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Abstract 10 

Harmonized time series of column-averaged mole fractions of atmospheric methane and 11 

ethane over the period 1999–2014 are derived from solar Fourier transform infrared (FTIR) 12 

measurements at the Zugspitze summit (47° N, 2964 m a.s.l.) and at Lauder (45° S, 370 m 13 

a.s.l.). Long-term trend analysis reveals a consistent renewed methane increase since 2007 of 14 

6.2 [5.6, 6.9] ppb yr
-1

 (parts-per-billion per year) at the Zugspitze and 6.0 [5.3, 6.7] ppb yr
-1

 at 15 

Lauder (95 % confidence intervals). Several recent studies provide pieces of evidence that the 16 

renewed methane increase is most likely driven by two main factors: (i) increased methane 17 

emissions from tropical wetlands, followed by (ii) increased thermogenic methane emissions 18 

due to growing oil and natural gas production. Here, we quantify the magnitude of the second 19 

class of sources, using long-term measurements of atmospheric ethane as tracer for 20 

thermogenic methane emissions. In 2007, after years of weak decline, the Zugspitze ethane 21 

time series shows the sudden onset of a significant positive trend (2.3 [1.8, 2.8] × 10
-2

 ppb yr
-1

 22 

for 2007–2014), while a negative trend persists at Lauder after 2007 (-0.4 [-0.6, -0.1] × 10
-2

 23 

ppb yr
-1

). Zugspitze methane and ethane time series are significantly correlated for the period 24 

2007–2014 and can be assigned to thermogenic methane emissions with an ethane-to-methane 25 

ratio (EMR) of 12–19 %. We present optimized emission scenarios for 2007–2014 derived 26 

from an atmospheric two-box model. From our trend observations we infer a total ethane 27 

emission increase over the period 2007–2014 from oil and natural gas sources of 1–11 Tg yr
-1

 28 

along with an overall methane emission increase of 24–45 Tg yr
-1

. Based on these results, the 29 



 2 

oil and natural gas emission contribution C to the renewed methane increase is deduced using 1 

three different emission scenarios with dedicated EMR ranges. Reference scenario 1 assumes 2 

an oil and gas emission combination with EMR = 7.0–16.2 %, which results in a minimum 3 

contribution C > 39 % (given as lower bound of 95 % confidence interval). Beside this most 4 

plausible scenario 1, we consider two less realistic limiting cases of pure oil-related emissions 5 

(scenario 2 with EMR = 16.2–31.4 %) and pure natural gas sources (scenario 3 with EMR = 6 

4.4–7.0 %), which result in C > 18 % and C > 73 %, respectively. Our results suggest that 7 

long-term observations of column-averaged ethane provide a valuable constraint on the 8 

source attribution of methane emission changes and provide basic knowledge for developing 9 

effective climate change mitigation strategies. 10 

 11 

1 Introduction 12 

Methane (CH4) is the second most important anthropogenic greenhouse gas and responsible 13 

for about 20 % of global warming since pre-industrial times (Kirschke et al., 2013). Due to its 14 

relatively short atmospheric lifetime of about 9 years, methane is an attractive target for 15 

climate change mitigation strategies in the next few decades (Dlugokencky et al., 2011). This 16 

requires an accurate understanding of the global and regional atmospheric methane budget, 17 

which is determined by a large variety of natural and anthropogenic sources. About 60 % of 18 

total methane emissions originate from anthropogenic activities (IPCC, 2013). Northern 19 

hemispheric sources account for 70 % of global emissions (Kai et al., 2011). Three major 20 

processes of methane formation can be distinguished: biogenic methane produced by 21 

microbes from organic matter under anaerobic conditions (e.g., in wetlands, ruminants and 22 

waste deposits), thermogenic methane formed in geological processes at elevated 23 

temperatures (fossil fuels), and pyrogenic methane produced by incomplete combustion 24 

processes, e.g. biomass burning (Kirschke et al., 2013). 25 

 26 

The global atmospheric methane burden has more than doubled since 1750. After a decade of 27 

near-zero growth (Dlugokencky et al., 2011; Heimann, 2011; Pison et al., 2013), global 28 

methane concentrations started to rise again in 2007 (Rigby et al., 2008; Bousquet et al., 29 

2011; Frankenberg et al., 2011; Sussmann et al., 2012; Nisbet et al., 2014). Since then the 30 

methane burden has continuously increased with particular strong growth in 2014 (Nisbet et 31 

al., 2015). The growth rate decline before 2007 has been interpreted as approaching a steady 32 
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state with essentially constant global emissions since the mid-1980s (Dlugokencky et al., 1 

1998). Causes for the renewed increase in global methane levels since 2007 are still poorly 2 

understood, which is, amongst others, reflected in a persistent discrepancy between bottom-up 3 

and top-down estimates of methane emissions (e.g., Nisbet and Weiss, 2010; Kirschke et al., 4 

2013). 5 

 6 

Recent work gives evidence that there are likely two dominant contributors to the recent 7 

methane increase (Kirschke et al., 2013; Nisbet et al., 2014), namely increasing emissions 8 

from (i) tropical and boreal wetlands driven by precipitation and temperature anomalies 9 

(Dlugokencky et al., 2009; Bousquet et al., 2011), and (ii) growing exploitation of fossil fuels 10 

(natural gas, oil, and coal) (e.g., Bergamaschi et al., 2013; see also references in the 11 

subsequent paragraph). Even though they introduce interannual variability, biomass burning 12 

emissions are found to play only a minor role in explaining the positive long-term methane 13 

trend since 2007 (Dlugokencky et al., 2009; Bergamaschi et al., 2013) and global fire 14 

emissions slightly decreased between 2000 and 2012 (Giglio et al., 2013). Valuable 15 

information for methane source identification is provided by observations of methane isotopes 16 

(Dlugokencky et al., 2011; Levin et al., 2012). Since 2007 global methane has become more 17 

depleted in 
13

C, which suggests a dominant role of growing 
12

C-rich biogenic emissions, 18 

especially from wetlands and ruminants (Nisbet et al., 2014). The recent global average 19 

methane growth (~6 ppb yr
-1

) corresponds to an imbalance between emissions and sinks of 20 

about 16 Tg yr
-1

, which can be best reconciled with three decades of methane (isotopic) 21 

observations if attributed to increasing tropical wetland and fossil fuel related emissions 22 

(Dlugokencky et al., 2015a). Bergamaschi et al. (2013) attribute the renewed increase mainly 23 

to growing anthropogenic emissions (being, however, significantly lower than estimates in 24 

bottom-up inventories) superimposed by interannual variations of wetland and biomass 25 

burning emissions. Using a GEOS-Chem model tagged simulation Bader et al. (2015) suggest 26 

that the recent methane increase is dominated by anthropogenic emissions from increased 27 

fossil fuel extraction.  28 

 29 

Particularly important in this context is the strong increase in U.S. oil and natural gas 30 

production starting in the mid-2000s (Moore et al., 2014; Wang et al., 2014), which is 31 

expected to continue through 2040 (U.S. Energy Information Administration, 2014). This has 32 
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been facilitated by the development of new extraction techniques (hydraulic fracturing and 1 

horizontal drilling), which involve additional fugitive methane emissions during flowback 2 

periods compared to conventional techniques (Field et al., 2014; Howarth, 2014). Several 3 

studies report that methane emission from this industry is likely underestimated (Karion et al., 4 

2013; Miller et al., 2013; Brandt et al., 2014; Kort et al., 2014; Pétron et al., 2014; Schneising 5 

et al., 2014; Turner et al., 2015). Furthermore, the rapid growth of coal exploitation since 6 

