., 2019):
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292  where A, is the A™C signature that a pure “C sample would have. For a pure “CO, sample, following Levin et
293  al. (2010), we used an estimate of A,, of 8.21 x 10'* %o, assuming a constant §'*C value of -8%o. For a pure “CH,4

294 sample, based on a similar calculation, we used an estimate of A, of 8.89 x 10'* %o, assuming a constant §'3C
295 value of -48%o.

296 2.5. Background atmospheric A"CHs modeling

297 Another goal of the present study was to evaluate the representativeness of our atmospheric A'*CH4 measurements
298 at JFJ on a global level. For this goal, we compared our data with calculated atmospheric A'*CH, values from a
299 one-box model developed by Fujita et al. (2025). In this study, we extended their simulation until 2024 (Fig. S3)
300 by updating their posterior CH4 emission scenarios since 2013 (i.e., average of posterior CEDS, EDGARvS5, and
301 EDGARVG6 scenarios; see Fujita et al. (2025)). The anthropogenic CH4 emissions for 2013-2022 were extended by
302  using EDGARvV8 (European Commission. Joint Research Centre., 2023). To match the consistency with the
303 posterior anthropogenic biogenic (BIO) and fossil fuel (FF) emissions in Fujita et al. (2025), the mean differences
304  between EDGARvVS and Fujita et al. (2025) were calculated for 2008-2012 (BIO: 2.1 Tg/yr, FF: 9.8 Tg/yr) and
305 then added to the values of EDGARVS after 2013, respectively. For 2023-2024, the emissions of the Shared
306 Socioeconomic Pathways (SSPs) were used. Here, we adopted SSP5-8.5 scenario in 2030 (Gidden et al., 2019)
307 and linearly interpolated it between the EDGARv8 2022 emissions and the 2030 scenario emissions to the years
308 2023 and 2024. Natural biogenic CH4 emissions were optimized based on the CH4 mass balance equation to keep
309 the consistency between our simulations and observed global mean CH4 mole fractions by NOAA/GML (Lan et
310  al, 2025a). To evaluate the '“C signature of the biospheric CHy4 sources, A'*CO> values for the time period 2013-
311 2024 were derived from the SSP5-8.5 scenario (Graven et al., 2020). To extend the nuclear '*CH4 emissions beyond
312 2013, we considered the posterior annual nuclear '*CHs4 emissions derived by Fujita et al. (2025). Assuming that
313 only PWRs and VVERs are emitting '“CHa, a mean annual emission factor ¢ (GBq/GWa) was computed by
314 dividing these emissions by the annual total electricity production by PWRs and VVERs derived from the data
315 compilation by Laemmel and Szidat (2025). Considering the years 2008-2012, the mean ¢ value was
316 250 GBq/GWa, the min ¢ value was 243 GBq/GWa, and the max ¢ value was 259 GBq/GWa. Considering these
317 three ¢ values and the annual total electricity production by PWRs and VVERSs in 2013-2024 (the value for 2024
318 was chosen equal to 2023 as the real value was not yet available), three projections of annual nuclear '“CHa
319 emissions were computed and used as variable input parameter in three different simulations of global atmospheric
320 A™CHy, values (Fig. S3g). Posterior geologic emissions, biospheric turnover time, total CHy lifetime, carbon and
321 hydrogen kinetic isotope eftfects, and carbon and hydrogen CHjy isotopic signatures for respective sources in Fujita
322 et al. (2025) were repeated by the values in 2012 over 2013-2024.

323  The simulated A'*CH4 values were compared to our annual mean A“CHs values at JFJ for 2019-2024 and
324  previously reported measurements from ice cores of Greenland and Antartica (Hmiel et al., 2020) and from
325 atmospheric samples (Gonzalez Moguel et al., 2022; Lassey et al., 2007b; Levin et al., 1992; Quay et al., 1999;
326 Sparrow et al., 2018; Townsend-Small et al., 2012; Wahlen et al., 1989). Note that the data in Hmiel et al. (2020)
327 was used in Fujita et al. (2025) as observational constraints. Several other studies were found but not used here
328 because of the large scatter in the reported data (Lowe et al., 1988; Manning et al., 1990) or difficulties in the unit
329 conversion into current radiocarbon parameters (Ehhalt, 1974).

