
1.  Introduction
Since 2007, the methane burden in the global atmosphere has increased significantly (Dlugokencky, 2021). 
Methane (CH4) has the second-largest radiative forcing impact among the anthropogenic greenhouse gases 
(Etminan et al., 2016; IPCC, 2018) besides CO2. The increase in the methane burden has been sustained 
since the industrial revolution, except for a short stable period between 1999 and 2006, more than dou-
bling relative to the preindustrial level (Nisbet et al., 2019; Saunois et al., 2020). Methane's growth rate and 
seasonality depend on both the seasonal and inter-annual changes in emission fluxes from the various an-
thropogenic and natural sources and also potentially in methane sinks (Saunois et al., 2016). Globally, the 
largest emitters are wetlands, agricultural emissions, especially ruminant enteric fermentation and manure, 
fossil fuel, fire emissions, sewage and waste disposal (Dlugokencky et al., 2011; Saunois et al., 2016; Schaefer 
et al., 2016). The main sink of atmospheric methane is oxidation by tropospheric hydroxyl. Minor sinks are 
loss to the stratosphere, tropospheric chlorine radicals, and soil and karst methanotrophy (Dlugokencky 
et al., 2011; Mattey et al., 2013; Nisbet et al., 2019; Webster et al., 2018).

Methane's renewed growth since 2007, especially in the tropics, has been accompanied by a concurrent 
isotopic shift to lighter δ13CCH4. This may be driven by changes in thermogenic and biogenic methane emis-
sion sources, but changes in sinks may also have occurred (Nisbet et al., 2019; Rigby et al., 2017; Turner 
et al., 2017; Worden et al., 2017). CH4 mole fraction time-series, by themselves, provide limited information 
to solve regional budgets, thus other information is required to detect emission sources.

Abstract  The methane emissions from the Hungarian Pannonian Basin are not well qualified, 
due to a lack of measurements of CH4 mole fraction and δ13CCH4 in the air. This study reports methane 
measurements in air samples from Hungary, placing them in the context of regional and global 
background data, to investigate the inputs to the methane burden in Central Europe. CH4 mole fraction 
and δ13CCH4 from the Hungarian tall tower station, Hegyhátsál, and additional data from Mace Head 
(Ireland) and Zeppelin (Svalbard) are used with back trajectory modeling to identify central European 
source areas and their seasonal variation between the summer vegetation and winter heating periods. 
Methane measurements in air masses sampled in the European interior, have significantly higher maxima 
and seasonal amplitudes than at the Mace Head and Zeppelin European background sites. The mean CH4 
mole fraction value is about 80 ppb higher than the comparable marine background, and values above 
2,000 ppb were frequently observed between February 2013 and December 2015. The mean δ13CCH4 value 
−47.5 ± 0.3‰ (2σ) was comparable to values at all three monitoring sites, but specific pollution events 
were detected at Hegyhátsál. Concentration weighted trajectory modeling, meteorological parameters, 
stable carbon isotopic composition (δ13CCH4), and Miller-Tans analysis show that the main factors 
influencing CH4 at the Hegyhátsál, apart from diurnal and seasonal changes in the planetary boundary 
layer, are emissions from residential heating and industrial CH4 emissions during the winter.
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The δ13CCH4 carbon isotopic composition of methane contains powerful information about source inputs 
since the different sources have specific δ13CCH4 signatures (Brownlow et al., 2017; Fisher et al., 2017; France 
et  al.,  2016; Górka et  al.,  2014; Kirschke et  al.,  2013; Schwietzke et  al.,  2016; Tyler et  al.,  2007; Zazzeri 
et al., 2016, 2017). The three main types of CH4 emissions have characteristically distinct δ13CCH4 signatures, 
ranges: −61.7 ± 6.2‰ for modern microbial sources, −44.8 ± 10.7‰ for fossil fuel sources, −26.2 ± 4.8‰ for 
biomass burning, depending on whether the fuel is C4 plant matter (e.g., maize crop waste) or isotopically 
more negative C3 material (e.g., trees and bushes) (Sherwood et al., 2017). This data set shows that the rang-
es of δ13CCH4 ratios of thermogenic (fossil fuel) sources and biogenic (modern microbial) source overlap, 
which needs to be considered during the interpretation. The mean global bulk source δ13CCH4 is between 
−54 and −52‰, while, with fractionation by sink processes, the δ13CCH4 signature of background ambient 
air varies between about −47.8 and −47.2‰ (Nisbet et al., 2016, 2019), depending on latitude and season. 
Mole fraction and isotopic ratio analyses coupled with atmospheric modeling (using backward air mass 
trajectories) provide tools for identification of sources and understanding of atmospheric processes respon-
sible for concentration changes and isotopic shifts (Menoud et al., 2020; Röckmann et al., 2016). Menoud 
et  al.  (2020) and Röckmann et  al.  (2016) used high-resolution data for CH4 mole fraction, δ13CCH4 and 
δDCH4, associated with model calculations in Europe (Lutjewad and Cabauw, Netherland), to reveal local 
and regional CH4 emission sources. Back trajectories help identify the potential source regions of specific 
air masses and can help to reveal the production processes of regional and local increments to atmospheric 
CH4 (France et al., 2016; García et al., 2016; Menoud et al., 2020; Röckmann et al., 2016).