2000 – especially in China (OECD/IEA, 2015) – potentially contributes to increasing methane 7 

emissions (Bergamaschi et al., 2013; Kirschke et al., 2013).  8 

 9 

The major loss process for methane is oxidation by the hydroxyl radical (OH). Trends in the 10 

global OH concentration can have a large impact on the global methane budget (Rigby et al., 11 

2008), but OH trends are difficult to quantify due to the extremely short lifetime of OH and its 12 

control by many different drivers. IPCC (2013) reports no evidence for an OH trend from 13 

1979 to 2011 based on methyl chloroform measurements. Consistently, Kai et al. (2011) infer 14 

a stable OH sink from 1998–2005 using δD-CH4 observations. During 1998–2008, year-to-15 

year changes in OH concentrations are found to be small (Montzka et al., 2011) and have only 16 

a minor impact on methane emissions inferred from inverse modeling (Bousquet et al., 2011). 17 

 18 

Overall, evidence suggests that the renewed methane increase since 2007 is mainly caused by 19 

a combination of increased tropical wetland emissions and increased emissions from fossil 20 

fuel exploitation. However, the relative contribution of these two drivers remains highly 21 

uncertain (Kirschke et al., 2013). The goal of this study is to quantify the contribution of 22 

increased oil and natural gas production emissions to the renewed methane increase since 23 

2007. Our approach is to use long-term solar Fourier transform infrared (FTIR) measurements 24 

of methane in combination with ethane. Ethane (C2H6) is a valuable tracer of thermogenic 25 

methane as both emissions are known to be strongly correlated (Aydin et al., 2011; Simpson 26 

et al., 2012).  27 

 28 

This paper is structured as follows: Section 2 introduces the FTIR observations, retrieval 29 

strategies and trend analysis methods. Results of the long-term trend analysis for column-30 

averaged ethane and methane are presented in Sect. 3. Subsequently, we develop optimized 31 



 5 

ethane and methane emission scenarios in Sect. 4 using an atmospheric two-box model. 1 

Finally, Sect. 5 gives a summary of results and draws final conclusions. 2 

 3 

2 Ground-based infrared spectrometric observations 4 

Time series of column-averaged dry-air mole fractions of methane (XCH4) and ethane 5 

(XC2H6) are retrieved from long-term solar absorption FTIR measurements. We analyze high-6 

resolution mid-infrared spectra obtained at a northern midlatitude site (Zugspitze, Germany) 7 

and a southern midlatitude site (Lauder, New Zealand). Both measurement sites are part of the 8 

Network for the Detection of Atmospheric Composition Change (NDACC, www.ndacc.org). 9 

Sampled air masses are representative for undisturbed atmospheric background conditions of 10 

northern and southern midlatitudes. At the high-altitude observatory Zugspitze (47.42° N, 11 

10.98° E, 2964 m a.s.l.) a Bruker IFS 125HR spectrometer has been in operation since 1995 12 

(Sussmann and Schäfer, 1997). The FTIR system at Lauder (45.04° S, 169.68° E, 370 m 13 

a.s.l.) is based on a Bruker IFS 120HR since 2001 and a Bruker IFS 120M before (Rinsland et 14 

al., 1998; Zeng et al., 2012).  15 

 16 

Retrieval strategies for column-averaged methane and ethane are harmonized for both 17 

measurement sites in order to obtain consistent results from Zugspitze and Lauder time series. 18 

The methane retrieval follows the strategy developed by Sussmann et al. (2011), which 19 

comprises the use of three micro-windows and the spectroscopic line database HITRAN 2000 20 

including its 2001 update (Rothman et al., 2003). This strategy optimizes methane total 21 

column precision while minimizing water vapor interference errors and is recommended as 22 

standard retrieval within NDACC. Mid-infrared NDACC-type methane retrievals are in good 23 

agreement with near-infrared FTIR measurements from the Total Carbon Column Observing 24 

Network TCCON (Sussmann et al., 2013; Ostler et al., 2014). For the retrieval of column-25 

averaged ethane we follow the strategy applied in Vigouroux et al. (2012) using two micro-26 

windows (2976.66–2976.95 cm
-1

, 2983.20–2983.55 cm
-1

), an ethane pseudo-line list (Franco 27 

et al., 2015), and first-order Tikhonov regularization. In agreement with the NDACC Infrared 28 

Working Group retrieval recommendations (IRWG, 2014), we consider three interfering 29 

species (water vapor, ozone, and methane) and choose an a priori volume mixing ratio profile 30 

derived from WACCM (Whole Atmosphere Chemistry Model, version 6; Garcia et al., 2007). 31 

The a priori influence has been shown to be negligible on methane trend estimates in 32 



 6 

Sussmann et al. (2013, Table 3). Methane and ethane profile retrievals are performed with the 1 

spectral fitting code PROFFIT (PROFile Fit, Hase et al., 2004). The vertical information 2 

contained in FTIR retrievals can be characterized by means of degrees of freedom for signal 3 

(DOFS). On average, we obtain DOFS = 2.1 (Zugspitze) and DOFS = 1.8 (Lauder) for 4 

methane retrievals, while for ethane retrievals DOFS = 1.6 (Zugspitze) and DOFS = 1.2 5 

(Lauder) is reached. Solar tracker inaccuracies and resulting total column errors during a short 6 

period of the Zugspitze long-time record are accounted for using the pointing error correction 7 

scheme developed by Reichert et al. (2015). To obtain column-averaged dry-air mole 8 

fractions, the retrieved total columns of methane and ethane are divided by the corresponding 9 

dry pressure column, which is derived from ground pressure measurements and four times 10 

daily pressure-temperature-humidity profiles from the National Center for Environmental 11 

Prediction (NCEP) interpolated to FTIR measurement time. Column-averaged dry-air mole 12 

fractions provide valuable information for source-sink-inversion studies, as they are 13 

independent of variations in surface pressure, solar zenith angle, and humidity (Toon, 2008). 14 

 15 

To infer methane and ethane long-term trends from the FTIR time series we follow the 16 

approach by Gardiner et al. (2008). First, seasonal cycles of XCH4 and XC2H6 time series are 17 

removed by fitting and subtracting an intra-annual model (third-order Fourier series). The 18 

second step involves a least squares fit of a linear trend to the deseasonalized time series and 19 

bootstrap resampling of the residuals to determine the linear trend uncertainty. The trend 20 

analysis is performed for two distinct time periods (1999–2006, 2007–2014), which 21 

correspond to methane trend turning points published in earlier work (e.g., Rigby et al., 2008; 22 

Dlugokencky et al., 2011; Sussmann et al., 2012; IPCC, 2013). 23 

 24 

3 Results of long-term trend analysis 25 

Time series of monthly mean methane and ethane column-averaged dry-air mole fractions 26 

above Zugspitze and Lauder are presented in Fig. 1 along with the corresponding 27 

deseasonalized time series and linear trend estimates. The results of our trend analysis are 28 

compiled in Table 1 and can be summarized as follows: the stagnation of methane growth 29 

from 1999 to 2006 and the renewed methane increase since 2007 are consistently observed at 30 

Zugspitze and Lauder. The positive trend of column-averaged methane mole fractions since 31 

2007 (6.2 [5.6, 6.9] ppb yr
-1

 at Zugspitze, 6.0 [5.3, 6.7] ppb yr
-1

 at Lauder) persists until the 32 



 7 

end of 2014 at both stations and agrees well with the reported global surface methane trend 1 

(e.g., Dlugokencky et al. 2011; Nisbet et al., 2014). Annual growth rates of methane as well 2 

as for ethane are reported in Appendix A. The long-term trend analysis of column-averaged 3 

ethane yields a weak negative trend for the period 1999–2006 with equal magnitudes at 4 