330
331 3. Results
332 3.1. A“CH4 measurements at Jungfraujoch

333 A™CHy values at JFJ between 2019 and 2024 were between 322 and 767 %o and showed a slightly increasing trend
334 over the last six years (Fig. 2a,b). Some exceptionally high A'*CH, values were measured (i.e., on June 13" and
335  July 25" 2019; May 13", June 10" and June 24" 2020; May 12" 2021) and were attributed to local and strong
336 nuclear '“CHj releases. Rn values were lower than 5 Bq m™ over 2019-2024 with generally lower values during
337 winter months compared to summer months (Fig. 2¢), which is consistent with a potentially stronger influence of
338 the planetary boundary layer in summer. Annual mean CH4 concentrations increased from 1930 ppb in 2019 to
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339 1996 ppb in 2024 (Fig. 2d). Rn and CH4 concentration data shown here represent the corresponding average values
340  during the sampling intervals.
341 Reduced scatter in A'*CHy values since the installation of the JASS in April 2023 is visible (Fig. 2a,b). Also, hourly
342 Rn and CHj4 concentrations averaged over the JASS sampling periods show less amplitude variation after this date.
343 For both parameters, corresponding values are closer to the monthly means measured in situ by the ICOS
344 instruments (blue curves in Fig. 2c,d). The temporal stability of our A*CHs measurements from March 2022
345 onwards is evaluated using the regular A'*CH, measurements of our two internal standard PAB bottles. The
346 standard deviation of the A'*CHj value for all 40 CH4 measurements over 15 months for each PAB bottle (so about
347 80 CHs measurements in total) is 8 %o (Fig. S4a,b), which is lower than the instrumental uncertainty of a single
348  ACH4 measurement (12 %o) indicating the satisfactory temporal reliability of our A'*CH4 measurements.
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350 Figure 2: (a) All A"CHy4 values (black points) measured at JFJ since 2019; (b) same A'*CH4 values excluding the points
351 showing a clear nuclear influence (black points, A*CH4=*2"%). (c) Rn and (d) CH4 concentrations corresponding to the
352 sampling periods of the A'*CH4 measurements. The vertical black dashed line in all the four subplots on April 18", 2023
353 represents the beginning of air sampling using the new JASS system. The horizontal dashed line in (a) and (b) is shown
354 for A" CH4 = 420 %o, i.e., the chosen threshold for a clear influence of nuclear contamination. The horizontal red dotted
355 line in (c) is shown at 1.5 Bqm~ Rn, the chosen threshold between free-troposphere conditions and conditions
356 influenced by the planetary boundary layer at JFJ. Red points in all the subplots represent A'*CH4, Rn, and CH4 values
357 where corresponding Rn values are lower than 1.5 Bq m™. Blue lines in (c) and (d) correspond to the monthly means
358 measured in situ.
359 For 2019-2024, mean annual atmospheric A'*CHy values can be deduced from our biweekly air sampling program
360 in different ways (Table 1). Firstly, all A'*CH4 measurements clearly influenced by nuclear contamination were
361  excluded. Choosing a threshold of 420 %o (A™CHs<*?%%, Fig. 2b and 3) 129 of the 137 measurements initially
362  available are retained (94 %). Over the six years, a slightly increasing A“CH4<*"* tendency rising from
363 350 + 19 %o in 2019 to 381 + 13 %o in 2024 (i.e., by a rate of ~+6 %o/yr) is observed (Table 1, Fig. 3).
364  Secondly, only A"CH, measurements from A*CH,**?* values whose corresponding Rn values are lower than
365 1.5 Bq m™ STP (A“CH4R™) were retained; analyzing the probability density function of more than five years of
366 Rn values at JFJ (Nov 2015 to Dec 2020), Conen and Zimmermann (2020) found that air masses with
367 corresponding Rn values below 1.5 Bq m? STP belong mostly to the free troposphere (with 77% confidence).
368 Compared to the first set of mean annual values (n = 129), mean annual A'*CHy values are 1-7 %o lower and the
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369 total number of points used for these mean values is almost halved (n = 71) (Table 1, Fig. 3). During the period of
370 integrated sampling the observations removed with the Rn threshold are mainly from the summer.
371 The third processing step additionally corrects for the influence of NPPs by subtracting the nuclear A'*CHy signal
372 simulated with FLEXPART-COSMO from the A'*CH4 measurements at JFJ. Figure 3 shows for each A'*CH,R™filt
373 value (red point) the corresponding value corrected for the nuclear influence (A“CHR-filt + Nue-com) (hlye point).
374  Overall, the mean nuclear A*CHy influence is 7 £+ 9 %o (min = 0, max = 58 %o, n = 60).
375 Table 1: Mean annual A'CHs values with standard deviations derived from our biweekly A'*CH4 measurements at JFJ
376 between 2019 and 2024 with three different computations. The first column of mean values only considers
377 ACH4 measurements < 420 %o (A*CH4=**"%). The second column additionally considers only A'*CH4 values whose
378 corresponding Rn values are lower than 1.5 Bq m= STP (ACH4R"f), The third column additionally subtracts from
379 each A"CH4R"" yalue the modelled nuclear '*CHs influence (A" CH4R™filt +Nuc-corry The pumbers in brackets in columns
380 3, 4 and 5 represent the number of values per year considered for the annual mean calculation. For 2023, the last
381 sampling period finished early 2024 when no modelled nuclear “CHs influence was yet available so that the
382 corresponding A'*CH4 value was not considered.
Mean Mean AMCH Rn-filt Mean AMCH Rn-filt + Nuc-corr
Number AMCH 2% 4 4
14
Year of values ) AMCH, < 420 %0 & A"CH4 <420 %30 &
peryear | A"™CHs <420 %o Rn<1.5Bqm? Rn<15Bqm~ &
- ACH4 nuclear-corrected
2019 22 350 + 19 (20) 344 +£17(12) 338 £19(12)
2020 17 36716 (14) 364+ 12 (9) 36113 (9)
2021 23 369 +£20 (22) 362 +21(12) 355+19(12)
2022 24 367+11(22) 366 £ 12 (15) 357+ 11 (15)
2023 25 377+ 17 (25) 374+ 17 (13) 366 £ 17 (12)
2024 26 381 +£13 (26) 374 +£13 (10) -
n 137 129 71 60
383
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385 Figure 3: Nuclear influence on background A'*CH4 measurements at JFJ with values <420 %o (A¥CHs=*2%) (black
386 points). Red symbols denote points where Rn is lower than 1.5 Bq m™ STP (A*CH4R™) (same as in Fig. 2a,b). Black
387 error bars show A¥CH4 measurement uncertainty. Blue points correspond to the red points after subtraction of the
388 simulated nuclear influence (A#CHRfilt+Nuc-corry Blye error bars represent the standard deviation of the nuclear
389 influence. Horizontal black, red and blue lines show the annual mean values derived from the black (Table 1,
390 AMCH42Y%), red (Table 1, AYCH4R"") and blue points (Table 1, A1 CHR it + Nue-corry “regpectively. A4CH Rn-filt +Nue-
391 <o yalues were not available for 2024 due to missing input parameters for the nuclear simulation for this year.
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392 3.2. Comparison with previous observations and simulated global A*CHa signal

