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Study origins and participants

•  Goal: To better understand natural gas leakage rates by 
critically analyzing available evidence

•  Method: Assemble experts to review existing literature
–  Reviewed ~200 scientific and technical references
–   Reviewed studies at all scales: individual devices to continental 

atmospheric studies
•  Organized by Novim  (UCSB, Institute for Theoretical Physics)

•  Funded by: Cynthia and George Mitchell Foundation and 
Novim
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Background: EPA inventory

•  The EPA GHG inventory1 estimates that ~1.5% of gross 
methane (CH4) production leaks from the natural gas (NG) 
system before it is burned2

•  Small leakage rates from NG systems can be significant 
because CH4 is a potent greenhouse gas (~30x CO2)3



Notes: 
1Data from EPA 2013 inventory, which assess emissions through 2011. 
2Percentage computed as a mass fraction of gross CH4 production from both gas wells and petroleum-associated gas. Stage-
specific leakage rates and gas compositions are used from EPA 2013 Inventory. This is equal to ~1.8% of end-use methane 
consumption. 
3This study uses IPCC AR4 global warming potentials, as these were the standard potentials at the time calculations were 
performed 3



Results: Inventories underestimate CH4 emissions

•  Evidence from numerous studies suggests that total U.S. CH4 
emissions are larger than those estimated by EPA inventory

 
•  National-scale atmospheric studies1 suggest that CH4 

emissions are 50% higher than EPA estimates (uncertainty 
range = 25 – 75% higher)
–  14 million tonnes of excess CH4 per year (range 7 to 21)2

•  Excess CH4 emissions from the NG industry are very likely to 
contribute to this excess, but exact contribution is still 
uncertain

Notes:
1National-scale studies include Kort et al. (2008), Xiao et al. (2008), Miller et al. (2013), Wang et al. (2004)
2This excess amounts to ~14 Tg (+/- 7 Tg) of excess methane


4



Figure 1: What is evidence for excess CH4?

•  In Figure 1, we collect and compare evidence 
from all studies we could locate which:
– Were based on original observations or 

experimentation
– Computed an emissions flux and compared their 

estimate to established emissions factor or 
inventory
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1 kg CH4
≈ 50 scf NG
≈ 1 day of residential NG 
consumption for average US citizen

1 Pg CH4
≈ 50 TCF NG
≈ 2 years of US NG consumption



8
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Ratio < 1 Ratio > 1

Less	  CH4	  measured	  
than	  expected	  

More	  CH4	  measured	  	  
than	  expected	  



10



11

Allen et al. (2013)

Clearstone (2002)



Examples: Bottom-up studies
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Figure S1-2.  Open top tank used in Step 1 of flowback using the equipment configuration 
shown in Figure S1-1.  Upper Left: line leading from well to tank; upper right: temporary plastic 
cover installed and clamped to edge of tank, with exhaust stacks on ground adjacent to tank; 
lower: Conceptual diagram of sampling system.  
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Allen et al. (2013):  Measurement of 
flowback from hydraulic fracturing

 

  

           
           

         
        

         
           

          
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

 
 

 
        

      
         

         
         

  
       

              
            

        
        

ranges of the dual-element detector system. Zeroing of the detectors was done 
using ambient air upwind of the facilities. The calibrations were done prior to use 
of the HiFlowTM Sampler at each site, and then periodically thereafter to ensure 
that no significant drift occurred. The HiFlowTM Sampler is also calibrated 
periodically by releasing known flowrates of methane into the sampler inlet and 
comparing the leak rate measured by the HiFlowTM to the actual gas release rate 
determined using a bubblometer or diaphragm meter. A total of three correction 
factors are applied to the raw data collected.   

Figure 4.  GRI HiFlowTM Sampler 

3.2.3 Measurement of Emissions from Vents and Open-ended Lines 

The emission rates from open-ended lines and vents were measured using an 
appropriate flow-through measurement device (i.e., a precision rotary meter, 
diaphragm flow meter, or rotameter, depending on the flow rate) if total flow 
capture was safe and practicable to achieve and the resulting backpressure on the 
vent system could be tolerated. Otherwise flows were determined by measuring 
the velocity profile across the vent line and the flow area at that point. 

Where flow capture was required custom-fabricated slip-on sheaths made of 
neoprene or plastic sheeting were used to connect a flow line to the end of the 
vent or open-ended line. The sheaths were easy to use and provided a reliable seal 
around the pipe. Nylon insert fittings and clear PVC tubing were used to conduct 
the vented gas from the sheath to the selected flow meter. Each flow measurement 

10 

Clearstone (2002):  Measurement of 
leaks using Hi-Flow sampler

Result: 
•  EPA estimates for hydraulic fracturing 

flowback far overstated
•  Other sources underestimated  (chemical 

pumps, pneumatic controllers, leaks) 

Result: 
•  Mixed results: connectors, PRVs larger than 

EPA, compressor seals smaller than EPA
•  Highly heterogeneous leakage rates (top 10 

sources at each site (50/100,000) were 35% 
of leaks
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Bottom-up studies

Advantages:
No attribution challenges
More precise measurement

Disadvantages:
Sample sizes small
Sampling bias possible
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Miller et al. (2013)

Karion et al. (2013)



Examples: Top-down studies
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and extrapolation approaches used in bottom-up invento-
ries with independent measurements and assessments of
CH4 emissions.
[5] Previous studies that have evaluated inventory esti-

mates of oil and natural gas emissions [Katzenstein et al.,
2003; Pétron et al., 2012] in a production basin with direct
CH4 measurements have concluded that CH4 emissions
from oil and gas production were likely underestimated by
the available inventories. Because these studies took place
in different U.S. regions (Oklahoma, Texas, and Kansas in
Katzenstein et al. [2003] and Colorado in Pétron et al.
[2012]) and over different time periods, it is difficult to
assess to what extent this underestimate is found in all
natural gas–producing regions or whether a trend is appar-
ent. Here we present results from an oil and gas region not
yet studied with atmosphere-based methods (the Uintah
Basin) to the list of those that may have their CH4 emissions
underestimated by bottom-up inventories. The advantage of
this study over previous ones is that the CH4 emissions
estimate does not require critical assumptions about either
emission ratios using other trace gases or boundary layer
flushing time.