Zugspitze (-0.5 [-1.0, 0.1] × 10
-2

 ppb yr
-1

, not statistically significant) and Lauder (-0.4 [-0.7, -5 

0.2] × 10
-2

 ppb yr
-1

, statistically significant). While this significant negative trend persists at 6 

Lauder from 2007 to 2014, at Zugspitze a trend reversal is observed followed by a statistically 7 

significant positive trend of 2.3 [1.8, 2.8] × 10
-2

 ppb yr
-1

 in the period 2007–2014. Due to the 8 

high altitude of the Zugspitze observatory (2964 m a.s.l.), the Zugspitze time series represents 9 

the background conditions of free tropospheric ethane influenced by long range transport.  10 

The ethane trend turning point at the beginning of 2007 is chosen in analogy to the methane 11 

trend periods. We found this choice to be corroborated by the two-year running mean of the 12 

monthly XC2H6 time series, which reveals a minimum in October 2006. 13 

 14 

A sensitive tool to locate changing emissions is the study of trends in spatial gradients of 15 

methane and ethane. We define the interhemispheric gradient (IHG) as the difference between 16 

northern and southern high latitude averages (30–90° N/S) of methane (IHG-XCH4) and 17 

ethane (IHG-XC2H6), respectively. The IHG is calculated from the difference of Zugspitze 18 

and Lauder monthly mean time series, assuming that Zugspitze (Lauder) observations are 19 

representative for the northern (southern) high latitude XCH4 and XC2H6 average. This 20 

assumption is supported by the following argumentation: ethane is approximately well-mixed 21 

in high northern and southern latitudes (Aydin et al., 2011) as its lifetime of 2.6 months (Xiao 22 

et al., 2008) exceeds zonal mixing timescales of about 2 weeks (Williams and Koppmann, 23 

2007). Methane has an even longer lifetime of about nine years (Prather et al., 2012) and is 24 

therefore well-mixed north of 30° N and in the Southern Hemisphere (Simpson et al., 2002; 25 

Saito et al., 2012). Trend analysis reveals no significant trend for IHG-XCH4 in both time 26 

periods considered, while the trend of IHG-XC2H6 is also statistically insignificant in the 27 

beginning, but changes to a significant positive trend after 2007 (see Table 1). 28 

 29 

We can interpret our findings on the trend behavior of ethane and its interhemispheric 30 

gradient in relation to methane emissions as follows. Major ethane sources are biomass 31 

burning, biofuel use, and fossil fuel fugitive emissions from the production and transport of 32 
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coal (coal-bed gas), oil (associated gas), and natural gas (unassociated gas). About 80 % of 1 

global ethane emissions are located in the Northern Hemisphere (Xiao et al., 2008). In 2 

contrast to methane, ethane cannot completely mix over both hemispheres, as its lifetime is 3 

short compared to the interhemispheric exchange time of approximately 1 year (Tans, 1997; 4 

Williams and Koppmann, 2007; Aydin et al., 2011). Ethane concentrations have continuously 5 

declined since the 1980s, which can be explained by reduced fossil fuel related emissions 6 

(Aydin et al., 2011; Simpson et al., 2012; Helmig et al., 2014). Negative ethane trends for 7 

1996–2006 are also reported by Angelbratt et al. (2011) from FTIR observations at four 8 

European NDACC stations. The recent ethane trend reversal identified at the Zugspitze 9 

observatory is also observed at the high-altitude NDACC station of Jungfraujoch, Swiss Alps 10 

(Franco et al., 2015). Furthermore, long-term in situ measurements in the U.S. show 11 

increasing ethane concentrations over the past years linked with increasing natural gas 12 

production (Vinciguerra et al., 2015). Overall, these time series point to a recent ethane 13 

increase in the Northern Hemisphere. Consistent with our observations in Lauder, a 14 

continuing ethane decline is observed at two other NDACC FTIR stations in the Southern 15 

Hemisphere: In Arrival Heights, Antarctica (Zeng et al., 2012) the total column ethane trend 16 

is significantly negative for the period 1999–2006 and weakly negative but not significant in 17 

the period 2007–2014. A similar trend behavior has been observed at Wollongong, Australia 18 

(N. Jones, pers. comm., 2015). The significant positive trend of IHG-XC2H6 for 2007–2014 19 

suggests increasing ethane emissions in the Northern Hemisphere, where most fossil fuel 20 

related ethane sources are located. Using ethane as a tracer for thermogenic methane 21 

emissions the presented simultaneous increase of methane and ethane in the Northern 22 

Hemisphere since 2007 points to a potential contribution of thermogenic methane sources to 23 

the methane burden increase since 2007. 24 

 25 

4 Contribution of oil and natural gas emissions to renewed methane increase 26 

4.1 Ethane-to-methane ratio 27 

Thermogenic and biogenic methane sources can be separated using their ethane-to-methane 28 

emission ratios (Schoell, 1980). While there are no associated ethane emissions during 29 

microbial methanogenesis, ethane is emitted together with methane from thermogenic 30 

sources, i.e., primarily from fossil fuel extraction. The molar ethane-to-methane ratio (EMR) 31 
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is larger than 1.0 % for largely thermogenic methane sources (Kang et al., 2014; Yacovitch et 1 

al., 2014), whereas biogenic sources are characterized by EMR values below 0.1 % (Taylor et 2 

al., 2000; Jackson et al., 2014). For atmospheric measurements in spatial and temporal 3 

proximity to an emission source the ethane-to-methane ratio of this source (EMRsource) can be 4 

determined from the linear regression slope in a scatterplot of ethane against methane mole 5 

fractions. This technique has been applied in several studies to compare ethane-to-methane 6 

ratios of atmospheric measurements with ratios in nearby natural gas pipelines (e.g., 7 

Wennberg et al., 2012). 8 

 9 

Scatterplots of deseasonalized monthly mean XC2H6 and XCH4 at Zugspitze and Lauder are 10 

shown in Fig. 2a for the period 1999–2006 and in Fig. 2b for the period 2007–2014. All 11 

results of the linear regression and correlation analysis are summarized in Table 2. We find a 12 

significant ethane-methane correlation for 2007–2014 data at Zugspitze with a coefficient of 13 

determination (R
2
) of 0.44, while no significant ethane-methane correlation is found for the 14 

1999–2006 period at Zugspitze and for both periods at Lauder. The regression slope for the 15 

2007–2014 data at Zugspitze amounts to 0.31 ± 0.07 % (uncertainty given on 2σ-level) and is 16 

significantly larger than 0.1 %. In contrast, the slopes do not significantly differ from zero for 17 

1999–2006 at Zugspitze and for both periods at Lauder.  18 

 19 

As the measurements analyzed here represent background conditions (i.e., are not observed in 20 

close proximity to sources), it is not possible to directly infer the ethane-to-methane ratio of 21 

the source from the regression slope. Our methane and ethane time series measured at remote 22 

sites are subject to long-term trends of emissions, photochemical loss (reaction with OH), and 23 

mixing during atmospheric transport. Ethane-to-methane ratios (EMRbackground) determined 24 

from the regression slopes can therefore differ significantly from the original emission ratio 25 

(Borbon et al., 2013; Yokelson et al., 2013) and will likely be smaller due to the different 26 

lifetimes of methane and ethane (Wang et al., 2004; Parrish et al., 2007). Nevertheless, a 27 

rough estimate of the source ethane-to-methane ratio can be obtained using a simple heuristic 28 

model: In a well-stirred reactor emission pulses are instantaneously mixed in the troposphere 29 

followed by first-order chemical loss in the well-mixed troposphere (Parrish et al., 2007). The 30 

source ethane-to-methane ratio can then be inferred from the measured EMRbackground and the 31 



