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Abstract The global burden of atmospheric methane has been increasing over the past decade, but
the causes are not well understood. National inventory estimates from the U.S. Environmental Protection
Agency indicate no signiﬁcant trend in U.S. anthropogenic methane emissions from 2002 to present. Here
we use satellite retrievals and surface observations of atmospheric methane to suggest that U.S. methane
emissions have increased by more than 30% over the 2002–2014 period. The trend is largest in the central
part of the country, but we cannot readily attribute it to any speciﬁc source type. This large increase in U.S.
methane emissions could account for 30–60% of the global growth of atmospheric methane seen in the
past decade.

1. Introduction
Methane is the second most important anthropogenic greenhouse gas, with a radiative forcing of 0.97 W m−2
since preindustrial times on an emission basis, as compared to 1.68 W m−2 for CO2 [Intergovernmental Panel
on Climate Change (IPCC), 2013]. The global burden of atmospheric methane rose by 1–2% a−1 in the 1970s
and 1980s, stabilized in the 1990s [Dlugokencky, 2003], and has been rising again since the mid-2000s [Rigby
et al., 2008; Dlugokencky et al., 2009]. There has been much speculation as to the cause for the recent trends
with explanations including oil and gas production [Wang et al., 2004; Aydin et al., 2011; Simpson et al., 2012;
Bruhwiler et al., 2014; Franco et al., 2015], microbial sources [Kai et al., 2011; Levin et al., 2012], wetlands
[Dlugokencky et al., 2009; Bousquet et al., 2011; Pison et al., 2013; Bergamaschi et al., 2013], and changes in the
OH sink [Fiore et al., 2006; Rigby et al., 2008]. Here we show evidence from atmospheric observations to suggest
that U.S. methane emissions have increased by more than 30% over the past decade, which would represent
a major contribution to the global increase of methane concentrations.
Major anthropogenic sources of atmospheric methane include oil and gas systems, livestock (enteric fermentation and manure management), coal mining, and waste (landﬁlls and wastewater). Wetlands are the
dominant natural source. Oxidation by the hydroxyl radical is the main sink of methane, imposing an atmospheric lifetime of about 10 years [IPCC, 2013; Kirschke et al., 2013]. The current global source of methane
is constrained to 550 ± 60 Tg a−1 from knowledge of the global sink [Prather et al., 2012]. However, estimating the contributions from diﬀerent source types and regions is diﬃcult due to spatial overlap in the
sources and because sources mostly involve biological processes and fossil fuel losses that are hard to quantify
[Dlugokencky et al., 2011].
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Methane emissions can be estimated using “bottom-up” methods that compute emissions as the product of
activity rates (e.g., number of gas wells drilled) and emission factors per unit of activity (e.g., methane emission per well drilled), thus relating emissions to the underlying physical processes. Emission factors often
have large uncertainties. Bottom-up estimates can be tested by “top-down” methods that use atmospheric
observations of methane to constrain emissions on the basis of a chemical transport model relating emissions to concentrations. Inverse studies optimize emission estimates by combining bottom-up and top-down
constraints, often using Bayesian inference.
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Figure 1. The 2002–2014 trends in U.S. methane emissions, atmospheric mixing ratios, and gas production rates.
(top) The total contiguous U.S. (CONUS) methane emissions from three recent inverse studies [Miller et al., 2013;
Wecht et al., 2014; Turner et al., 2015] with horizontal bars indicating the temporal averaging periods and vertical bars
indicating reported uncertainties. U.S. EPA anthropogenic emission estimates from the Greenhouse Gas Inventory for
2002–2012 are also shown, with shading indicating reported uncertainties [US EPA, 2014]. (middle) The monthly
atmospheric methane mixing ratios measured in surface air by the U.S. DOE at the Southern Great Plains site
[SGP; Biraud et al., 2013] near Billings, Oklahoma (36.62∘ N, 97.48∘ W) and the NOAA/ESRL site (BMW) [NOAA ESRL, 2015]
at Bermuda (32.27∘ N, 64.87∘ W), along with the corresponding SGP-BMW diﬀerence (black), a deseasonalized diﬀerence
(gold line), and the ordinary least squares trend expressed as the percent change from 2004 (dashed black line).
(bottom) The trend in CONUS oil and gas production and drilling activity as measured by active rig counts [US EIA, 2015]
(number of active rigs at a given time). Oil and gas production data are from the U.S. Energy Information Administration.