2. Methods

2.1. Mass Balance Approach
[6] The mass balance approach is a measurement-based

method for estimating the total emission of a trace gas
released from a defined point [Ryerson et al., 2001] or area
source [Mays et al., 2009; Turnbull et al., 2011; White
et al., 1976], which allows for the direct assessment of uncer-
tainties. The mass balance approach, as applied in this study,
requires the assumption of steady horizontal winds, a well-
developed convective planetary boundary layer (PBL), and
measurements sufficiently downwind of the emission source;
the uncertainties associated with these assumptions are
identified and included in the uncertainty analysis (supple-
mentary text section 4 in the supporting information). The
Uintah County oil and gas field is well suited to this approach
for deriving CH4 fluxes using measurements from aircraft,

because the majority of the 4800 gas wells and nearly
1000 oil wells are concentrated in a relatively small area
(40 × 60 km2, Figure 1) (State of Utah Department of
Natural Resources Division of Oil Gas and Mining, Well
Information Query, 2012, http://oilgas.ogm.utah.gov/Data_
Center/LiveData_Search/well_information.htm.); an aircraft
traveling at 60m s!1 is able to make several transects over
the entire field and one to three vertical profiles during a
3–4 h flight.
[7] In the mass balance approach for flux estimation, the

enhancement of the CH4 mole fraction downwind of the
source, relative to the upwind mole fraction, is integrated
across the width of a horizontal plume in the planetary
boundary layer (PBL) downwind of the source [White
et al., 1976]. When the mean horizontal wind speed and
direction are steady during the transit of an air mass across
an area, the resulting calculated flux is equal to the surface
flux between upwind and downwind measurements. The
CH4 flux is derived to be

f luxCH4 ¼ V ∫
b

!b XCH4 ∫
zPBL
zgroundnairdz

! "
cosθdx (1)

[8] In equation (1), f luxCH4 represents the molar flux
(moles s!1) of CH4 from the basin. V is the mean horizontal
wind speed over the region, averaged over the altitude
between the ground and the top of the PBL, and over the
time an air mass transits the basin. The angle θ is the angle
between the mean wind direction and the direction normal
to the aircraft track downwind, so that cos θdx is the flight
track increment perpendicular to the mean horizontal wind
direction. The CH4 enhancement over the background mole
fraction, i.e., ∆XCH4, is integrated over the width of the plume
(!b to b) along the flight track and multiplied by the integral
of the molar density of air (nair) from the ground (zground, a
function of path distance x) to the top of the PBL (zPBL). In
this calculation, ground-based heat flux measurements are
used to characterize the mean time required to mix surface
emissions from the ground to the top of the PBL (supplemen-
tary text section 4.3 in the supporting information).

Figure 1. CH4 measurements on 3 February 2012. Aircraft flight track overlaid on natural gas (black dots) and oil (blue
dots) well locations along with color-coded CH4 mole fraction. Bold red arrow shows the 3 h trajectory of the downwind
air mass. The locations of two vertical profiles over Horse Pool (red X) and one northwest of Horse Pool (green X) are
also indicated.

KARION ET AL.: CH4 EMISSIONS OVER A NATURAL GAS FIELD

4394

Karion et al. (2013):  Upwind and downwind 
transects of a gas field in rural Utah

Result:  Leakage rate 
of 8.9% (+/- 2.7%) of 
produced gas 
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a covariance function to describe the spatial and temporal cor-
relation of the stochastic component and optimizes its spatial
and temporal distribution simultaneously with the optimization
of the activity datasets in the deterministic component (SI Text,
Fig. S5) (26–28). Because of the stochastic component, the final
emissions estimate can have a different spatial and temporal
distribution from any combination of the activity data.
If the observation network is sensitive to a broad array of

different source sectors and/or if the spatial activity maps are
effective at explaining those sources, many activity datasets will
be included in the deterministic model. If the deterministic
model explains the observations well, the magnitude of CH4
emissions in the stochastic component will be small, the assign-
ment to specific sectors will be unambiguous, and uncertainties
in the emissions estimates will be small. This result is not the case
here, as discussed below (see Results).
A number of previous studies used top-down methods to

constrain anthropogenic CH4 sources from global (29–33) to
regional (13–15, 34–38) scales over North America. Most regional
studies adopted one of three approaches: use a simple box model
to estimate an overall CH4 budget (14), estimate a budget using
the relative ratios of different gases (15, 37–39), or estimate
scaling factors for inventories by region or source type (13, 34–
36). The first two methods do not usually give explicit in-
formation about geographic distribution. The last approach
provides information about the geographic distribution of sour-
ces, but results hinge on the spatial accuracy of the underlying
regional or sectoral emissions inventories (40).
Here, we are able to provide more insight into the spatial

distribution of emissions; like the scaling factor method above,
we leverage spatial information about source sectors from an
existing inventory, but in addition we estimate the distribution of
emissions where the inventory is deficient. We further bolster
attribution of regional emissions from the energy industry using
the observed correlation of CH4 and propane, a gas not pro-
duced by biogenic processes like livestock and landfills.