393 Our annual mean A'*CHy values at JFJ are similar to previous observations in the Northern Hemisphere from 2005-
394 2020 (Fig.4). Direct observations from Los Angeles, Canada and Alaska showed values of 340-350 %o,
395  comparable to our JFJ data of 338-366 %o for A4CHR™filt*Nue-cor from 2019-2023 (Fig. 4, Table 1). Firn air
396 observations from Greenland for 2005-2013 were slightly higher, 350-380 %o, but still consistent with our data.

397 A rather stable global background A'*CHy is simulated for the period 2005-2024, supporting the consistency
398 between the observations over this period. This stable period followed an increase from ~140 %o in 1980 to ~350 %o
399 in 2005 (see Fig. 4 and Fujita et al. 2025), mainly driven by increasing nuclear '*CH4 emissions since 1970
400  (Fig. S3h).

401 All the Northern Hemisphere measurement data is higher than the simulated A'*CHy (Fig. 4), which reflects global
402  atmospheric A'CH, accounting for contributions from both hemispheres (Fujita et al. 2025). Due to a lack of data,
403 the current difference between the hemispheres is presently not well-known, but previous data indicate an excess
404 A'*CHy in the Northern Hemisphere, which is consistent with stronger nuclear power plant emissions there (Fig. 4).
405 The observational targets from Fujita et al. (2025) were constructed to allow for this hemispheric difference and
406 for uncertainty due to lack of data. The mean offset between the observations in Greenland for 2005-2013 and the
407 simulated global A'*CHy value is 22 + 9 %o, comparable to the offset between our JFJ observations for 2019-2024
408  and the global simulation of 0 to 33 %o.