Our aim is to identify significant CH4 source areas in central Europe, by applying sector analysis to dis-
crete methane mole fraction and δ13CCH4 time-series data from the Hegyhátsál (Pannonian Basin, Hunga-
ry) tall tower greenhouse gas monitoring station (NOAA code: HUN) (Bergamaschi et al., 2018; Haszpra 
et al., 2005, 2008; Major et al., 2018). This HUN site samples air inputs from the agricultural plains at the 
Pannonian Basin, while large-scale transport brings air from the wider region of the north and western 
European regions. Data for the period 2013–2015 from Hegyhátsál are compared with contemporaneous 
data from six European and one Northern American stations (Figure 1, Table 1). Back trajectories were 
calculated using NOAA's Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT, https://
www.ready.noaa.gov/HYSPLIT.php) to identify the source regions methane inputs into specific air masses 
and to locate emission source areas.

2.  Materials and Methods
2.1.  Study Area

Hegyhátsál rural, tall tower sampling station (HUN) is in western Hungary (46.95°N, 16.65°E, 248 m asl). 
The air inlet is 96 meters above ground level. Samples were typically collected in mid-afternoon (Table S1), 
when the well-mixed planetary boundary layer was deepest. The sampling time was around 1 min to fill 
the 3 L Tedlar bags. Between one and four samples were collected every month from February 2013 to De-
cember 2015.

The climate of the region is temperate continental and the surrounding area is dominated by arable agri-
cultural fields, as well as some pastures and forests. Industrial activity is negligible in the region and the 
closest roads are also free of heavy traffic. Local emissions in the Pannonian Basin area are primarily from 
agriculture, waste disposal, traffic, and use of natural gas (Haszpra et al., 2005, 2008; Major et al., 2018). The 
prevailing wind blows from the northwest (Radics & Bartholy, 2008). The average wind speed is within the 
2–3 m/s interval at HUN site and slightly increases with height (Bartholy & Radics, 2005). The frequency 
of occurrence (number of events) of anticyclonic conditions on an annual basis is 49.6% of the time, with 
50.4% cyclonic, according to the objective Maheras classification. Season-wise, the frequency of the anticy-
clones (cyclones) types is in winter 39.1% (60.9%), in spring 42.0% (58.0%), in summer 64.7% (35.3%) and in 
autumn 52.1% (47.9%) (Maheras et al., 2018).

2.2.  Mole Fraction and Stable Isotope Measurements

CH4 mole fraction measurements at the department of Earth Sciences, Royal Holloway, University of Lon-
don (RHUL) were by a Picarro G1301 cavity ring-down analyzer, to the WMO X2004A scale. Stable carbon 
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isotope ratio (δ13CCH4) measurements of the Hegyhátsál samples were carried out using a GC-IRMS tech-
nique (Fisher et al., 2006; Nisbet et al., 2016, 2019). Reproducibility is 0.05‰ or better for most δ13CCH4 
measurements. The δ13C values are calculated using the following equation (Quay et al., 1991):

 
 
 


 
 

   
 
 

13 12
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13 12
standard

C/ C
C ‰ 1 1000

C/ C
� (1)

In order to determine the “local” additional methane source whilst also taking into account the background 
variation in the atmospheric δ13CCH4 and mixing ratio a Miller-Tans style approach was undertaken (Miller 
& Tans, 2003). Each measurement is manually assigned an earlier point to act as a background, with the 
background chosen as close in time as possible to the measurement whilst also following the baseline trend 
for δ13CCH4 and mixing ratio for that site. The resulting datasets for each site were plotted as Miller-Tans 
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Figure 1.  Location of the monitoring sites involved in this study for the comparison with HUN site. Mace Head, 
Ireland; Hegyhátsál, Hungary; Zeppelin, Svalbard, Heidelberg, Gif-sur-Yvette, Niwot Ridge, Jungfraujoch and Cabauw.