Results
Spatial Distribution of CH4 Emissions. Fig. 3 displays the result of
the 2-y mean of the monthly CH4 inversions and differences from
the EDGAR 4.2 inventory. We find emissions for the United
States that are a factor of 1.7 larger than the EDGAR inventory.
The optimized emissions estimated by this study bring the model
closer in line with the observations (Fig. 4, Figs. S6 and S7).
Posterior emissions fit the CH4 observations [R2 = 0:64, root
mean square error (RMSE) = 31 ppb] much better than EDGAR

v4.2 (R2 = 0:23, RMSE = 49 ppb). Evidently, the spatial distri-
bution of EDGAR sources is inconsistent with emissions patterns
implied by the CH4 measurements and associated footprints.
Several diagnostic measures preclude the possibility of major

systematic errors in WRF–STILT. First, excellent agreement
between the model and measured vertical profiles from aircraft
implies little bias in modeled vertical air mixing (e.g., boundary-
layer heights) (Fig. 4). Second, the monthly posterior emissions
estimated by the inversion lack statistically significant seasonality
(Fig. S8). This result implies that seasonally varying weather
patterns do not produce detectable biases in WRF–STILT. SI
Text discusses possible model errors and biases in greater detail.
CH4 observations are sparse over parts of the southern and

central East Coast and in the Pacific Northwest. Emissions
estimates for these regions therefore rely more strongly on the
deterministic component of the flux model, with weights
constrained primarily by observations elsewhere. Therefore,
emissions in these areas, including from coal mining, are
poorly constrained (SI Text).

Contribution of Different Source Sectors. Only two spatial activity
datasets from EDGAR 4.2 are selected through the BIC as
meaningful predictors of CH4 observations over the United
States: population densities of humans and of ruminants (Table
S1). Some sectors are eliminated by the BIC because emissions
are situated far from observation sites (e.g., coal mining in West
Virginia or Pennsylvania), making available CH4 data insensitive
to these predictors. Other sectors may strongly affect observed
concentrations but are not selected, indicating that the spatial
datasets from EDGAR are poor predictors for the distribution of
observed concentrations (e.g., oil and natural gas extraction and
oil refining). Sources from these sectors appear in the stochastic
component of the GIM (SI Text).
The results imply that existing inventories underestimate emis-

sions from two key sectors: ruminants and fossil fuel extraction
and/or processing, discussed in the remainder of this section.
We use the optimized ruminant activity dataset to estimate the

magnitude of emissions with spatial patterns similar to animal
husbandry and manure. Our corresponding US budget of 12.7 ±
5.0 TgC·y−1 is nearly twice that of EDGAR and EPA (6.7 and
7.0, respectively). The total posterior emissions estimate over the
northern plains, a region with high ruminant density but little
fossil fuel extraction, further supports the ruminant estimate
(Nebraska, Iowa, Wisconsin, Minnesota, and South Dakota).
Our total budget for this region of 3.4 ± 0.7 compares with 1.5
TgC·y−1 in EDGAR. Ruminants and agriculture may also be

mol m-2 s-1

This study (2007-2008 average)                   EDGARv4.2 inventory                       This study minus EDGARv4.2

−0.04

−0.02

0.00

0.02

>.0455
52
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Fig. 3. The 2-y averaged CH4 emissions estimated in this study (A) compared against the commonly used EDGAR 4.2 inventory (B and C). Emissions estimated
in this study are greater than in EDGAR 4.2, especially near Texas and California.
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Miller et al. (2013): 12,000+ measurements 
underlying atmospheric inverse modeling

Result: Total methane emissions ~1.5 x US 
EPA GHGI



17

Top-down studies

Advantages:
Broad assessment possible
Not subject to same sampling 
biases

Disadvantages:
Attributing emissions to 
sources
Relies on meteorology



Challenge of differing baselines

•  Nearly all bottom-up studies compare their 
results to EPA GHGI1 emissions factors

•  Top-down studies compare to a variety of 
baselines
–  EDGAR
– National (EPA) or regional inventories (WRAP, CARB)

•  Putting studies on consistent basis yields more 
robust insights
–  For each study, scaled 2013 EPA GHGI to region and 

sector appropriate for the given study2

18

Additional notes: 
1One exception: Chambers (2004, 2006) compares his results to CAPP methods
2See supplemental worksheet, sheet ‘Calc – Figure 1 – Inset’ for full computation



19



Summary results: Figure 1

•  Normalized top-down studies suggest 
emissions of CH4 ~1.5X (1.25-1.75)  EPA GHGI

•  NG-specific studies also find excess
– Both top-down and bottom-up tend > 1
– Wider range and more scatter given the smaller 

emission scale

•  We cannot say how much of the overall excess 
is due to the NG system

20



Causes of a methane “gap”

•  Why a gap between observations and 
inventories?

•  Inventories rely on a set of key assumptions
1.  Sampled populations are representative 
2.  Sample sizes are sufficiently large to characterize 

variability 
3.  Distributions are sufficiently normal for valid 

extrapolation from sample mean
4.  Activity factors are well characterized

•  These assumptions not generally met

21



Figure 2: What might be causing excess CH4?

•  In Figure 2, we perform a thought experiment 
on some possible causes of excess CH4, given 
evidence available

•  Focus on NG sources and sources that might 
be mistaken for NG
–  “Look like” NG by chemical or isotopic signature

22
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ronmental Protection Agency (EPA) national 

GHG inventory (GHGI). Atmospheric stud-

ies use aircraft ( 1,  5– 8), tower ( 3,  6), and 

ground ( 3,  7– 10) sampling, as well as remote 

sensing ( 7,  11,  12). All such studies observe 

atmospheric concentrations and must infer 

fl uxes by accounting for atmospheric trans-

port. The various inference methods have 

strengths and weaknesses (see SM). The 

greatest challenge for atmospheric studies 

is attributing observed CH4 concentrations 

to multiple potential sources (both anthropo-

genic and natural).