409 The three simulated A'*CHy trends from 2013 to 2024 (blue lines in Fig. 4) based on three different emission
410 factors ¢ (Section 2.5 and Fig. S3g) show a decrease followed by a stabilization (for ¢ =243 GBq/GWa), or a
411 slight increase (for ¢ > 250 GBq/GWa). The initial decrease was caused by a decrease in nuclear “CH4 emissions
412  following the Fukushima accident in 2011 (Fig. S3h). Afterwards, the stabilization or slight increase has arisen
413 from nuclear '“CH, emissions that have increased again in particular after 2017 (Fig. S3h). Our measurement data
414 show a slight positive trend that is reduced after accounting for regional influences from nuclear power plant
415 emissions (Fig. 4, Section 3.1). The simulations seem to be more consistent with this slight positive trend from our
416 measurement data using the higher emission factors than the lowest emission factor, where a slight decrease in
417  A™CH, is simulated.

418 We can also compare with observations at JEJ in 1988-1991 by Levin et al. (1992) (Fig. 4). A large spread in
419 individual measurements of 210-255 %o was found at that time. We also found a large scatter in samples collected
420 in the morning before the installation of integrated nighttime sampling (Fig. 2, Section 3.1). The number of
421 operating PWRs worldwide passed from about 240 in 1991 to about 310 in 2024 (Laemmel and Szidat, 2025),
422  suggesting that the influence of nuclear '*CH, emissions has increased. Overall, the increase from ~230 %o in the
423 1980s to 360 %o in the early 2020s is consistent with other data and with the simulated change (Fig. 4).

424
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426 Figure 4: Simulated global atmospheric A'*CHa signal based on the one-box model of Fujita et al. (2025) extended until
427 2024 (see section 2.6) with observations from JFJ and other studies, for 1980-2024. The solid black line is the global
428 ACHy posterior until 2013 from Fujita et al. (2025). The grey area surrounding the line shows a 68% confidence
429 interval. The dotted black lines denote the global observational target ranges, corresponding to a 99% confidence
430 interval of the global averages, defined by Fujita et al. (2025). The three blue lines represent the extrapolated global
431 atmospheric A'*CHq4 based on the three emission factor values ¢ (see text). Individual points represent atmospheric
432 ACHa values from atmospheric or ice-core samples. Our annual mean JFJ values between 2019 and 2024 are shown
433 as black diamonds (A'*CH4%*2%) and blue squares (A*CH4Rfilt + Nuc-corry

434 3.3. A¥CO: measurements at Jungfraujoch

435 Between 2019 and 2024, A'*CO, values measured at JFJ ranged from +3 to -17 %, following a decreasing trend
436 over these six years; this trend is mostly due to the emissions of '“C-free fossil fuel CO, which depletes the global
437 atmospheric A*CO; signal. (Fig. 5a). Annual mean CO, concentrations increased from 411.9 ppm in 2019 to
438 424.7 ppm in 2024 (Fig. 5b). The standard deviation of the A'*CO, value for all 40 CO, measurements over 15
439 months for each PAB bottle (so about 80 CO, measurements in total) is 1.5 %o (Fig. S4c,d), which is lower than
440 the instrumental uncertainty of a single A'*CO, measurement (2 %o) indicating the satisfactory temporal reliability
441  of our ACO; measurements.
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443 Figure 5: (a) in black, A*CO: values measured at JFJ since 2019 and in blue, A'*CO; values reported by ICOS. (b) In
444 black, CO: values related to the sampling periods of our A'*CO; measurements and in blue, mean monthly CO: values
445 measured continuously in situ. The vertical black dashed line in both subplots on April 18", 2023 represents the change
446 in the sampling method, passing from biweekly morning grab air samples to 14-days nighttime integrated samples with
447 the JASS system.

448 We compare our annual mean A'*CO, and individual A*CO; observations with measurements from ICOS at JFJ
449 (Emmenegger et al., 2025a) in Figures 5a and 6 and in Table 2. The average trend in A*CO; is similar in both
450 datasets: -2.1 + 1.9 %o/yr for our data and -2.8 + 1.9 %o/yr for ICOS data. Annual mean values differ by less than
451 1.5 %o except for 2019, when our annual mean A'*CO, value was 3.6 %o lower than the ICOS annual mean. Larger
452 individual differences are visible especially in the first half of 2019 (Fig. 5a). The offset in 2019 was probably due
453 to a small fossil contamination in our early A'*CO, measurements that was remediated during the year.