 10 

rate constants for the reaction with OH (kethane = 1.83 × 10
-13

 cm
3
 molec

-1 
s

-1
 and kmethane = 3.68 1 

× 10
-15

 cm
3
 molec

-1 
s

-1
; Sander et al., 2011):  2 

methaneethanebackgroundsource EMREMR kk .         (1) 3 

This simplification is applicable as methane and ethane are long-lived compared to the period 4 

of about 30 days required for the complete dispersion of an emission pulse throughout the 5 

hemispheric troposphere (Parrish et al., 2007). As a first approximation, such long-lived trace 6 

gases can mix within a hemisphere and details of transport and mixing become unimportant 7 

(Stohl et al., 2002), especially if looking at monthly or annual means. Using the simplifying 8 

assumption of a constant emission ratio during 2007–2014 and applying the well-stirred 9 

reactor model, the 2σ-uncertainty range of the regression slope inferred from Zugspitze 2007–10 

2014 data (0.31 ± 0.07 %) transfers to a source ethane-to-methane ratio ranging from 12 % to 11 

19 %. This is within the EMR value range of 1–25 % known to be typical for oil and gas 12 

production emissions (Xiao et al., 2008), while coal mining emissions exhibit lower EMR 13 

values of below 1 % (Xiao et al., 2008; Schwietzke et al., 2014).  14 

 15 

The derived EMR range (12–19 %) would also be in line with a potential contribution from 16 

biomass burning emissions, which are associated with EMR values of 4–18 % (Akagi et al., 17 

2011). However, there are no indications for a strong positive trend in biomass burning 18 

emissions during 2007–2014 that could have caused the observed ethane increase since 2007: 19 

biomass burning emissions from the Global Fire Emission Database GFED4s (van der Werf 20 

et al., 2010; Giglio et al., 2013) modestly decrease during 2007–2014 (five-year averages of 21 

global CH4 biomass burning emissions amount to 14.2 Tg yr
-1

 for 2007 and 13.4 Tg yr
-1 

for 22 

2012). Furthermore, columns of the biomass burning tracer CO do not exhibit a significant 23 

trend during 2007–2014 (-4.6 [-10.0, 1.0] × 10
15

 molec cm
-2

 yr
-1

, 95 % confidence interval) as 24 

determined from the Zugspitze FTIR time series. Consistent results are obtained at the high-25 

altitude NDACC FTIR station of Jungfraujoch (Swiss Alps, 46.5° N), where both biomass 26 

burning tracers CO and HCN do not present an upturn in this time period (Franco et al., 27 

2015). The 2007–2014 trend of CO and HCN total columns at Jungfraujoch amounts to -5.2 [-28 

10.1, -0.3] × 10
15

 molec cm
-2

 yr
-1

 and 0.003 [-0.029, 0.033] × 10
15

 molec cm
-2

 yr
-1

, 29 

respectively (determined via bootstrap method from Jungfraujoch data available from the 30 

NDACC database; E. Mahieu, pers. comm., 2015; the CO time series is an extension of Dils 31 

et al., 2011). 32 
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In summary, methane and ethane time series are significantly correlated for the period from 1 

2007 to 2014 at Zugspitze. From the regression slope, we derive a source emission ratio range 2 

which corresponds to thermogenic methane emissions from oil and natural gas sources. In 3 

contrast, we do not find a significant ethane-methane correlation for Zugspitze data during 4 

1999–2006 and for Lauder data in both periods. Consequently, we draw the inference that 5 

thermogenic methane fugitive emissions from fossil fuel production and distribution have 6 

significantly contributed to the renewed methane increase since 2007. 7 

4.2 Optimized emission scenarios and thermogenic methane increase 8 

To quantify the contribution of thermogenic methane emissions from the growing oil and 9 

natural gas industry to the renewed methane increase since 2007, we proceed as follows: first 10 

we infer the ethane emission change necessary to explain the observed positive ethane trend at 11 

Zugspitze since 2007 using an atmospheric two-box model. These additional ethane emissions 12 

not included in ethane emission inventories are then fully attributed to growing emissions 13 

from oil and natural gas exploitation. As a second step we use a reasonable ethane-to-methane 14 

ratio for oil and natural gas emissions to quantify the associated thermogenic methane 15 

emission increase and relate it to the total methane emission increase during 2007–2014.  16 

 17 

Hemispheric column-averaged methane and ethane time series are simulated with the help of 18 

a two-box atmospheric model based on the work of Aydin et al. (2011) and Kai et al. (2011). 19 

The model represents two well-mixed hemispheres, each with a distinct methane and ethane 20 

source and sink, which are interconnected by interhemispheric exchange with a time scale of 21 

about one year. A brief outline of the two-box model is given in Appendix B together with an 22 

overview of the applied model parameters. The two-box model enables the linkage of the 23 

2007–2014 trend observations at Zugspitze and Lauder with the respective emission histories 24 

of ethane and methane. Initial methane emissions are taken from the latest IPCC report 25 

(IPCC, 2013). About 70 % of global methane emissions are located in the Northern 26 

Hemisphere (Kai et al., 2011). Initial global ethane emissions are compiled from various 27 

emission inventories (see details in Appendix B) for three source categories: fossil fuel related 28 

emissions, biomass burning, and biofuel use emissions. Overall, about 80 % of global ethane 29 

emissions are located in the Northern Hemisphere (Xiao et al., 2008). This northern 30 

hemispheric emission fraction (fN) is distinct for individual ethane sources as they exhibit 31 
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different latitudinal distributions (i.e., fN equals 95 %, 90 %, 81 %, and 53 % for emissions 1 

from oil and natural gas, coal, biofuel use, and biomass burning, respectively; see Table B2). 2 

Major ethane sources in the Southern Hemisphere are interhemispheric transport and biomass 3 

burning (Xiao et al., 2008). 4 

 5 

Our knowledge for developing accurate initial emission inventories is incomplete, therefore 6 

simulated and observed time series of atmospheric methane and ethane mole fractions are 7 

likely to diverge. In order to reconstruct the observed 2007–2014 trend of XCH4 and XC2H6 8 

using the two-box atmospheric model, we developed an optimized emission scenario by 9 

minimizing the difference between modeled and observed trend at Zugspitze. The modeled 10 

trend is determined by linear regression from the modeled annual methane or ethane time 11 

series. Annual global emissions from 2007 to 2014 are optimized by adding a linear emission 12 

growth since 2007 to the initial emission history: 13 

CH40ini  tot,CH4,opt  tot,CH4, )()()( syyyEyE        (2) 14 

and  15 

C2H60ini gas, & oil C2H6,opt gas, & oil C2H6, )()()( syyyEyE  .    (3) 16 

Here, ECH4, tot, ini (y) and EC2H6, oil & gas, ini (y) are the initial annual global emissions of methane 17 

and the initial emissions of ethane from the oil and gas industry in Tg yr
-1

, respectively. 18 

Optimized annual methane and ethane emissions are denoted as ECH4, tot, opt (y) and EC2H6, oil & 19 

gas, opt (y) with year y ∈ [2007, 2014], reference year y0 = 2006, and linear emission growth rate 20 

sCH4 for methane and sC2H6 for ethane. The choice of a linear emission increase in the model is 21 

motivated by largely linear growing fossil fuel production, which implies a linear ethane 22 

emission increase from this sector. Additionally, the positive ethane trend since 2007 can only 23 

be reproduced by a continuous emission increase, as the relatively short lifetime of ethane 24 

prevents it from accumulating over the years. In contrast, the methane increase from 2007 to 25 