Results from bottom-up studies (gener-

ally <109 g CH4/year) and atmospheric CH4 

studies at regional scale and larger (above 

1010 g CH4/year) are shown in the fi rst chart. 

We also include studies that do not focus on 

NG systems, in order to place NG emissions 

in context with other CH4 sources. Across 

years, scales, and methods, atmospheric 

studies systematically fi nd larger CH4 emis-

sions than predicted by inventories. EFs were 

also found to underestimate bottom-up mea-

sured emissions, yet emissions ratios for bot-

tom-up studies are more scattered than those 

observed in atmospheric studies ( 13– 16).

Regional and multistate studies focusing 

on NG-producing ( 1– 3,  9) and NG-consum-

ing regions ( 2,  7,  10– 12) fi nd larger excess 

CH4 emissions than national-scale stud-

ies. This may be due to averaging effects of 

continental-scale atmospheric processes, 

to regional atmospheric studies focusing 

on areas with other air quality problems ( 1, 

 3), or simply to methodological variation. 

Atmospheric measurements are constrained 

in spatial and temporal density: Regional 

studies cover 0.5 to 5% of NG production 

or consumption with dense measurements, 

although often limited to short-duration sam-

pling “campaigns” ( 3,  7); national studies 

cover wide areas with limited sample density 

( 6) (table S5).

To facilitate comparison, the inset in the 

first chart normalizes atmospheric studies 

(>1010 g CH4/year) to baselines computed 

from the most recent (2011) EPA GHGI esti-

mates for the year and region in which study 

measurements were made ( 17). After nor-

malization, the largest (e.g., national-scale) 

atmospheric studies (>1012 g CH4/year) sug-

gest typical measured emissions ~1.5 times 

those in the GHGI ( 5,  6,  8,  9).

Why might emissions inventories be 

underpredicting what is observed in the 

atmosphere? Current inventory methods rely 

on key assumptions that are not generally sat-

isfi ed. First, devices sampled are not likely 

to be representative of current technologies 

and practices ( 18). Production techniques 

are being applied at scale (e.g., hydraulic 

fracturing and horizontal drilling) that were 

not widely used during sampling in the early 

1990s, which underlies EPA EFs ( 18).

Second, measurements for generating EFs 

are expensive, which limits sample sizes and 

representativeness. Many EPA EFs have wide 

confi dence intervals ( 19,  20). And there are 

reasons to suspect sampling bias in EFs, as 

sampling has occurred at self-selected coop-

erating facilities.

Third, if emissions distributions have 

“heavy tails” (e.g., more high-emissions 

sources than would be expected in a normal 

distribution), small sample sizes are likely to 

underrepresent high-consequence emissions 

sources. Studies suggest that emissions are 

dominated by a small fraction of “superemit-

ter” sources at well sites, gas-processing 

plants, coproduced liquids storage tanks, 

transmission compressor stations, and dis-

tribution systems (see table S6 and fi g. S2). 

For example, one study measured ~75,000 

components and found that 58% of emissions 

came from 0.06% of possible sources ( 21).

Last, activity and device counts used in 

inventories are contradictory, incomplete, 

and of unknown representativeness ( 17,  22). 

Data should improve with increased report-

ing requirements enacted by EPA ( 23,  24).

Source Attribution in Atmospheric Studies

Does evidence suggest possible sources of 

excess CH4 emissions relative to official 

estimates within the NG sector? A key chal-

lenge is attribution of atmospheric observa-

tions to sources. Isotopic ratios ( 7,  11) and 

prevalence signatures of non-CH4 hydrocar-

bons ( 3,  6– 8) can be used to attribute emis-

sions to fossil sources rather than biogenic 

sources. Evidence from regional studies sug-

gests that CH4 emissions with fossil signa-

tures are larger than expected ( 3,  6,  7,  9,  11), 

whereas national-scale evidence suggests a 

mix of biogenic and fossil sources ( 6). Atmo-

spheric studies that control for biogenic CH4 

sources ( 1,  2,  7) are dependent on biogenic 

source estimation methods that also have 

high uncertainties ( 6). Natural geologic seeps 

could confound attribution (see the second 

chart and SM).

 Studies can attribute emissions to liquid 

petroleum and NG sources rather than coal 

by sampling in places with little coal-sector 

activity ( 2,  3,  6,  7,  9). Attributing leakage 

to the NG system, as defi ned by EPA indus-

try sector classifi cations, is more challeng-

ing. Alkane fi ngerprints may allow attribu-

tion to oil-associated NG ( 9), although NG 

processing changes gas composition, which 

may complicate efforts to pinpoint leakage 

sources. Geographic colocation of facilities 

and sampling, along with geographically 

isolating wind directions ( 2,  3,  7), can allow 

attribution of emissions to NG subsectors. 

Without spatial isolation, sector attribution 

can require assumptions about gas composi-

tion that introduce signifi cant uncertainty ( 2, 

 3,  25).

We plotted results of a thought experiment 

(see the second chart) in which we estimated 

emissions ranges of selected possible sources 

within the NG sector, as well as sources that 

could be mistaken for NG emissions owing to 

chemical and isotopic signatures. Although 

such an analysis is speculative given current 

knowledge, it illustrates ranges of possible 

source magnitudes.