Station Code Lat Lon m asl Reference

Mace Head MHD 53.33°N 9.90°W 26 NOAA/Dlugokencky et al. (2019); White et al. (2018)

Zeppelin ZEP 78.91°N 11.88°E 475 NOAA/Dlugokencky et al. (2019); White et al. (2018)

Niwot Ridge NWR 40.05°N 105.59°W 3,523 NOAA/Dlugokencky et al. (2019); White et al. (2018)

Heidelberg HEI 49.42°N 8.68°E 116 ICOS/InGOS (2015a)

Gif-sur-Yvette GIF 48.71°N 2.15°E 167 ICOS/InGOS (2015b)

Jungfraujoch JFJ 46.55°N 7.99°E 3,580 ICOS/InGOS (2015c)

Cabauw CAB 51.97°N 4.93°E 213 Röckmann et al. (2016)

Table 1 
The Stations Used for the Comparison With the HUN Site are Listed in the Table
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plots, where the slope of the linear regression represents the source δ13CCH4 signature (Lowry et al., 2020; 
Miller & Tans, 2003).

2.3.  HYSPLIT Modeling and Concentration Weighted Trajectory Calculations

HYSPLIT backward trajectories were calculated from the starting time, location, and height of each sam-
pling campaign (Draxler, 1998; Su et al., 2015), using the Archive Global Data Assimilation System mete-
orological data set (GDAS 0.5°) to model −72-hr-long trajectories to investigate air mass provenance and 
the source regions of input emissions. One trajectory was calculated for every sampling time, although the 
resolution of the GDAS data set is 3 h and the sampling time was around 1 min. Concentration weighted tra-
jectory (CWT) maps with 2° resolution grid cells were produced by the Trajstat plugin of METEOINFO soft-
ware (Hsu et al., 2003; Wang et al., 2009), based on the trajectories coupled with measured methane mole 
fraction and δ13CCH4 data. Grid cells containing less than four trajectories were excluded. The most remote 
15% (by distance) of each trajectory was also excluded, to concentrate on the closer emission source regions 
and reduce the uncertainty of the results. The CWT calculations were produced by the following formula:


 

 
 11

1 M

ij l ijlM ll ijl

C C� (2)

where Cij is the average weighted concentration in the ijth cell, l is the index of the trajectory, M is the total 
number of trajectories, Cl is the concentration observed on the arrival of trajectory l, and τijl is the time tra-
jectory l spent in the ijth cell. (Wang et al., 2009). In the case of calculation of the δ13CCH4 -weighted map, the 
Cl is the δ13CCH4 value observed on the arrival of trajectory l, Cij is the average weighted δ13CCH4.

2.4.  Cross-Correlation Analysis of CH4 Mole Fraction and Planetary Boundary Layer Height

Cross-correlation is used to analyze isotopic and meteorological time series (László et  al.,  2020; Palcsu 
et al., 2018). To analyze the relationship between planetary boundary layer height and CH4 mole fraction, a 
Pearson linear correlation coefficient was calculated according to Equation 3.
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where two time-series x and y and the cross-correlation value at each lag time m is calculated. The sum-
mations and mean values in the equation are extended only over the overlapped segment, where the value 
of cross-correlation changes with a given lag time. In the case of positive lags, x is compared with a y that 
has been delayed by m samples. Strong correlation value at positive lags thus means that features in y are 
leading, while x lags behind (Davis, 1986). Cross-correlation significance has been performed with a ran-
dom-phase test (Ebisuzaki, 1997).

3.  Results and Discussion
3.1.  Temporal and Spatial Variation of CH4 Mole Fraction and 13CCH4 Values

The measured methane mole fraction in ambient air at the HUN station is generally greater than at Mace 
Head, Ireland (MHD) and Zeppelin, Svalbard (ZEP) (Figures 2a, 2b, 4a, and 4b). Between 2013 and 2015, the 
mean CH4 mole fraction was 1,984 ± 48 ppb at the HUN station, compared to 1,908 ± 22 ppb at MHD and 
1,901 ± 22 ppb at ZEP (all errors to 1σ). The range of measured CH4 mole fraction values is wider at HUN 
site than at MHD or ZEP. In particular, values higher than 2,000 ppb at HUN station were often observed 
during the monitoring campaign, and the frequency distribution is flatter (Figure 4a).

The seasonal variation in methane has much greater amplitude at HUN than at MHD and ZEP, which 
is both consistent with the proximity to HUN of several seasonally intensive methane emission sources, 
and also because the thickness of the planetary boundary layer and the height of the inversion vary more 
intensely at the HUN continental interior site (Figure S1a), compared to the marine settings of the back-
ground stations (Engeln & Teixeira, 2013; Stull, 1988). At HUN, the highest CH4 values were measured in 

VARGA ET AL.