2. U.S. Methane Emissions
The Greenhouse Gas Inventory of the U.S. Environmental Protection Agency [US EPA, 2014] provides the
most detailed bottom-up estimate of U.S. anthropogenic methane emissions, following IPCC guidelines for
reporting [Eggleston et al., 2006]. Figure 1 shows yearly emissions from 2002 to 2012. Values vary between
27.0 and 28.9 Tg a−1 over the period with no signiﬁcant trend. Over 98% of emissions are in the contiguous U.S. (CONUS), excluding Alaska, Hawaii, and Puerto Rico [Maasakkers et al., 2015]. The EDGAR v4.2FT2010
global inventory [European Commission, 2013] also shows no signiﬁcant trend in U.S. emissions from 2002 to
2010 (see Figure S10 in the supporting information). Major contributions in the U.S. EPA inventory and their
interannual ranges are 30–32% from oil and gas, 31–34% from livestock, 21–22% from waste, and 10–13%
from coal. Natural wetland emissions in CONUS are estimated to be 8.5 ± 5 Tg a−1 for 1993–2004 based on
TURNER ET AL.
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the Wetland CH4 Inter-comparison of Models Project ensemble of bottom-up models [Melton et al., 2013;
Wania et al., 2013].
Recent work by Wecht et al. [2014], Miller et al. [2013], and Turner et al. [2015] used inverse methods to derive
CONUS methane emissions of 38.8 ± 1.3, 47.2 ± 1.9, and 52.5 ± 2.1 Tg a−1 , respectively. Wecht et al. [2014] used
Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) satellite data for
July–August 2004. Miller et al. [2013] used NOAA Global Greenhouse Gas Reference Network in situ observations for 2007–2008 from ground stations and aircraft. Turner et al. [2015] used Greenhouse Gases Observing
Satellite (GOSAT) data for June 2009 to December 2011. Wecht et al. [2014] found the total CONUS anthropogenic emissions to be consistent with the U.S. EPA bottom-up estimates, while Miller et al. [2013] and Turner
et al. [2015] found much higher values. All three found maximum emissions in the South Central U.S., a region
with large sources from livestock and oil and gas production. The reported uncertainties in these studies are
likely too low because they do not properly account for systematic errors [Peylin, 2002; Heald et al., 2004;
Ganesan et al., 2014]. The U.S. EPA inventory gives only national totals, so pinpointing speciﬁc regions of discrepancy is diﬃcult, and the spatial overlap between livestock and oil and gas sources makes it diﬃcult to
attribute the high South Central U.S. emissions to a speciﬁc source type [Turner et al., 2015]. A spatially resolved
version of the U.S. EPA inventory is currently under development [Maasakkers et al., 2015].
A possible factor contributing to the diﬀerence in CONUS emissions between the three inverse modeling
studies is the time period investigated, as shown in Figure 1. Treating the results of the inverse studies as a
time series and applying a least squares regression implies an increasing trend of 2.2 Tg a−2 in U.S. methane
emissions. This corresponds to a 38% increase from 2004 to 2011 or a 5.4% a−1 . Natural gas production and
drilling activity increased greatly during that period [US EIA, 2015] (Figure 1, bottom) though the U.S. EPA
inventory indicates a 3% decrease in national oil and gas emissions over the period due to lower emission
factors (better control of leaks).