Methane emissions (Tg CH
4
/year)

NG production and processing

NG distribution and use

Petroleum production

All NG hydraulic fracturing

Shale gas hydraulic fracturing

Petroleum hydraulic fracturing

Abandoned oil and gas wells

Geologic seeps

Excess CH
4

Broad industry

sectors

a

a

b c

b c

a b c

d e

f

h

i j k

ml

g
HF sources

Not included

in inventory

0 5 10 15 20

Potential contributions to total U.S. CH4 emissions above EPA estimates. EPA estimate in blue, based 
on central estimate and uncertainty range from large-scale studies from the inset in the fi rst chart. Both NG 
sources and possible confounding sectors are included. NG production, petroleum production, and NG dis-
tribution emissions are based on regional empirical studies ( 1,  2,  6), which estimate emissions rates from 
high-emitting sources but do not estimate prevalence. Scenarios (a) to (c) correspond to 1, 10, and 25% of 
gas production or consumption from such high-emitting sources. Ranges (d) to (g) correspond to estimates 
for fl owback emissions rates during hydraulic fracturing (HF) of all gas wells and shale gas wells, relative to 
EPA estimates. Ranges (h) to (m) refl ect sources not included in EPA CH4 inventories but which could be mis-
taken for NG emissions by chemical or isotopic composition. See SM for details.

Published by AAAS
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ronmental Protection Agency (EPA) national 

GHG inventory (GHGI). Atmospheric stud-

ies use aircraft ( 1,  5– 8), tower ( 3,  6), and 

ground ( 3,  7– 10) sampling, as well as remote 

sensing ( 7,  11,  12). All such studies observe 

atmospheric concentrations and must infer 

fl uxes by accounting for atmospheric trans-

port. The various inference methods have 

strengths and weaknesses (see SM). The 

greatest challenge for atmospheric studies 

is attributing observed CH4 concentrations 

to multiple potential sources (both anthropo-

genic and natural).

Results from bottom-up studies (gener-

ally <109 g CH4/year) and atmospheric CH4 

studies at regional scale and larger (above 

1010 g CH4/year) are shown in the fi rst chart. 

We also include studies that do not focus on 

NG systems, in order to place NG emissions 

in context with other CH4 sources. Across 

years, scales, and methods, atmospheric 

studies systematically fi nd larger CH4 emis-

sions than predicted by inventories. EFs were 

also found to underestimate bottom-up mea-

sured emissions, yet emissions ratios for bot-

tom-up studies are more scattered than those 

observed in atmospheric studies ( 13– 16).

Regional and multistate studies focusing 

on NG-producing ( 1– 3,  9) and NG-consum-

ing regions ( 2,  7,  10– 12) fi nd larger excess 

CH4 emissions than national-scale stud-

ies. This may be due to averaging effects of 

continental-scale atmospheric processes, 

to regional atmospheric studies focusing 

on areas with other air quality problems ( 1, 

 3), or simply to methodological variation. 

Atmospheric measurements are constrained 

in spatial and temporal density: Regional 

studies cover 0.5 to 5% of NG production 

or consumption with dense measurements, 

although often limited to short-duration sam-

pling “campaigns” ( 3,  7); national studies 

cover wide areas with limited sample density 

( 6) (table S5).

To facilitate comparison, the inset in the 

first chart normalizes atmospheric studies 

(>1010 g CH4/year) to baselines computed 

from the most recent (2011) EPA GHGI esti-

mates for the year and region in which study 

measurements were made ( 17). After nor-

malization, the largest (e.g., national-scale) 

atmospheric studies (>1012 g CH4/year) sug-

gest typical measured emissions ~1.5 times 

those in the GHGI ( 5,  6,  8,  9).

Why might emissions inventories be 

underpredicting what is observed in the 

atmosphere? Current inventory methods rely 

on key assumptions that are not generally sat-

isfi ed. First, devices sampled are not likely 

to be representative of current technologies 

and practices ( 18). Production techniques 

are being applied at scale (e.g., hydraulic 

fracturing and horizontal drilling) that were 

not widely used during sampling in the early 

1990s, which underlies EPA EFs ( 18).

Second, measurements for generating EFs 

are expensive, which limits sample sizes and 

representativeness. Many EPA EFs have wide 

confi dence intervals ( 19,  20). And there are 

reasons to suspect sampling bias in EFs, as 

sampling has occurred at self-selected coop-

erating facilities.

Third, if emissions distributions have 

“heavy tails” (e.g., more high-emissions 

sources than would be expected in a normal 

distribution), small sample sizes are likely to 

underrepresent high-consequence emissions 

sources. Studies suggest that emissions are 

dominated by a small fraction of “superemit-

ter” sources at well sites, gas-processing 

plants, coproduced liquids storage tanks, 

transmission compressor stations, and dis-

tribution systems (see table S6 and fi g. S2). 

For example, one study measured ~75,000 

components and found that 58% of emissions 

came from 0.06% of possible sources ( 21).

Last, activity and device counts used in 

inventories are contradictory, incomplete, 

and of unknown representativeness ( 17,  22). 

Data should improve with increased report-

ing requirements enacted by EPA ( 23,  24).

Source Attribution in Atmospheric Studies

Does evidence suggest possible sources of 

excess CH4 emissions relative to official 

estimates within the NG sector? A key chal-

lenge is attribution of atmospheric observa-

tions to sources. Isotopic ratios ( 7,  11) and 

prevalence signatures of non-CH4 hydrocar-

bons ( 3,  6– 8) can be used to attribute emis-

sions to fossil sources rather than biogenic 

sources. Evidence from regional studies sug-

gests that CH4 emissions with fossil signa-

tures are larger than expected ( 3,  6,  7,  9,  11), 

whereas national-scale evidence suggests a 

mix of biogenic and fossil sources ( 6). Atmo-

spheric studies that control for biogenic CH4 

sources ( 1,  2,  7) are dependent on biogenic 

source estimation methods that also have 

high uncertainties ( 6). Natural geologic seeps 

could confound attribution (see the second 

chart and SM).