10.1029/2020JD033963

4 of 16



Journal of Geophysical Research: Atmospheres

winter and occurred simultaneously with high carbon monoxide (Petron et al., 2019), which is consistent 
with emissions from incomplete combustion processes during the heating period. The source signatures of 
the vegetation and heating periods are further discussed below by Miller-Tans plots and trajectory analysis. 
The lowest CH4 values were observed in summer, following the zonal (Northern Hemisphere) seasonality 
of methane destruction by OH and also the absence of heating emissions in summer (Figure 2a), however, 
wetland related CH4 emissions also strongly influence the amplitude and phase (Fung et al., 1991).

The maximum CH4 mole fraction observed was 2,113 ppb (December 12th, 2014) at the HUN station, sig-
nificantly higher than maxima in the marine background at ZEP (1,978 ppb on December 18th, 2014) and 
MHD (2,017 ppb on March 6th, 2013). During the time period of the observations, CH4 mole fraction values 
above 1,950 ppb were rare at other NOAA marine and polar stations, unlike at the HUN site. The yearly 
minima at the HUN site are 32–53 ppb higher than at MHD, while the yearly maxima are 90–156 ppb higher 
at HUN. Annual values of CH4 and δ13CCH4 are shown in the Table S2. For 2013 there are no data before 
March or for late summer, so it is likely that the annual average is biased toward 13C enrichment. Annual 
average CH4 mole fraction of the monthly mean of discrete samples at the HUN station increased by 22 ppb 
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Figure 2.  (a) Methane, and δ13CCH4 stable isotope ratio (b) time series of HUN, MHD, and ZEP monitoring stations. 
Colored dots show sample CH4 mole fraction and δ13C isotope ratio. The colored lines show the smoothed data of 
individual measurement values (data set were smoothed by the Lowess filter method in the Origin 2020b software) to 
guide the eye and visualization of the seasonal changes. The gray shaded areas show the heating period in Hungary.
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between 2013 and 2015. In the case of the MHD site, this increase was 22 ppb (2013–2015), while 21 ppb of 
growth was observed at ZEP station during the same time period.

As is widely observed in inland sites, there is typically a strong diurnal cycle of the CH4 mole fraction at 
HUN, which depends on the height of the planetary boundary layer (PBL). When the PBL height is low, 
the CH4 mole fraction is high and vice versa (Figure S1b), reflecting the accumulation of methane emitted 
locally at the surface in the shallow boundary layer (Haszpra et al., 2019), mostly overnight. At marine 
sites, in free-flowing air from the ocean with a lack of local emission sources, this diurnal cycle is typically 
less pronounced, an observation shown by the cross-correlation coefficient at the MHD and ZEP sites (Fig-
ure S1b). At HUN site, strong negative correlation was observed between PBL and CH4 mole fraction with a 
0-month delay, while at the other sites, strong positive correlation was observed. HUN is out of phase with 
the MHD and ZEP sites.

Comparison with methane mole fraction at the Niwot Ridge, NOAA (NWR) and Jungfraujoch (JFJ) conti-
nental background sites shows that the HUN station is not appropriate for a continental background station, 
as the NWR and JFJ sites have better clean air sectors and are not as burdened with local emissions as the 
HUN site (Dlugokencky et al., 2021; InGOS, 2015c). During 2013–2015, while the mean CH4 mole fractions 
at the NWR and JFJ station are 1,876 ± 26 and 1,895 ± 25 ppb, the mean CH4 mole fraction is 1,984 ± 48 ppb 
at the HUN site (Figure S2a). The mentioned continental background sites are located at higher altitudes, 
the NWR site is located at 3,523  m  asl, the JFJ site is located at 3,580  m  asl, while the HUN station is 
located much closer to the emission sources, at 248 m asl. The JFJ and NWR sites are in the well-mixed 
troposphere and not in the frequently poorly mixed boundary layer. Although the mean CH4 mole fraction 
value at HUN between 2013 and 2015 is higher, the amplitude and maxima are lower than at the Heidelberg 
and Gif-sur-Yvette stations, where the mean CH4 mole fraction was 1,959 ± 55 and 1,956 ± 58 ppb (In-
GOS, 2015a, 2015b), and the maximal value was 2,564 and 2,293 ppb respectively, compared to 2,113 ppb at 
the HUN site. Based on these, the HUN site is less affected by local emissions than the Heidelberg and Gif-
sur-Yvette sites. In Cabauw (Netherlands) Röckmann et al. (2016) measured even higher CH4 mole fractions 
(greater than 2,250 ppb was often observed in this study carried out in 2013–2014), showing strong local or 
near region methane inputs (Figure S2a). Note that our data are based on discrete spot sampling (between 
one and four samples per month) and will miss most events. In contrast, the Heidelberg and Gif-sur-Yvette 
data have 1 h time resolution, and the time resolution of the data presented in Röckmann et al. (2016) is 
1.5 h or higher.