454 Table 2: Annual mean A™CO: (in units of %o) with standard deviations at JFJ from this study and from ICOS
455 (Emmenegger et al., 2025a). The numbers in brackets represent the number of values per year considered for the annual

456 mean.
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2019 2020 2021 2022 2023 2024
This stud -20+3.8 -1.7+£23 -3.6+£2.6 48+2.1 -8.0+£23 -12.6 +£2.0
Y (n=17) (n=15) (n=25) (n=22) (n=21) (n=21)
1COS 1.6£2.2 -0.7+34 -5.0+£2.5 5.0+2.5 -7.5+£2.1 -12.2+3.0
(n=15) (n=14) (n=21) (n=19) (n=18) (n=14)
457
458  After the JASS installation in 2023, a more detailed comparison of ACO, with ICOS became possible, as we use
459 the same 14-day sampling as the ICOS integrated sodium hydroxide solution sampling (Fig. 6). Over about 20
460 months the mean difference was -0.04 + 1.74 %o (n = 20) with (insignificantly) lower values in our data. A few
461 large differences up to +4 %o were observed. We emphasize that even though the biweekly periods are the same,
462 our JASS sampler integrates only nighttime hours whereas the ICOS sampler integrates all day; moreover, the air
463 inlet of our system is situated about 3 m higher than the one from the ICOS sampler. Therefore, the measurements
464 are not conducted on the exact same air. However, the insignificant mean difference suggests that the different
465  sampling conditions affect the measured A'*CO; only marginally.
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467 Figure 6: (a) comparison between nighttime-integrated A'*COz values from our LARA program (black points) and all-
468 day-integrated A'*CO: values from the ICOS program (blue lines). (b) Difference between LARA and ICOS of A*CO:
469 values for simultaneous samples. The solid black line represents the zero line and the typical A*CO: measurement
470 uncertainty of £2 %o are shown as dotted black lines. The red line shows the mean difference between both datasets of -
471 0.04 % 1.74 %o (n = 20).
472 Similar to the correction we made using the simulated '“CH, nuclear influence on A'*CH, measurements, we also
473  make a correction using the simulated '“CO, nuclear influence on A*CO, measurements (Fig. 7). The mean
474  nuclear ACO; influence is 0.2 + 0.4 %o (min = 0, max = 2.3 %o). The overall effect of nuclear “C emissions on
475 atmospheric A'CO; is less than for ACHa, i.e., 0.2 +0.4 %o compared to 7+ 9 %o, respectively. Moreover,
476 nuclear '*CO, emissions (from BWRs and NFRP) are known to be less sporadic than '“CH, emissions from PWR
477 reactors (Stenstrdm et al., 1995b), so our atmospheric model based on monthly nuclear '“C releases simulates
478  better nuclear *CO, contributions than '*CHs contributions.
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480 Figure 7: Raw ACO: values measured at JFJ (black points) and corresponding nuclear-corrected A*COz N yalues
481 from which the mean nuclear influence was subtracted (blue points). The vertical blue bar around each blue point
482 corresponds to the standard deviation of the nuclear influence over the sampling period. Annual horizontal black lines
483 correspond to the annual mean raw A“CO: value derived from the black points. Annual horizontal blue lines
484 correspond to the annual mean A“CO2N"*'" value derived from the blue points. Simulations for 2024 have not been
485 available yet due to missing input parameters for this year.
486 4. Discussion

487 Our A'*CHs measurements at JFJ represent the first direct multi-annual time-series of atmospheric measurements
488 in the Northern Hemisphere published within the last 25 years. By the introduction of integrated nighttime
489 sampling, Rn data-based filtering and correction of the nuclear influence, we have generated a representative multi-
490 annual dataset of Northern midlatitude background air available with the reported A*CHR™-filt + Nue-com data - A the
491 measurements at JFJ are consistent with previous measurements and global model simulations, continued
492 observations at JFJ will provide an important constraint on the global background A'*CHys trends and the global
493 CH4 budget (Fujita et al. 2025).

494  The correction for the NPP influence on A'*CH, that we apply to the measurements may even be improved with
495  more information on regional nuclear '*C emissions. Our current atmospheric simulation uses monthly constant
496 1%CH,4 emission rates to describe the NPP releases in Switzerland and less frequent data for reactors in other
497 countries. However, it is known that radioactive emissions from PWRs are rather sporadic (Stenstrom et al.,
498 1995b). Espic et al. (2025) collected air samples for atmospheric '*CH, and '*CO, analyses around the Swiss PWR
499  Gosgen during its annual revision period in 2019 and observed a '*CHa and '*CO; release event that lasted only a
500 few hours but included ~8% of the total annual *CH, emissions of that year. They found that the activities of noble
501  gases measured at a 10-min temporal resolution at the PWR stack may be a valuable proxy to identify sporadic
502 14C releases. A generalized use of this kind of high-frequency data would be beneficial to refine temporal variation
503 in estimates of '*C emissions from NPPs.