 Studies can attribute emissions to liquid 

petroleum and NG sources rather than coal 

by sampling in places with little coal-sector 

activity ( 2,  3,  6,  7,  9). Attributing leakage 

to the NG system, as defi ned by EPA indus-

try sector classifi cations, is more challeng-

ing. Alkane fi ngerprints may allow attribu-

tion to oil-associated NG ( 9), although NG 

processing changes gas composition, which 

may complicate efforts to pinpoint leakage 

sources. Geographic colocation of facilities 

and sampling, along with geographically 

isolating wind directions ( 2,  3,  7), can allow 

attribution of emissions to NG subsectors. 

Without spatial isolation, sector attribution 

can require assumptions about gas composi-

tion that introduce signifi cant uncertainty ( 2, 

 3,  25).

We plotted results of a thought experiment 

(see the second chart) in which we estimated 

emissions ranges of selected possible sources 

within the NG sector, as well as sources that 

could be mistaken for NG emissions owing to 

chemical and isotopic signatures. Although 

such an analysis is speculative given current 

knowledge, it illustrates ranges of possible 

source magnitudes.
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taken for NG emissions by chemical or isotopic composition. See SM for details.
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Range of total excess CH4 (based on normalized Figure 1 results)

= 50% (25-75%) above EPA GHGI
= 14 Tg CH4/y (7- 21 Tg CH4/y )
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ronmental Protection Agency (EPA) national 

GHG inventory (GHGI). Atmospheric stud-

ies use aircraft ( 1,  5– 8), tower ( 3,  6), and 

ground ( 3,  7– 10) sampling, as well as remote 

sensing ( 7,  11,  12). All such studies observe 

atmospheric concentrations and must infer 

fl uxes by accounting for atmospheric trans-

port. The various inference methods have 

strengths and weaknesses (see SM). The 

greatest challenge for atmospheric studies 

is attributing observed CH4 concentrations 

to multiple potential sources (both anthropo-

genic and natural).

Results from bottom-up studies (gener-

ally <109 g CH4/year) and atmospheric CH4 

studies at regional scale and larger (above 

1010 g CH4/year) are shown in the fi rst chart. 

We also include studies that do not focus on 

NG systems, in order to place NG emissions 

in context with other CH4 sources. Across 

years, scales, and methods, atmospheric 

studies systematically fi nd larger CH4 emis-

sions than predicted by inventories. EFs were 

also found to underestimate bottom-up mea-

sured emissions, yet emissions ratios for bot-

tom-up studies are more scattered than those 

observed in atmospheric studies ( 13– 16).

Regional and multistate studies focusing 

on NG-producing ( 1– 3,  9) and NG-consum-

ing regions ( 2,  7,  10– 12) fi nd larger excess 

CH4 emissions than national-scale stud-

ies. This may be due to averaging effects of 

continental-scale atmospheric processes, 

to regional atmospheric studies focusing 

on areas with other air quality problems ( 1, 

 3), or simply to methodological variation. 

Atmospheric measurements are constrained 

in spatial and temporal density: Regional 

studies cover 0.5 to 5% of NG production 

or consumption with dense measurements, 

although often limited to short-duration sam-

pling “campaigns” ( 3,  7); national studies 

cover wide areas with limited sample density 

( 6) (table S5).

To facilitate comparison, the inset in the 

first chart normalizes atmospheric studies 

(>1010 g CH4/year) to baselines computed 

from the most recent (2011) EPA GHGI esti-

mates for the year and region in which study 

measurements were made ( 17). After nor-

malization, the largest (e.g., national-scale) 

atmospheric studies (>1012 g CH4/year) sug-

gest typical measured emissions ~1.5 times 

those in the GHGI ( 5,  6,  8,  9).

Why might emissions inventories be 

underpredicting what is observed in the 

atmosphere? Current inventory methods rely 

on key assumptions that are not generally sat-

isfi ed. First, devices sampled are not likely 

to be representative of current technologies 

and practices ( 18). Production techniques 

are being applied at scale (e.g., hydraulic 

fracturing and horizontal drilling) that were 

not widely used during sampling in the early 

1990s, which underlies EPA EFs ( 18).

Second, measurements for generating EFs 

are expensive, which limits sample sizes and 

representativeness. Many EPA EFs have wide 

confi dence intervals ( 19,  20). And there are 

reasons to suspect sampling bias in EFs, as 

sampling has occurred at self-selected coop-

erating facilities.

Third, if emissions distributions have 

“heavy tails” (e.g., more high-emissions 

sources than would be expected in a normal 

distribution), small sample sizes are likely to 

underrepresent high-consequence emissions 

sources. Studies suggest that emissions are 

dominated by a small fraction of “superemit-

ter” sources at well sites, gas-processing 

plants, coproduced liquids storage tanks, 

transmission compressor stations, and dis-

tribution systems (see table S6 and fi g. S2). 

For example, one study measured ~75,000 

components and found that 58% of emissions 

came from 0.06% of possible sources ( 21).

Last, activity and device counts used in 

inventories are contradictory, incomplete, 

and of unknown representativeness ( 17,  22). 

Data should improve with increased report-

ing requirements enacted by EPA ( 23,  24).