Unlike the CH4 mole fraction data, δ13CCH4 values for the HUN site and the MHD and ZEP global back-
ground monitoring network stations show a comparable range and temporal variation, although high val-
ues can be observed at all sites (Figures 2, 3 and 4b). Mean δ13CCH4 values and their 2σ standard deviation 
are similar at the three stations: −47.5 ± 0.4‰ (ZEP), −47.5 ± 0.5‰ (MHD), and −47.5 ± 0.6‰ (HUN) (the 
error is the 2σ stdev of the measurements over the investigated period), and are within the ranges recorded 
for background ambient air (between −47.8 and −47.2‰) (Nisbet et al., 2016, 2019). Our measured data 
at HUN compared to the NWR background site shows that δ13CCH4 values are in a similar interval, but 
δ13CCH4 values at NWR are generally higher than the mean value at HUN (Dlugokencky et al., 2019). This 
can be due to the differences between the continental source regions and source mixes at North America 
and Europe (Chang et al., 2019; Ganesan et al., 2018; Sherwood et al., 2017). Worthy of note that there is 
regional variability in the isotopic signature of wetland, fossil fuel and ruminant emissions. Therefore, the 
mole fraction value can be similar at HUN and NWR, but the δ13CCH4 can be different, and the δ13CCH4 very 
similar at the European sites (HUN, MHD, ZEP), due to the different source mixes. The δ13CCH4 signal at 
the Cabauw site is generally strongly depleted, associated with higher CH4 mole fractions compared to the 
HUN site (Figure S2), which shows that Cabauw, which is in an agricultural setting, is more affected by lo-
cal and regional methane sources than HUN (Röckmann et al., 2016). At HUNPositive δ13CCH4 shifts greater 
than 0.2‰ were observed in March and November of 2013, and September and October of 2014. Negative 
δ13CCH4 shifts greater than −0.2‰ were recorded during the vegetation-growth periods, presumably due to 
the higher biogenic emission in this period.

During winter, the CH4 mole fraction is elevated. The PBL was deeper during the end of the winter of 2014–
2015 compared to the previous year (winter of 2013–2014), and as the deeper PBL favors the lower CH4 
mole fraction, the yearly CH4 mole fraction maximum shifted to earlier (Figures 2b, S2 and S3). During the 
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winter heating period of 2014 and 2015, positive δ13CCH4 shifts were observed at the HUN site, likely due to 
local fossil fuel and biomass related pyrogenic emissions, both of which are isotopically enriched in 13CCH4 
compared to the bulk atmospheric methane burden (Sherwood et al., 2017). The energy source for residen-
tial heating during the winter in European Union (EU) is mainly fossil natural gas (∼40%) and oil (∼15%). 
The use of coal has decreased since the 1990s, and now only supplies about 5% of the residential heating in 
EU. However, use of biomass burning for heating is increasing and provided about ∼20% of building heat 
in 2015. The other ∼20% is electricity and district heating (Bertelsen & Mathiesen, 2020). The source of the 
electricity and district heating can be nuclear or also coal, oil, and gas. The wetland related emission is dom-
inant only at the North European, Scandinavian region, where the δ13CCH4 signal is around −70‰, which is 
similar to the observed signal in the Canadian region (Ganesan et al., 2018). The ruminant CH4 emission is 
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Figure 3.  Difference in the CH4 mole fraction and δ13CCH4 ratio between the monthly average values at Hegyhátsál, 
Hungary (HUN) and Mace Head, Ireland (MHD) sites. The colored lines show differences between HUN and MHD 
sites of the monthly average values of CH4 mole fraction (black) and δ13CCH4 ratio (blue). Gray shaded areas show the 
heating period in Hungary.
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about 10 Tg/year in Europe, a few Tg higher than in the North Amerian region. The δ13C signal of ruminant 
CH4 emission in much of Europe is below −68‰, but when ruminants have a predominantly C4 diet it can 
be less depleted, as in the United States and China (Chang et al., 2019). The typical δ13CCH4 signal of oil and 
natural gas CH4 emission is under −40‰ in Europe (in Italy around −57‰) but in Hungary and the Neth-
erlands, it is less depleted, around −38 and −33‰ (Sherwood et al., 2017).