3. Trends in U.S. Surface Observations
Long-term measurements of methane dry-air molar mixing ratios from the DOE/Atmospheric Radiation
Measurement (ARM) Southern Great Plains (SGP) [Biraud et al., 2013] site in central Oklahoma oﬀer independent evidence of a CONUS emission trend. There are other surface sites in the CONUS (Figure S6), but
SGP has one of the longest continuous records and is most centrally located. Figure 1 (middle) shows the
2002–2014 trend in the deseasonalized diﬀerence between methane measured at SGP and at the Tudor
Hill Atmospheric Observatory in Bermuda (BMW) [NOAA ESRL, 2015], taken as a Northern Hemispheric background. The SGP-BMW diﬀerence shows a trend of 2.3 ppb a−1 (p < 0.01) from 2002 to 2014 and 3.9 ppb a−1
for the 2004–2011 period. This 2004–2011 period is relevant here because it is the time period covered by
the inversion studies [Miller et al., 2013; Wecht et al., 2014; Turner et al., 2015]. A similar trend is found when
using the NOAA Mauna Loa Observatory site in Hawaii (MLO) [NOAA ESRL, 2015] as reference background
(see Figure S7). We may expect the diﬀerence with SGP to reﬂect the footprint of U.S. emissions aﬀecting SGP,
which implies a relative increase in these emissions of 3.6% a−1 for 2002–2014 and 6.0% a−1 for the 2004–2011
time period covered by the inversion studies [Miller et al., 2013; Wecht et al., 2014; Turner et al., 2015].
The 2004–2011 trend is larger because of the 2004 minimum apparent in Figure 1 and is consistent with the
5.4% a−1 CONUS trend for 2004–2011 implied by the inverse studies, as might be expected since SGP is in the
South Central U.S. where inverse studies point to large underestimates in emissions. Scaling the SGP-BMW
diﬀerence correspondingly would suggest a CONUS trend in methane emissions of 3.2% a−1 or 1.3 Tg a−2 for
2002–2014.
Bruhwiler et al. [2014] previously used a global inversion of NOAA/ESRL surface data to derive 2000–2010
emission trends for large continental regions. They found a 4 Tg a−1 increase in fossil fuel emissions
from temperate North America (as deﬁned by The Atmospheric Tracer Transport Model Intercomparison Project regions, which is larger than the CONUS) over that period (0.4 Tg a−2 ). This is a factor of
3–4 lower than what we derive. Their results showed an increasing residual diﬀerence in the simulation
of SGP concentrations over the 2000–2010 period, suggesting a larger trend in CONUS emissions than
derived in their inversion. Schneising et al. [2014] found from SCIAMACHY satellite data that methane emissions grew by 1.5 Tg a−1 in the Bakken (North Dakota) and Eagle ford (Texas) oil and gas basins during
2006–2011, which alone would drive an increase of 5% a−1 in CONUS methane emissions. Franco et al.
[2015] reported a 4.90 ± 0.91% a−1 rise of ethane concentrations over 2009–2014 at the Jungfraujoch
TURNER ET AL.
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European mountain site and pointed
to the growth of North American shale
gas exploitation as a possible explanation. Vinciguerra et al. [2015] found an
increase of ∼6% a−1 in ethane concentrations in Maryland over 2010–2013
and attributed it to gas production
in the Marcellus Shale upwind. They
found no such increase in Atlanta,
where there is no nearby oil and gas
production.
Figure 2. The 2010–2014 trend in U.S. methane enhancements as seen
from GOSAT. The methane enhancement (Δ methane) is deﬁned as the
diﬀerence in the tropospheric column mixing ratio relative to the oceanic
background measured in the glint mode over the North Paciﬁc (176–128∘ W,
25–43∘ N) and normalized with the 2010 Δ methane. Trends are computed
on a 4∘ × 4∘ grid. Statistically signiﬁcant trends (p < 0.01) are indicated by
a dot.

4. Trends in GOSAT
Satellite Data

The GOSAT satellite launched in
Sun-synchronous low Earth orbit in
January 2009 provides retrievals at
sampling locations separated by 90–280 km along the orbit tracks. GOSAT has three observing modes:
high gain (nominal setting over land), medium gain (setting over highly reﬂective surfaces), and ocean glint
(setting over the ocean). We use RemoTeC v2.3.6 proxy methane retrievals [Butz et al., 2011; Schepers et al.,
2012] (data available at http://www.temis.nl/climate/methane.html) in the high-gain nadir and ocean glint
modes that pass all quality ﬂags. The proxy methane retrieval method [Frankenberg et al., 2006] assumes
knowledge of the CO2 concentration, and RemoTeC uses CO2 concentrations from CarbonTracker including
long-term trends [Peters et al., 2007]. Validation with data from the Total Carbon Column Observing Network
[Wunch et al., 2011] shows that the RemoTeC retrieval has a single-scene precision of 14 ppb and a diﬀerential
accuracy of 3 ppb [Buchwitz et al., 2015].
GOSAT observations are spatially sparse, but they are temporally dense because the satellite always revisits the
same ground pixels, every 3 days [Kuze et al., 2009]. They are therefore well suited for temporal trend analyses.
For example, the 4∘ × 4∘ pixel encompassing SGP has 1937 data points from January 2010 to January 2014
(see Figure S15). We examined the spatial distribution of GOSAT CONUS trends from January 2010 to January
2014, using ocean glint retrievals over the North Paciﬁc to subtract the background and correcting for spatial
diﬀerences in tropospheric contributions to the total columns on the basis of local orography. We refer to
the diﬀerence between CONUS methane and North Paciﬁc background for the corresponding latitude as the
enhancement (“Δ methane”) due to U.S. emissions. Paciﬁc air generally provides a good estimate of the U.S.
background at the corresponding latitude [Benmergui et al., 2015]. To check
the consistency in background trends
between nadir and glint modes, we
compared the two at southern midlatitudes (using Patagonia for land)
and found no signiﬁcant diﬀerences
(see Figure S5).