2014 could basically be simulated with a step change in methane emissions in 2007 due to its 26 

longer atmospheric lifetime. At least the thermogenic part of methane emissions has to 27 

increase linearly as associated to the linear ethane emission increase. This procedure provides 28 

us with an estimate for the total methane emission increase ΔECH4, tot, opt from 2007 to 2014 29 

causing the observed positive methane trend as well as an estimate of the overall increase in 30 

oil and natural gas ethane emissions ΔEC2H6, oil & gas, opt from 2007 to 2014 necessary to explain 31 



 13 

the ethane increase observed at Zugspitze. The uncertainty of the inferred optimized emission 1 

increase ΔECH4, tot, opt and ΔEC2H6, oil & gas, opt is determined using a perturbation approach: the 2 

lower (upper) bound estimate is inferred from a separate optimization with maximized 3 

(minimized) model trend, which is obtained by setting all two-box model parameters to the 4 

lower or upper bound of their uncertainty range (see Appendix B, Table B1 and B2). 5 

 6 

The contribution C of oil and natural gas emissions to the recent methane increase since 2007 7 

can be inferred as the ratio of the methane emission increase attributed to the ethane oil and 8 

gas emission increase over the period 2007–2014 and the total methane emission increase 9 

from 2007 to 2014: 10 

 11 

              .     (4) 12 

Here, EMR is the molar ethane-to-methane-ratio and MCH4 / MC2H6 the molar mass ratio of 13 

methane and ethane (16 g mol
-1

 / 30 g mol
-1

). The uncertainty range (2.5th–97.5th percentile) 14 

of the oil and natural gas contribution C is determined using a Monte Carlo simulation with 15 

10
6
 random samples from a normal distribution of EMR and from lognormal distributions of 16 

ΔEC2H6, oil & gas, opt and ΔECH4, tot, opt (parameter ranges are interpreted as 3σ-intervals of the 17 

distributions). We consider three emission scenarios characterized by a distinct EMR range. 18 

Our reference scenario (scenario 1) includes a combination of oil and natural gas emissions 19 

with an EMR range of 7.0–16.2 %, which is determined by the natural gas emission upper 20 

bound EMR and the oil emission lower bound EMR given in Schwietzke et al. (2014). Two 21 

more extreme scenarios are considered: either complete attribution to oil-related emissions 22 

with an EMR range of 16.2–31.4 % (scenario 2) or complete attribution to natural gas sources 23 

with an EMR range of 4.4–7.0 % (scenario 3). These EMR ranges are taken from Schwietzke 24 

et al. (2014) and are originally given as mass-based methane-to-ethane-ratios (MER) in Tg 25 

CH4 (Tg C2H6)
-1

. The corresponding MER ranges of the presented emission scenarios amount 26 

to MER = [3.3, 7.6] (scenario 1), MER = [1.7, 3.3] (scenario 2), and MER = [7.6, 12.1] 27 

(scenario 3). For reasons of consistency with Sect. 4.1 we use molar EMR ranges here, which 28 

can be derived as EMR = MER−1 × (MCH4 MC2H6⁄ ) × 100 %.  29 

 30 

𝐶 =
∆𝐸C2H6,   oil & gas,   opt × EMR−1 × (𝑀CH4 𝑀C2H6⁄ )

∆𝐸CH4,  tot,  opt
 



 14 

The emission optimization results obtained with the two-box model can be summarized as 1 

follows: We find a global methane emission increase ΔECH4, tot, opt for 2007–2014 of 24–45 Tg 2 

yr
-1

 and an ethane oil and gas emission increase ΔEC2H6, oil & gas, opt of 1–11 Tg yr
-1

 from 2007 3 

to 2014, which are necessary to simulate the observed positive methane and ethane trend in 4 

this period. For the considered emission scenarios, the oil and natural gas emission 5 

contribution to the renewed methane increase is within the following ranges (95 % confidence 6 

interval): C = [39, 160] % for scenario 1 (oil and gas emission combination), C = [18, 72] % 7 

for scenario 2 (only oil-related emissions), and C = [73, 280] % for scenario 3 (pure natural 8 

gas sources). The lower boundary of these confidence intervals provides an estimate for the 9 

minimum contribution of oil and natural gas emission to the renewed methane increase (upper 10 

boundaries greater than 100 % are physically not meaningful and not further considered). As 11 

oil and natural gas sources cannot be distinguished using the approach presented here, and 12 

reliable information on the ratio of oil versus natural gas emissions is missing, a plausible 13 

EMR for combined oil and natural gas emissions has to be assumed, which is represented in 14 

scenario 1. In contrast, scenario 2 and 3 are only considered as limiting cases and should not 15 

be perceived as realistic settings. 16 

 17 

Two-box model results are presented in Fig. 3: modeled annual mean time series of methane 18 

(Fig. 3a) and ethane (Fig. 3b) are shown for high northern latitudes (HNL: 30–90° N) and for 19 

high southern latitudes (HSL: 30–90° S. Figure 3c depicts prior global methane and ethane 20 

emission inventories as well as the optimized emission scenario from 2007 to 2014 including 21 

optimized total methane emissions and optimized ethane emissions from oil and natural gas 22 

production. As observations at Zugspitze and Lauder are representative for high latitudinal 23 

averages, modeled hemispheric ethane averages have to be related to HNL and HSL averages, 24 

where relatively short-lived ethane is reasonably well-mixed (Simpson et al., 2012). Each 25 

ethane source contributes with different efficiency to high-latitude ethane levels as 26 

concentrated in different latitudes (fossil fuel and biofuel emissions in northern midlatitudes, 27 

biomass burning primarily in tropics). We use the response ratios of HNL or HSL averages to 28 

changes in hemispheric means as determined in Aydin et al. (2011). In contrast to the case of 29 

ethane, methane has a much longer atmospheric lifetime and therefore a relatively small 30 

interhemispheric gradient of about 4 % (Kai et al., 2011) compared to 70 % for ethane 31 

(Simpson et al., 2012). Consequently, the latitudinal gradient between high latitudes and the 32 



 15 

tropics is relatively weak compared to ethane. This is reflected in the ratio of HNL to 1 

hemispheric methane averages, which amounts to 1.02 (derived from Dlugokencky et al., 2 

2015b) and is much smaller than this ratio for ethane (1.38; derived from Simpson et al., 3 

2012). Therefore, we assume modeled hemispheric methane averages to be representative for 4 

high latitudinal averages as a first approximation in the two-box model. In particular, this 5 

assumption seems to be valid for methane as no distinction is made between different sources 6 

with potentially different latitudinal distributions.  7 

 8 

Considering only oil and natural gas ethane emissions in the emission optimization implies 9 

attributing all additional ethane emissions compared to prior emissions to increasing oil and 10 

natural gas sources. This approximation can be justified, as the long-term variability of ethane 11 

is dominated by changes in its fossil fuel sources (Aydin et al., 2011). Furthermore, no 12 

evidence points to a long-term increase in biomass burning or biofuel use emissions 13 

sufficiently strong to explain the observed ethane trend (see discussion in Sect. 4.1 and 14 

Appendix A). The biomass burning emission inventory applied in this study (GFED4s) is 15 

based on satellite-derived estimates of burned area together with biogeochemical modelling 16 

(van der Werf et al., 2010). Such top-down emission inventories can be considered to be more 17 

reliable than bottom-up inventories (Nisbet and Weiss, 2010), such as the applied fossil fuel 18 

emission inventory (Schwietzke et al., 2014). Furthermore, the inventory of Schwietzke et al. 19 