Source Attribution in Atmospheric Studies

Does evidence suggest possible sources of 

excess CH4 emissions relative to official 

estimates within the NG sector? A key chal-

lenge is attribution of atmospheric observa-

tions to sources. Isotopic ratios ( 7,  11) and 

prevalence signatures of non-CH4 hydrocar-

bons ( 3,  6– 8) can be used to attribute emis-

sions to fossil sources rather than biogenic 

sources. Evidence from regional studies sug-

gests that CH4 emissions with fossil signa-

tures are larger than expected ( 3,  6,  7,  9,  11), 

whereas national-scale evidence suggests a 

mix of biogenic and fossil sources ( 6). Atmo-

spheric studies that control for biogenic CH4 

sources ( 1,  2,  7) are dependent on biogenic 

source estimation methods that also have 

high uncertainties ( 6). Natural geologic seeps 

could confound attribution (see the second 

chart and SM).

 Studies can attribute emissions to liquid 

petroleum and NG sources rather than coal 

by sampling in places with little coal-sector 

activity ( 2,  3,  6,  7,  9). Attributing leakage 

to the NG system, as defi ned by EPA indus-

try sector classifi cations, is more challeng-

ing. Alkane fi ngerprints may allow attribu-

tion to oil-associated NG ( 9), although NG 

processing changes gas composition, which 

may complicate efforts to pinpoint leakage 

sources. Geographic colocation of facilities 

and sampling, along with geographically 

isolating wind directions ( 2,  3,  7), can allow 

attribution of emissions to NG subsectors. 

Without spatial isolation, sector attribution 

can require assumptions about gas composi-

tion that introduce signifi cant uncertainty ( 2, 

 3,  25).

We plotted results of a thought experiment 

(see the second chart) in which we estimated 

emissions ranges of selected possible sources 

within the NG sector, as well as sources that 

could be mistaken for NG emissions owing to 

chemical and isotopic signatures. Although 

such an analysis is speculative given current 

knowledge, it illustrates ranges of possible 

source magnitudes.
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gas production or consumption from such high-emitting sources. Ranges (d) to (g) correspond to estimates 
for fl owback emissions rates during hydraulic fracturing (HF) of all gas wells and shale gas wells, relative to 
EPA estimates. Ranges (h) to (m) refl ect sources not included in EPA CH4 inventories but which could be mis-
taken for NG emissions by chemical or isotopic composition. See SM for details.
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Broad industry sectors
•  Top-down studies give us emissions estimates for a region (or NG industry sub-sectors)
•  They do not tell us how common these emissions rates are
•  So we construct “illustrative prevalence scenarios”

•  Take leakage rate observations from the literature
•  Apply these to a set fraction of activity (a = 1%, b = 10%, c = 25%) while the rest of 

activity remains at EPA average
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ronmental Protection Agency (EPA) national 

GHG inventory (GHGI). Atmospheric stud-

ies use aircraft ( 1,  5– 8), tower ( 3,  6), and 

ground ( 3,  7– 10) sampling, as well as remote 

sensing ( 7,  11,  12). All such studies observe 

atmospheric concentrations and must infer 

fl uxes by accounting for atmospheric trans-

port. The various inference methods have 

strengths and weaknesses (see SM). The 

greatest challenge for atmospheric studies 

is attributing observed CH4 concentrations 

to multiple potential sources (both anthropo-

genic and natural).

Results from bottom-up studies (gener-

ally <109 g CH4/year) and atmospheric CH4 

studies at regional scale and larger (above 

1010 g CH4/year) are shown in the fi rst chart. 

We also include studies that do not focus on 

NG systems, in order to place NG emissions 

in context with other CH4 sources. Across 

years, scales, and methods, atmospheric 

studies systematically fi nd larger CH4 emis-

sions than predicted by inventories. EFs were 

also found to underestimate bottom-up mea-

sured emissions, yet emissions ratios for bot-

tom-up studies are more scattered than those 

observed in atmospheric studies ( 13– 16).

Regional and multistate studies focusing 

on NG-producing ( 1– 3,  9) and NG-consum-

ing regions ( 2,  7,  10– 12) fi nd larger excess 

CH4 emissions than national-scale stud-

ies. This may be due to averaging effects of 

continental-scale atmospheric processes, 

to regional atmospheric studies focusing 

on areas with other air quality problems ( 1, 

 3), or simply to methodological variation. 

Atmospheric measurements are constrained 

in spatial and temporal density: Regional 

studies cover 0.5 to 5% of NG production 

or consumption with dense measurements, 

although often limited to short-duration sam-

pling “campaigns” ( 3,  7); national studies 

cover wide areas with limited sample density 

( 6) (table S5).

To facilitate comparison, the inset in the 

first chart normalizes atmospheric studies 

(>1010 g CH4/year) to baselines computed 

from the most recent (2011) EPA GHGI esti-

mates for the year and region in which study 

measurements were made ( 17). After nor-

malization, the largest (e.g., national-scale) 

atmospheric studies (>1012 g CH4/year) sug-

gest typical measured emissions ~1.5 times 

those in the GHGI ( 5,  6,  8,  9).

Why might emissions inventories be 

underpredicting what is observed in the 

atmosphere? Current inventory methods rely 

on key assumptions that are not generally sat-

isfi ed. First, devices sampled are not likely 

to be representative of current technologies 

and practices ( 18). Production techniques 

are being applied at scale (e.g., hydraulic 

fracturing and horizontal drilling) that were 

not widely used during sampling in the early 

1990s, which underlies EPA EFs ( 18).

Second, measurements for generating EFs 

are expensive, which limits sample sizes and 

representativeness. Many EPA EFs have wide 

confi dence intervals ( 19,  20). And there are 

reasons to suspect sampling bias in EFs, as 

sampling has occurred at self-selected coop-

erating facilities.