Figure 3. Spatial frequency distributions of 2010–2014 methane increases
seen from GOSAT. Values are shown for the state of Oklahoma, the
contiguous U.S. (CONUS), and the North Paciﬁc (176–128∘ W, 25–43∘ N).
The 2010–2014 trend at the NOAA Mauna Loa Observatory site (MLO) is
also shown. GOSAT trends were computed on a 0.5∘ × 0.5∘ grid, weighted
by the square root of the number of retrievals, and distributions were
computed with kernel density estimation.
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To obtain the orography-corrected Δ
methane, we ﬁrst normalize all the
methane retrievals to account for variations in orography and tropopause
height, similar to the approach of
Kort et al. [2014]. The normalization
is computed by determining the local
(retrievals within a 300 km radial distance) relationship between column
dry-air mole fraction (XCH4 ) in the
GOSAT retrieval and the fraction of air
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in the troposphere (Ftrop ), using all GOSAT retrievals within a 300 km radius. Ftrop is computed from the
tropopause pressure in the NCEP/NCAR reanalysis [Kalnay et al., 1996] and the surface pressure used in the
GOSAT retrieval.
In this manner we obtain the methane enhancement (Δ methane) over the CONUS relative to the North
Paciﬁc at the same latitude as a diﬀerence in tropospheric columns. We then computed a 2010–2014 ordinary
least squares trend in Δ methane for each 4∘ × 4∘ grid box. The horizontal resolution (4∘ × 4∘ ) was chosen to
minimize the impact of smearing due to atmospheric transport (see supporting information).
Figure 2 shows the spatial distribution of trends in GOSAT methane enhancements over CONUS from 2010
to 2014. The trends are expressed as percentage changes relative to the mean 2010 Δ methane. Figure S14
shows the absolute trend in Δ methane. We ﬁnd statistically signiﬁcant (p < 0.01) increasing trends across
the Midwest. Trends are weaker and/or insigniﬁcant in the West and over the eastern seaboard. Trends in Δ
methane can be expected to be proportional to trends in CONUS emissions, and the corresponding emission
trend averaged over the CONUS (2.8 ± 0.3% a−1 ) is comparable to those inferred in Figure 1 from the inverse
studies and the surface sites.
Figure 3 shows the frequency distribution of GOSAT 2010–2014 trends for three selected regions: (1) the
background North Paciﬁc (176–128∘ W, 25–43∘ N), (2) the CONUS, and (3) the state of Oklahoma (for relation
to the SGP site). Also shown is the trend inferred from surface observations at the MLO site for 2010–2014.
North Paciﬁc GOSAT trends are consistent with MLO, providing a check on the background trend used in our
analysis. Using a Metropolis-Hastings algorithm, we ﬁnd that trends in the CONUS distribution are 1.7 ppb a−1
larger than the background, a signiﬁcant diﬀerence (p < 0.01), corresponding to a relative increase in Δ
methane of 2.5% a−1 over the 2010–2014 period. Trends in Oklahoma are 3.2 ppb a−1 larger than background,
corresponding to a relative increase in Δ methane of 4.7% a−1 .

5. Discussion
Long-term surface observations and satellite retrievals of atmospheric methane, interpreted directly and
using inverse methods, point to an increase of more than 30% in U.S. methane emissions over the past decade.
The increase is largest in the central part of the country. The U.S. has seen a 20% increase in oil and gas production [US EIA, 2015] and a ninefold increase in shale gas production from 2002 to 2014 (Figure 1, bottom),
but the spatial pattern of the methane increase seen by GOSAT does not clearly point to these sources. More
work is needed to attribute the observed increase to speciﬁc sources.
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Kirschke et al. [2013] found that the renewed growth in atmospheric methane between 2005 and 2010 could
be explained by a 17–22 Tg a−1 increase in global methane emissions. Our results suggest that increasing
U.S. anthropogenic methane emissions could account for up to 30–60% of this global increase. Other studies
have pointed to tropical sources as a major driver for this increase [Bousquet et al., 2011; Bergamaschi et al.,
2013]. Better understanding of U.S. anthropogenic methane emissions, particularly those from the livestock
and oil and gas sectors, is obviously needed.
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