(2014) is available only until 2011 and extrapolated to 2012–2014 using global fossil fuel 20 

production data (see Appendix B), while no extrapolation is required for GFED4s as 21 

emissions in the year 2014 are included. Coal mining emissions may have significantly 22 

contributed to the methane increase since 2007 (Bergamaschi et al., 2013), but play a minor 23 

role in the ethane emission increase which cannot be fully explained by coal-related 24 

emissions. Our approach using ethane as a constraint is not fully suitable to quantify the 25 

methane emission increase related to coal mining, as coal emissions are characterized by 26 

small EMR values of 0.01–1.07 % (MER = 50–5000) (Xiao et al., 2008; Schwietzke et al., 27 

2014) with a substantial contribution of biogenic methane emissions (EMR < 0.1 %) that have 28 

almost no associated ethane emissions. Nevertheless, we account for the global coal 29 

production growth of 22 % since 2007 (U.S. Energy Information Administration, 2015) in the 30 

applied prior ethane emissions from coal mining (see Fig. 3c). 31 

  32 



 16 

Our two-box model estimate of the total methane emission increase from 2007 to 2014 1 

(ΔECH4, tot, opt = 24–45 Tg yr
-1

) agrees well with literature estimates of the methane emission 2 

change in 2007–2014. Bergamaschi et al. (2013) report a methane emission increase by 16–20 3 

Tg yr
-1

 for 2007–2010 compared to 2003–2005. Kirschke et al. (2013) find a methane 4 

emission increase of 17–22 Tg yr
-1

 from 2005 to 2010, which is probably low-biased due to 5 

few observations at the end of the 2010 five-year average. A methane emission increase of 22 6 

± 18 Tg yr
-1

 between 2005 and 2009 (three-year averages) is derived from emissions 7 

estimated with CarbonTracker-CH4 (Bruhwiler et al., 2014; available at 8 

www.esrl.noaa.gov/gmd/ccgg). All of these estimates from the literature can be extrapolated 9 

to the period 2007–2014 assuming constant emission growth over this period. Estimates of the 10 

overall emission increase from 2007 to 2014 amount to 25–31 Tg yr
-1

, 24–31 Tg yr
-1

, and 20–11 

56 Tg yr
-1

 as extrapolated from the estimates in Bergamaschi et al. (2013), Kirschke et al. 12 

(2013), and Bruhwiler et al. (2014), respectively. These estimates of an overall emission 13 

increase for the period 2007–2014 are defined as difference between global methane 14 

emissions in 2014 and in 2007 assuming linear emission growth over this period. These 15 

numbers are to be distinguished from an instantaneous source-sink imbalance in a certain year 16 

derived from the annual methane growth rate in that year using an atmospheric one-box 17 

model and a mole fraction to mass conversion factor (Dlugokencky et al., 1998). According to 18 

that approach a methane growth rate of about 6 ppb yr
-1

 can be translated to a source-sink 19 

imbalance of 16 Tg yr
-1

 (Dlugokencky et al., 2015a). A corresponding emission step change 20 

in 2007 implemented in the two-box model could be used to simulate the observed methane 21 

increase since 2007 (which is not the case for ethane). After the step change a new steady-22 

state is approached on a timescale comparable to the lifetime of methane. 23 

 24 

We have shown above that the observed positive ethane trend in the Northern Hemisphere can 25 

be explained by linearly increasing ethane emissions from oil and natural gas extraction 26 

(emission increase from 2007 to 2014 of ΔEC2H6, oil & gas, opt = 1–11 Tg yr
-1

). The associated oil 27 

and natural gas methane emission increase for 2007–2014 can be determined using a realistic 28 

ethane-to-methane-ratio. We find a significant contribution of growing methane emissions 29 

from oil and natural gas extraction to the total methane emission increase since 2007 30 

estimated with the two-box model. Using Monte Carlo simulation we determine an oil and 31 

natural gas emission contribution of at least 39 % (95 % confidence level) for the reference 32 



 17 

scenario with an EMR range of 7.0–16.2 % and of at least 18 % for the highest EMR scenario 1 

valid for pure oil emissions. 2 

 3 

5 Summary and conclusions 4 

In this study, we demonstrate that long-term observations of column-averaged ethane within 5 

the NDACC FTIR framework provide a valuable constraint on the source attribution of 6 

methane emission changes. We present harmonized time series of column-averaged dry-air 7 

mole fractions of methane and ethane for Zugspitze (47° N) and Lauder (45° S) representative 8 

for high northern and southern latitude background conditions. Long-term trend analysis 9 

reveals consistent changes of methane concentrations in both hemispheres: the period of 10 

stagnating methane growth from 1999 to 2006 is followed by a renewed methane increase 11 

since 2007 continuing through 2014. The 2007–2014 period is characterized by a growth in 12 

column-averaged methane of 6.2 [5.6, 6.9] ppb yr
-1

 at Zugspitze and 6.0 [5.3, 6.7] ppb yr
-1

 at 13 

Lauder (given as 95 % confidence intervals). In the case of ethane, a trend reversal marked by 14 

a significant positive trend of 2.3 [1.8, 2.8] × 10
-2

 ppb yr
-1

 since 2007 is observed in northern 15 

high latitudes at Zugspitze, in contrast to continuing decline (-0.4 [-0.6, -0.1] × 10
-2

 ppb yr
-1

) 16 

in southern high latitudes. 17 

 18 

For the time period of renewed methane increase (2007–2014) we were able to derive 19 

evidence that the underlying overall source ethane-to-methane ratio corresponds to typical 20 

emission ratios of oil and gas production sources (assuming a constant emission ratio for this 21 

time period and well-mixed hemispheres). We presented optimized global methane and 22 

ethane emission scenarios for 2007–2014 consistent with our trend observations at Zugspitze 23 

and Lauder. Necessary to reconstruct the positive ethane trend at Zugspitze is an ethane 24 

emission increase 1–11 Tg yr
-1

 (total increase between 2007 and 2014) from the oil and 25 

natural gas sector. We determined the associated methane emission increase using three 26 

different assumptions of ethane-to-methane ratios: oil and gas source mixture with EMR = 27 

7.0–16.2 % (scenario 1), oil sources with EMR = 16.2–31.4 % (scenario 2), and natural gas 28 

sources with EMR = 4.4–7.0 % (scenario 3). The derived methane emission increase for 29 

2007–2014 constrained by the ethane emission history can then be related to the total methane 30 

emission increase of 24–45 Tg yr
-1

, which is necessary to explain the observed methane trend 31 

from 2007–2014. From this, we found a significant contribution of emissions from oil and 32 



 18 

natural gas production to the renewed methane increase since 2007. At 95 % confidence level, 1 

the increase of these thermogenic methane emissions accounts for at least 39 % (scenario 1 2 

assuming a mixture of oil and natural gas sources), or at least 18 % (scenario 2 assuming pure 3 

oil sources), or at least 73 % (scenario 3 assuming pure gas sources) of the renewed methane 4 

increase. 5 

 6 

For verification of our results, more studies are needed using full 3-D chemical transport 7 

models to simulate atmospheric methane and ethane trends. Our findings indicate the 8 

direction for further source attribution studies of the renewed methane increase and provide 9 

basic knowledge for developing effective methane emission reduction strategies.  10 

 11 

Appendix A: Annual growth rates 12 

In addition to the monthly mean time series and linear trend estimates for column-averaged 13 

methane and ethane at Zugspitze and Lauder in Sect. 3 (Fig. 1), we present annual growth 14 

rates for methane and ethane in Fig. A1. Following the approach of Kirschke et al. (2013), 15 

annual growth rates are calculated as difference of annual mean mole fractions between the 16 

considered and the previous year. Uncertainties are determined as quadratic sum of the 17 

standard errors of these two annual means. Additionally, annual running mean growth rates 18 

for each month are computed analogous to the approach of Rigby et al. (2008). Interannual 19 

variability of annual growth rates is lower in the 2007–2014 period compared to the 1999–20 