During the summer vegetation period of 2014 and 2015, CH4 at HUN was constantly about 50 ppb higher 
than at ZEP and MHD (Figures 2a and 3a). Monthly mean CH4 mole fraction increments at the HUN site 
compared to MHD (Figure 3.) show generally higher values, up to 150 ppb higher. The increments are the 
highest at the heating period in January 2014 and during the vegetation period in August 2014. During the 
heating period in 2015, after a high increment in the vegetation period, HUN shows several months of low 
methane increment over the remote background stations. In the summer of 2014 and 2015, δ13CCH4 trended 
more negative compared to ZEP and MHD, presumably due to emission from biogenic sources in cen-
tral Europe, such as ruminants and wetlands, with strongly negative δ13CCH4 (Fisher et al., 2017; Ganesan 
et al., 2018). Considering samples with δ13CCH4 lower than −47.75‰ for the period between July 11th, 2014 
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Figure 4.  Box-plot of the CH4 mole fraction (a) and δ13CCH4 (b) values at the Zeppelin, Svalbard, Mace Head, Ireland, and Hegyhátsál, Hungary site. Histogram 
of CH4 mole fraction (c) and δ13CCH4 (d) at the different monitoring sites. The colored dots show the individual measurement values, the colored curves show 
the Kernel smoothed distribution curve of the values.
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and October 8th, 2014, most sampled air masses moved slowly during the previous 72-hour and remained 
near ground level, within the PBL (Figures S4a–S4l). The implication is that the strongly negative δ13CCH4 
reflects inputs from local and proximal regional sources.

The Miller-Tans plot in Figure 5a shows enriched δ13CCH4 in the heating period (−46.3 ± 1.6‰) compared 
to the observed −52.5 ± 1.9‰ signals in the vegetation period. This enriched signal associated with higher 
CH4 mole fraction values during the heating period compared to the vegetation period, suggest a dominant 
fossil fuel origin for methane emission, as these are generally enriched in 13CCH4 (Sherwood et al., 2017). 
Elevated carbon monoxide also suggests a dominant source of residential heating during the winter (Petron 
et al., 2019). The Miller-Tans plot in Figure 5b shows averaged input from sources that are 13C-depleted 
relative to atmospheric background at all three monitoring sites. Values are quite similar for MHD and 
ZEP (−58.5 ± 3.5‰ and −57.1 ± 4.0‰) These are background stations with small source increments from 
distant sources, not proximal regional sources, but the source input for HUNis significantly more positive 
at −48.1  ±  1.3‰, and suggests contributions from European continental sources significantly richer in 
13C. This shows that the HUN station is not a clear, continental background station, but accesses air from 
regional methane sources. These results suggest that the dominant source mix adding incremental methane 
inputs into air arriving at HUN has a bulk isotopic signature more positive than the −53‰ value of the bulk 
global source (Nisbet et al., 2019). The local inputs sampled in the air masses reaching HUN are a mixture 
of both biogenic emissions (typically −55 to −70‰) and fossil fuel and pyrogenic emissions (typically −15 
to −45‰). The mean δ13CCH4 signal of coal and conventional gas CH4 emission is around −45.7‰ in the 
European countries, which is close to the observed source signature at the HUN site in the heating period 
(Sherwood et al., 2017) (Figure 5b).

Plots of the wind direction data and the corresponding measured CH4 mole fraction or δ13CCH4 value, 
also show differences between the vegetation growth periods and heating periods (Figure 6). During the 
heating period (Figures 6b and 6d), the prevailing wind direction is northern, where Austrian, Slovakian, 
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Figure 5.  Miller-Tans plots showing the source signature of methane increments into background air. Collected 
from the Hegyhátsál, Hungary (HUN) site during the vegetation and heating periods separately (a) and for the whole 
investigated period at HUN, Mace Head, Ireland, and Zeppelin, Svalbard (b). The slopes show the dominant source 
signatures of incremental inputs at the different sites.
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and Hungarian industrial areas are located, and 10% of the measurements are markedly enriched, with a 
≥−47‰ δ13CCH4 signal observed from this direction during the heating period. The wind pattern and source 
area during the vegetation period is more diverse, the plot shows dominant source areas at the NE and S 
(Figures 6a and 6c). Furthermore, the southern areas not as industrialized as the northern areas of Hunga-
ry. At the northeastern direction, at Mihályi and Répcelak, there is Hungary's one of the highest industrial 
CH4 emitter facility, where the δ13CCH4 of the emitted methane can be around −50.0‰ (Palcsu et al., 2014). 
However, during the vegetation period, biological emission with depleted δ13CCH4 is not negligible what was 
observed from almost every direction in this period.