504  The composition of *C is another important uncertainty for estimates of '“C emissions from NPPs. Here, only
505  PWRs and VVERs were considered to emit organic '“C (e.g., "*CHs); however, small organic '*C emissions have
506 also been reported for other reactor types: up to 7 % for BWRs (Kunz, 1985; Stenstrom et al., 1995a), 1-4 to 25-
507 30 % for PHWRs (Bharath et al., 2022; IAEA, 2004; Joshi et al., 1987; Milton et al., 1995), and up to 30 % for
508 LWGRs (Gaiko et al., 1985; Konstantinov et al., 1989). Organic '“C emissions from these reactor types may be
509 significant as about 13 % of the total nuclear electricity is produced by BWRs (which is the third-most important
510 reactor type after PWRs and VVERs based on nuclear electricity) and the emission factors for PHWRs and LWGRs
511 (1.6 and 1.3 TBq/GWa, respectively, Zazzeri et al. (2018)) are even several times higher than for PWRs and
512 VVERs. LWGR emissions are particularly uncertain, and radiocarbon measurements of tree rings around LWGRs
513 suggested emission factors could be two to four times higher than the assumed value of 1.3 TBq/GWa (Juodis et
514 al., 2022; Nazarov et al., 2023). In addition, PWRs themselves exhibit a broad range (i.e., 44-95 %) for the organic
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515 14C fraction at PWRs and VVERs. Furthermore, there are only few 40-year old measurements of the speciation of
516 the individual fractions of the organic '*C emissions that may involve (besides '“CHy) relevant portions of e.g.
517  '“C,Hg, "“C3Hs and “C4Hio (Kunz, 1985). More recently, Espic et al. (2025) found for the Swiss PWR Gosgen (see
518 above) that the measured ratio between '“CHy4 and '“CO, emissions and the reported ratio between organic and
519 14CO, emissions agreed with each other, implying that almost all the organic emissions are in form of *CHa4. More
520 measurements focusing on the hydrocarbon composition of the organic *C fraction are needed at PWRs, VVERs
521 and LWGRs.

522 This work demonstrates that our measurements of A'“CO, at JFJ are generally consistent with concurrent
523 measurements from the ICOS program. The installation of the JASS system in 2023 furthermore constitutes an
524 improvement of the long-running ICOS A'*CO, measurements at JFJ, since it integrates nighttime periods which
525 mostly are dominated by air from the free troposphere, whereas the ICOS measurements rely on all-day air
526 sampling. Even though the insignificantly low mean AA'CO, suggests that the different sampling conditions affect
527 the measured A'*CO, only marginally (Fig. 6), this observation requires a longer duration for the comparison of
528 both datasets to prove their consistency.

529

530 5. Conclusions

531  We conducted biweekly atmospheric A'*CH4 and A'*CO, measurements at the Swiss High-Altitude Research
532 Station Jungfraujoch (about 3500 m a.s.l.) between 2019 and 2024. Initially based on 20-60-minute air samples
533 commonly collected in the early morning, a novel air sampling setup automatically collecting ambient air during
534  nighttime was installed in April 2023. Over the six years 2019-2024, A'CHy values at JFJ have shown a slight
535  increase from 350 + 19 %o to 381 % 13 %o (i.e., by a rate of ~+6 %o/yr) while A*CO, values decreased from -
536 2.0 +3.8 %o to-12.6£2.0 %o (i.e., by a rate of ~-2 %o/yr). Our ACO, values generally agree well with the
537  integrated A'*CO, measurements from the ICOS program. Accounting for nuclear '“CHs and '*CO, emissions on
538 the European scale within the atmospheric transport model FLEXPART-COSMO, we simulate the nuclear signal
539 on our individual measurements at JFJ and estimate an average nuclear influence of 7 + 9 %o and 0.2 + 0.4 %o for
540  A'™CH4and A'*CO,, respectively, which we use to correct the observed data. Our ACH, data are consistent with
541 an atmospheric one-box model for A'*CH4 that simulates slightly increasing or decreasing A'*CHs over 2013-2024,
542 depending on the strength of nuclear power plant emissions. Our new observations at JFJ will help to refine the
543  global background A*CH4 and A*CO; and to constrain CH4 and CO» sources and sinks.
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