2006 period in all cases with exception of the Lauder ethane time series (low variability over 21 

the full time period). In the 2007–2014 period methane growth rates at Zugspitze and Lauder 22 

are generally positive and increasing, while oscillating around zero before. In consistency 23 

with the results of Nisbet et al. (2015), we observe an extraordinarily high methane growth 24 

rate at Zugspitze in 2014 (13.1 ppb yr
-1

). In contrast, methane and ethane growth rates at 25 

Lauder as well as ethane growth at Zugspitze are not particularly high in 2014. 26 

 27 

Even if biomass burning emissions do not show a long-term trend (see Sect 4.1) they could 28 

affect calculated trends due to their interannual variability, especially if strong biomass 29 

burning events occur at the beginning or end of the considered time period. We use the 30 

presented annual growth rates to investigate this influence of biomass burning on our time 31 



 19 

series. Ethane growth rates at Zugspitze are mostly positive in the 2007–2014 period and 1 

mostly negative in the 1999–2006 period with exception of the years 2002 and 2003. This 2 

strong ethane growth could be related to boreal biomass burning events in this time period 3 

(Simmonds et al., 2005; Simpson et al., 2006). A similar pattern is seen in 2012 and 2013, 4 

which is possibly also caused by a biomass burning emission peak in boreal Asia as reported 5 

in the Global Fire Emission Database GFED4s (Giglio et al., 2013). At Lauder relatively high 6 

ethane column-averaged mole fractions and associated higher growth rates are observed in 7 

October and November 2010 (see Fig. 1 and A1). Similar peaks in late 2010 are present in the 8 

time series of total columns of biomass burning tracers HCN and CO at Lauder. This suggests 9 

that a biomass burning event caused these high ethane observations. Biomass burning 10 

emission data from the Global Fire Emission Database reveal no strong fire activity in 2010 11 

within the region of Australia and New Zealand. In contrast, exceptionally high monthly 12 

burned area is recorded in August and September 2010 in Southern Hemisphere South 13 

America probably connected to a strong La Niña event. Related biomass burning emissions 14 

can be convected to the upper troposphere and transported by westerly winds to New Zealand 15 

within 1–2 weeks (Rinsland et al., 1998; Rinsland et al., 2001; Staudt et al., 2002). The 16 

dominance of such transport patterns during the respective measurement period in 2010 is 17 

confirmed using backward trajectories (Stein et al., 2015; available at 18 

http://ready.arl.noaa.gov/HYSPLIT_traj.php). In summary, strong biomass burning events 19 

introduce interannual variability in the presented ethane and methane time series, but should 20 

not have major effects on our trend estimates as they primarily occur within the considered 21 

time periods and not at their beginning or end.  22 

 23 

Appendix B: Atmospheric two-box model 24 

In Sect. 4.2 we simulate hemispheric annual mean column-averaged mole fractions of 25 

methane and ethane using an atmospheric two-box model. Hemispheric growth rates are 26 

determined by hemispheric emissions, chemical loss due to the reaction with OH, and 27 

interhemispheric exchange, as expressed in the following equations: 28 

ex

SNN
N

N



XXX
E

dt

dX 
        (B1) 29 

and 30 
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ex

SNS
S

S



XXX
E

dt

dX 
 .       (B2) 1 

Here, XN and XS are mean column-averaged mole fractions in the Northern and Southern 2 

Hemisphere, λ is the tracer atmospheric lifetime (assumed constant), and τex is the 3 

interhemispheric exchange time. EN and ES are total hemispheric tracer emissions (in units of 4 

ppb yr
-1

), which can be determined from global emissions Eglobal (in Tg yr
-1

) with the 5 

conversion factor c (Tg ppb
-1

) and the fraction fN of global emissions in the northern 6 

hemisphere according to cEfE 2globalNN  and cEfE 2)1( globalNS  . The two-7 

box model described in Equations (B1) and (B2) can be used to model the time series of 8 

methane (e.g., Kai et al., 2011) as well as ethane (e.g., Aydin et al., 2011). The two-box 9 

model parameters and their uncertainties as used in this study are summarized in Table B1 for 10 

methane and in Table B2 for ethane. Uncertainty ranges are given as stated in the reference 11 

cited or, if not included there, as a range of literature values.  12 

 13 

The primary sink for both species is oxidation by OH, which has not shown any large 14 

interannual variability since the late 1970s (IPCC, 2013, p.167). Therefore, we apply a 15 

constant atmospheric lifetime of methane (8.9 ± 1.0 years; Turner et al., 2015) and ethane (2.6 16 

± 0.6 months; Xiao et al., 2008) in our two-box model. Assuming a constant lifetime implies 17 

that potential interannual variability of OH is projected to the modeled source term (see 18 

Bergamaschi et al., 2013; Dlugokencky et al., 1998). However, Kai et al. (2011) found no 19 

significant difference between two-box model simulations with constant and time-dependent 20 

methane lifetime including the feedback of CH4 on OH concentrations. 21 

 22 

Initial global methane emissions are taken from top-down estimates of total methane 23 

emissions (IPCC, 2013, p. 507). In the case of ethane three source categories are 24 

distinguished: fossil fuel extraction (oil, gas, and coal), biomass burning, and biofuel use. 25 

Initial global ethane emissions are compiled from the following emission inventories: (i) 26 

biomass burning emissions from the Global Fire Emission Database GFED4s (van der Werf 27 

et al., 2010; Giglio et al., 2013) with emission factors from Akagi et al. (2011), (ii) biofuel use 28 

emissions from the linearly extrapolated activity data in Fernandes et al. (2007) with 29 

appropriate emission factors (Andreae and Merlet, 2001), and (iii) fossil fuel related 30 



 21 

emissions provided in Schwietzke et al. (2014). The latter includes annual emissions up to 1 

2011 from the extraction of coal (EMR = 0.5 % or MER = 100), oil (EMR = 21.3 % or MER 2 

= 2.5), and natural gas (mean ethane content of 7.3 % at a global fugitive emission rate of 5 3 

%). Initial emission estimates for 2012–2014 are obtained by extrapolation according to the 4 

annual percentage change in global production of coal (OECD/IEA, 2015), oil, and gas (U.S. 5 

Energy Information Administration, 2015). 6 

 7 

Other ethane emissions from oceanic or biogenic sources are negligibly small (Rudolph, 8 

1995; Xiao et al., 2008) and not considered in this work. Furthermore, we do not include a 9 

possible ethane source from geologic outgassing based on the following considerations: 10 

Simpson et al. (2012) state that a large geologic ethane source is unlikely but more 11 

investigation would be required for confirmation. Recently, Nicewonger et al. (2016) report 12 

preindustrial geologic ethane emissions of 2.2–3.5 Tg yr
-1

, similar to a present-day estimate 13 

by Etiope and Ciccioli (2009). However, the temporal variability of geologic emissions is 14 

poorly known and assuming constant source strength might be reasonable (Nicewonger et al., 15 

2016). Implementing a two-box model scenario with an additional constant geologic ethane 16 

source does not considerably change the derived optimized increase in oil and natural gas 17 

ethane emissions since 2007 (change in ΔEC2H6, oil & gas, opt < 0.5 %). On timescales of glacial-18 

interglacial transitions fluctuations of geologic emissions are possible in response to variable 19 

crustal loading or continental shelf exposure (Nicewonger et al., 2016). Such long-term 20 

variations can be linearly approximated on the much shorter period considered here (7 years). 21 