3.2.  Sector Analysis Identification of CH4 Emission Source Regions

Using each of the measured CH4 mole fraction and δ13CCH4 values coupled with the trajectories, CWT maps 
show the typical, mean value in the grid cells in different areas. Using the CWT algorithm, the potential 
source areas can be detected. The calculated mean values by the CWT algorithm (Formula #2 above) are 
shown in Figures S7 and S8. The trajectory distribution indicates dominant western source regions at the 
HUN and MHD sites. The stations have their own, distinct dominant source regions with negligible overlap 
(Figures 7 and S8).
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Figure 6.  Plots by wind direction and measured CH4 or δ13CCH4. (a) For the vegetation period by wind direction and CH4 mole fraction. (b) For the heating 
period by the wind direction and CH4 mole fraction. (c) For the vegetation period by the wind direction and δ13CCH4. (d) For the heating period by the wind 
direction and δ13CCH4.
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The following typical source regions were identified in the continental, marine, and polar areas, which are 
referred to in Figures 8 and S10:

1.	 �The western region (Figures  8a, 8b, and  S7), from which air masses had slightly elevated CH4 mole 
fraction (<2,000 ppb), compared to the Mediterranean Sea, Adriatic Sea coastal region (<1,960 ppb). 
Western Europe is densely populated and with large-scale use of gas for heating and power, as well as 
large ruminant populations. In this area, at the western European region, relatively homogeneously high 
methane emission is present in the EDGAR v5.0 inventory, generally more than 9 × 10−11 kg CH4/m2/s 
(EDGAR, 2019). At these areas, the agricultural and industrial (fossil) emission is also high. Our model 
data confirms this elevated methane emission in this region, but a dominant δ13CCH4 signal can not be ob-
served. The δ13CCH4 isotopic composition of the air masses arriving from these areas is around −47.5‰, 
while the global bulk ambient air is between −47.8 and −47.2‰ with fractionation. The inventory shows 
that the transport-related CH4 emission is the only anthropogenic emission in the Adriatic Sea, which is 
not as high as in the CH4 emission at the onshore areas

2.	 �The eastern region was the origin of air masses with higher CH4 mixing ratios (>2,000 ppb) coupled 
with somewhat enriched, even higher than −47.3‰ δ13CCH4 signals (Figures 8a, 8b, S7 and S8). This 
region includes major ruminant populations and the largest river wetland in Europe, the Danube Delta 
(Gómez-Baggethun et al., 2019). Methane emissions from wetlands and agricultural ruminants typically 
have a relatively negative δ13CCH4 source signature (Dlugokencky et al., 2011; Ganesan et al., 2018). The 
middle and northeast Pannonian Basin region is industrialized, and with multiple emission sources 
in the region of Budapest (Bergamaschi et al., 2018). Note also that aerosol studies have shown that 

VARGA ET AL.

10.1029/2020JD033963

11 of 16

Figure 7.  Trajectory frequency of Hegyhátsál, Hungary (HUN). Mace Head, Ireland (MHD) and Zeppelin, Svalbard (ZEP) sites. The colored grid cells show the 
frequency of the trajectories compared to all trajectories at the different sites. The red color scale shows the HUN. The green color scale shows the MHD. The 
gray color scale shows the ZEP site's color scale.
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biomass burning is a significant contributor to atmospheric particulate matter around Budapest (Salma 
et al., 2017, 2020). Comparison with EDGAR v5.0 inventory also confirms this hypothesis, as Budapest 
and its agglomeration is a large contributor to the Hungarian methane budget (3 × 10−9 kg CH4/m2/s). 
However, the Carpathians have dominant natural methane sources as well, not identified by the EDGAR 
v5.0 inventory. Saunois et al. (2020) show large CH4 emissions in the Eastern Carpathians (locally over 
1 × 10−7 kg CH4/m2/s). Our results show somewhat elevated δ13CCH4 from this source region. Kotarba 
and Nagao (2008) found that methane from the Polish and Ukrainian Carpathian region generally has 
an elevated δ13CCH4 ratio, even more enriched than −40‰. Baciu et al. (2018) also show that the δ13CCH4 
ratio of Carpathian emissions is generally enriched compared to the bulk atmospheric δ13CCH4 ratio
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Figure 8.  Methane mole fraction and δ13CCH4 ratio concentration weighted trajectory (CWT) maps. The left column shows the mean CH4 mole fraction for 
each 2° grid cell containing a minimum of four trajectories. The right column shows the mean δ13CCH4 signal for each 2° grid cell containing minimum four 
trajectories (a) Mole fraction (ppb) CWT map at HUN site for the whole investigated period; (b) δ13CCH4 CWT map at HUN site for the whole investigated period 
(c) Mole fraction (ppb) CWT map at HUN site for the vegetation period; (d) δ13CCH4 CWT map at HUN site for the vegetation period (e) Mole fraction (ppb) 
CWT map at HUN site for the heating period; (f) δ13CCH4 CWT map at HUN site for the heating period. The red dots show the locations of the monitoring site.
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3.	 �The northwestern and northern central European regions (Figures 8a, 8b, and S8). In the air from this 
region, the CH4 mole fraction is not elevated significantly, but the air masses have a δ13CCH4 isotopic 
signature that is, the most depleted compared to the surrounding sectors (<−47.75‰ δ13CCH4). This area 
has both large-scale industrial, natural gas related CH4 emission and also intensively cultivated areas 
with high ruminant populations, and widespread cattle and pig manure emission, as well as large land-
fills and waste systems. The EDGAR v5.0 inventory shows relatively high CH4 emission (even more than 
4 × 10−10 kg/m2/s) in Belgium and Netherland, where the main contributions are the industrial (fossil) 
and agricultural emissions, but waste-related methane emission is also higher in this region. The bio-
logical and agricultural CH4 sources have significantly depleted δ13CCH4 isotopic signatures (Sherwood 
et al., 2017) and other studies show that this area has emission sources with dominantly negative δ13CCH4 
isotopic signature (Menoud et al., 2020; Röckmann et al., 2016). In the studies of Röckmann et al. (2016) 
and Menoud et al. (2020) values more negative than −49.5‰ δ13CCH4 were generally measured in Cabauw 
and Lutjewad. The mix of the different CH4 sources with depleted δ13CCH4 at the Northern European area 
results in a negative δ13CCH4 source signature for this area, as our model results also show

The differentiated CWT maps illustrate the higher CH4 levels in the heating period (Figure 8e). During the 
vegetation period, the CWT analysis shows lower CH4 mole fraction values over the northern and west-
ern European areas and the δ13CCH4 source signature is slightly depleted, lower than −47.5‰ (Figures 8c 
and 8d), compared to the observed signature during the heating period, when the δ13CCH4 source signature is 
higher than −47.5‰ (Figure 8f). This coupled with the Miller-Tans plot analysis shows dominant industrial 
gas and residential heating related CH4 emission during the winter. The deeper PBL during the vegetation 
period favors the lower CH4 mole fraction values, but the depleted δ13CCH4 signature suggests mainly biolog-
ical, microbial emission during this period.

There is no significant correlation between our modeled spatial data and EDGAR v5.0 inventory, which 
shows that the emission data included in the inventory only slightly affect the measured value at the HUN 
site. The main influencing factors may be the local changes of the PBL and the residential heating during 
the winter. This claim is supported by the local CO data (Petron et al., 2019) and the Miller-Tans plot results. 
The measured CH4 mole fraction values are close to the values at the MHD and ZEP sites during the vegeta-
tion period, the difference is higher during the heating period, but the δ13CCH4 values are not shifted signif-
icantly. This suggests also that meteorology can be the main factor in the changes of the local CH4 values.

4.  Conclusions
Methane mole fractions in air masses from continental source areas are generally higher compared with 
contemporaneous values measured by the coastal and polar clean air sites. At the Hegyhátsál site, Hunga-
ry, methane mole fraction was constantly above 2,000 ppb in the winter heating period between 2013 and 
2015. The CH4 level at the Hungarian site is comparable with other European continental sites, such as Hei-
delberg and Gif-sur-Yvette, but greater than at the continental background Jungfraujoch and also greater 
than an American continental background station, Niwot Ridge. The results show that the HUN station is 
suitable for regional methane studies as it samples both clean and polluted air masses, enabling the identi-
fication of emission source areas.

The mean δ13CCH4 ratio over 2013–2015 observed in Hegyhátsál is −47.5 ± 0.6‰, similar to the means at the 
Zeppelin and Mace Head observatory sites over this period, −47.5 ± 0.4‰ and −47.5 ± 0.5‰, respectively 
(the error is the 2σ stdev of the measurements over the investigated period). The Miller-Tans plots show a 
more enriched signature during the heating period in Europe over winter (−46.3 ± 1.6‰) when fossil fuel 
and pyrogenic emissions dominate, compred with the vegetation period (−52.5 ± 1.9‰) when there is a 
larger influence from biogenic sources.

Using sector analysis of concentration-weighted back trajectories, potential emission source regions were 
studied. This backward trajectory modeling and potential source area analysis identified inputs to methane 
mixing ratio and 13C/12C ratio at the Hegyhátsál monitoring site from distinct areas, such as western, north-
ern, and northwestern coastal European regions. The EDGAR v5.0 inventory also shows a contribution 
from these areas. We found a CH4 contribution from the Eastern Hungarian area as well, which can be a 
mix of industrial and geological CH4 emissions.
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Boundary layer effects in the local, isolated environmental condition of the Pannonian Basin also play a 
major role in controlling methane mole fraction in the ambient air in the heating period.

Data Availability Statement
We thank Edward J. Dlugokencky and NOAA-ESRL for their published CH4 mole fraction data set https://
www.esrl.noaa.gov/gmd/dv/data. We thank Bruce Vaughn, Sylvia Michel, and the University of Colorado - 
INSTAAR for their published δ13CCH4 data set https://instaar.colorado.edu/about-us/visiting-instaar/.
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