Hence, in a second scenario we assume linear increasing geologic emissions since 2007. If 22 

this linear increase is chosen strong enough to fully account for the observed positive ethane 23 

trend in 2007–2014, geologic emissions would have to increase by about 190 %. An increase 24 

of this strength does not seem to be reasonably and is not evident from the literature. 25 

Consequently we do not consider geologic ethane emissions in our box model as done in 26 

several previous ethane studies (Pozzer et al., 2010; Aydin et al., 2011; Franco et al., 2015). 27 
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Table 1. Results of trend analysis: linear trend estimates and 95 % confidence intervals. 1 

 Trend 1999–2006 (ppb yr
-1

) Trend 2007–2014 (ppb yr
-1

) 

 Zugspitze Lauder Zugspitze Lauder 

Methane 0.8 [0.0, 1.6] 1.3 [0.6, 1.9] 6.2 [5.6, 6.9] 6.0 [5.3, 6.7] 

Ethane (× 10
-2

) -0.5 [-1.0, 0.1] -0.4 [-0.7, -0.2] 2.3 [1.8, 2.8] -0.4 [-0.6, -0.1] 

IHG-XCH4
a 

-0.6 [-1.9, 0.5] 0.7 [-0.4, 1.8] 

IHG-XC2H6
b
 (× 10

-2
)
 

 0.1 [-0.5, 0.7] 2.7 [2.1, 3.3] 

[a]{Interhemispheric gradient (IHG) of methane, defined as difference of northern and 2 

southern high latitudinal averages} 3 

[b]{Interhemispheric gradient of ethane}  4 
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Table 2. Ethane-methane correlation analysis and linear regression results. 1 

            1999–2006            2007–2014 

Zugspitze Lauder Zugspitze Lauder 

Number of monthly 

means n 
80 89 93 65 

Pearson’s correlation 

coefficient R 
-0.03 0.14 0.66 -0.21 

Quality measure

)1()2( 2RnR   
-0.27 1.31 8.45 -1.71 

t value for 99 %  

confidence level 
2.64 2.63 2.63 2.66 

Significant correlation  

(99 % confidence)? 
no no yes No 

Regression slope -0.02 %  0.05 %  0.31 % -0.04 % 

Uncertainty (± 2σ)  ± 0.16 % ± 0.08 % ± 0.07 % ± 0.04 % 
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Table B1. Uncertainty of methane two-box model parameters and implied trend uncertainty. 1 

Model parameter Reference Parameter range Trend (ppb yr
-1

) 

Lifetime (yr) Turner et al. (2015) 8.9 [7.9, 9.9] 6.21 [5.88, 6.53] 

Interh. exchange (yr) Patra et al. (2009) 0.98 [0.55, 1.41] 6.21 [6.10, 6.32] 

Conversion (Tg ppb
-1

)
a
 Patra et al. (2011) 2.845 [2.767, 2.870] 6.21 [6.39, 6.16] 

NH emission fraction (%) Kai et al. (2011) 0.70 [0.65, 0.75] 6.21 [6.14, 6.28] 

Global emissions (Tg yr
-1

): 

1980s 

1990s 

2000s 

1980-2010 

 

IPCC (2013, p. 507) 

IPCC (2013, p. 507) 

IPCC (2013, p. 507) 

IPCC (2013, p. 507) 

 

541 [500, 592] 

554 [529, 596] 

553 [526, 569] 

all decades min/max 

 

6.21 [7.51, 4.60] 

6.21 [7.87, 3.42] 

6.21 [3.55, 7.79] 

6.21 [6.51, 3.38] 

 [a]{Conversion of mole fractions (ppb yr
-1

) to emissions (Tg yr
-1

)}  2 
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Table B2. Uncertainty of ethane two-box model parameters and implied trend uncertainty. 1 

Model Parameter Reference Parameter Range Trend (10
-2 

ppb yr
-1

) 

Lifetime (month) Xiao et al. (2008) 2.6 [2.0, 3.2] 2.27 [1.79, 2.72] 

Interh. Exchange (yr) Patra et al. (2009) 0.98 [0.55, 1.41] 2.27 [2.11, 2.35] 

Conversion (Tg ppb
-1

)
a
 Rudolph (1995) 18 [10, 26] 2.27 [4.08, 1.57] 

NH Emission Fraction (%): 

     Biomass Burning 

     Biofuel Use 

     Coal 

     Oil and Gas 

 

GFED4s
b
 

Xiao et al. (2008) 

Schwietzke et al. (2014) 

Schwietzke et al. (2014) 

 

53 [48, 58]  

81 [73, 89] 

90 [81, 99] 

95 [86, 100] 

 

2.27 [2.26, 2.27] 

2.27 [2.26, 2.27] 

2.27 [2.26, 2.27] 

2.27 [2.11, 2.35] 

Global Emissions (Tg yr
-1

): 

     Biomass Burning 

     Biofuel Use 

     Coal 

     Oil 

     Gas 

 

GFED4s
b
 

Fernandes et al. (2007) 

Schwietzke et al. (2014) 

Schwietzke et al. (2014) 

Schwietzke et al. (2014) 

 

± 65 % 

± 75 % 

± 90 % 

± 40 % 

± 50 % 

 

2.27 [2.19, 2.34] 

2.27 [2.22, 2.31] 

2.27 [2.23, 2.30] 

2.27 [2.19, 2.35] 

2.27 [2.01, 2.53] 

[a]{Conversion of mole fractions (ppb yr
-1

) to emissions (Tg yr
-1

)} 2 

[b]{Global Fire Emission Database version 4 (van der Werf et al., 2010)}  3 
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Figure 1. Time series of monthly mean column-averaged dry-air mole fractions of (a) methane 3 

and (b) ethane measured at Zugspitze and Lauder. Error bars indicate statistical standard error 4 

of ±3σ/√𝑛 with monthly means calculated from n individual measurements with standard 5 

deviation σ. Deseasonalized time series for (c) methane and (d) ethane are displayed along 6 

with linear trend estimates (black lines). See Table 1 for trend magnitudes and uncertainties.  7 

 d)  b) 

 c)  a) 
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 2 

Figure 2. Scatterplots of monthly mean column-averaged ethane and methane derived from 3 

deseasonalized time series at Zugspitze (green) and Lauder (red) for the time periods of (a) 4 

1999–2006 and (b) 2007–2014. Solid (dashed) lines show linear regression results 5 

(uncertainty on 2σ-level).  6 

b)  a) 
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Figure 3. Methane and ethane two-box model: (a) Monthly mean column-averaged methane 3 

and (b) ethane from Zugspitze and Lauder FTIR observations. Modeled annual means of 4 

XCH4 and XC2H6 are shown for high northern and southern latitudes (HNL, HSL) after 5 

emission optimization (solid lines) and with prior emissions (dashed lines). An overall offset 6 

is applied to the modeled time series to fit the observed average for 2007–2014. (c) Emission 7 

scenario for 2007–2014: optimized global emissions of methane (CH4 total opt., left y axis) 8 

and ethane from oil and natural gas sources (C2H6 oil & gas opt., right y axis). For 9 

comparison, the corresponding initial emission histories are displayed along with prior ethane 10 

emissions of all considered source categories.   11 
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Figure A1. Annual growth rates of column-averaged methane and ethane at Zugspitze (left 3 

panels) and Lauder (right panels). Annual increases are calculated as difference of two 4 

consecutive annual means (filled circles). Annual running mean growth rates are depicted as 5 

solid lines (see text for details). 6 