Third, if emissions distributions have 

“heavy tails” (e.g., more high-emissions 

sources than would be expected in a normal 

distribution), small sample sizes are likely to 

underrepresent high-consequence emissions 

sources. Studies suggest that emissions are 

dominated by a small fraction of “superemit-

ter” sources at well sites, gas-processing 

plants, coproduced liquids storage tanks, 

transmission compressor stations, and dis-

tribution systems (see table S6 and fi g. S2). 

For example, one study measured ~75,000 

components and found that 58% of emissions 

came from 0.06% of possible sources ( 21).

Last, activity and device counts used in 

inventories are contradictory, incomplete, 

and of unknown representativeness ( 17,  22). 

Data should improve with increased report-

ing requirements enacted by EPA ( 23,  24).

Source Attribution in Atmospheric Studies

Does evidence suggest possible sources of 

excess CH4 emissions relative to official 

estimates within the NG sector? A key chal-

lenge is attribution of atmospheric observa-

tions to sources. Isotopic ratios ( 7,  11) and 

prevalence signatures of non-CH4 hydrocar-

bons ( 3,  6– 8) can be used to attribute emis-

sions to fossil sources rather than biogenic 

sources. Evidence from regional studies sug-

gests that CH4 emissions with fossil signa-

tures are larger than expected ( 3,  6,  7,  9,  11), 

whereas national-scale evidence suggests a 

mix of biogenic and fossil sources ( 6). Atmo-

spheric studies that control for biogenic CH4 

sources ( 1,  2,  7) are dependent on biogenic 

source estimation methods that also have 

high uncertainties ( 6). Natural geologic seeps 

could confound attribution (see the second 

chart and SM).

 Studies can attribute emissions to liquid 

petroleum and NG sources rather than coal 

by sampling in places with little coal-sector 

activity ( 2,  3,  6,  7,  9). Attributing leakage 

to the NG system, as defi ned by EPA indus-

try sector classifi cations, is more challeng-

ing. Alkane fi ngerprints may allow attribu-

tion to oil-associated NG ( 9), although NG 

processing changes gas composition, which 

may complicate efforts to pinpoint leakage 

sources. Geographic colocation of facilities 

and sampling, along with geographically 

isolating wind directions ( 2,  3,  7), can allow 

attribution of emissions to NG subsectors. 

Without spatial isolation, sector attribution 

can require assumptions about gas composi-

tion that introduce signifi cant uncertainty ( 2, 

 3,  25).

We plotted results of a thought experiment 

(see the second chart) in which we estimated 

emissions ranges of selected possible sources 

within the NG sector, as well as sources that 

could be mistaken for NG emissions owing to 

chemical and isotopic signatures. Although 

such an analysis is speculative given current 

knowledge, it illustrates ranges of possible 

source magnitudes.
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for fl owback emissions rates during hydraulic fracturing (HF) of all gas wells and shale gas wells, relative to 
EPA estimates. Ranges (h) to (m) refl ect sources not included in EPA CH4 inventories but which could be mis-
taken for NG emissions by chemical or isotopic composition. See SM for details.
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Broad industry sectors
•  Example: NG production and processing: 

•  Leakage rate of 9% (Karion et al. (2013) data from Uintah Basin UT)
•  Apply this to 1%, 10% and 25% of US gas production, compute excess

•  Result: High emissions rates from recent atmospheric studies (UT, LA) are not the 
norm. If so, we would see more methane from the continental/national atmospheric 
studies.
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ronmental Protection Agency (EPA) national 

GHG inventory (GHGI). Atmospheric stud-

ies use aircraft ( 1,  5– 8), tower ( 3,  6), and 

ground ( 3,  7– 10) sampling, as well as remote 

sensing ( 7,  11,  12). All such studies observe 

atmospheric concentrations and must infer 

fl uxes by accounting for atmospheric trans-

port. The various inference methods have 

strengths and weaknesses (see SM). The 

greatest challenge for atmospheric studies 

is attributing observed CH4 concentrations 

to multiple potential sources (both anthropo-

genic and natural).

Results from bottom-up studies (gener-

ally <109 g CH4/year) and atmospheric CH4 

studies at regional scale and larger (above 

1010 g CH4/year) are shown in the fi rst chart. 

We also include studies that do not focus on 

NG systems, in order to place NG emissions 

in context with other CH4 sources. Across 

years, scales, and methods, atmospheric 

studies systematically fi nd larger CH4 emis-

sions than predicted by inventories. EFs were 

also found to underestimate bottom-up mea-

sured emissions, yet emissions ratios for bot-

tom-up studies are more scattered than those 

observed in atmospheric studies ( 13– 16).

Regional and multistate studies focusing 

on NG-producing ( 1– 3,  9) and NG-consum-

ing regions ( 2,  7,  10– 12) fi nd larger excess 

CH4 emissions than national-scale stud-

ies. This may be due to averaging effects of 

continental-scale atmospheric processes, 

to regional atmospheric studies focusing 

on areas with other air quality problems ( 1, 

 3), or simply to methodological variation. 

Atmospheric measurements are constrained 

in spatial and temporal density: Regional 

studies cover 0.5 to 5% of NG production 

or consumption with dense measurements, 

although often limited to short-duration sam-

pling “campaigns” ( 3,  7); national studies 

cover wide areas with limited sample density 

( 6) (table S5).

To facilitate comparison, the inset in the 

first chart normalizes atmospheric studies 

(>1010 g CH4/year) to baselines computed 

from the most recent (2011) EPA GHGI esti-

mates for the year and region in which study 

measurements were made ( 17). After nor-

malization, the largest (e.g., national-scale) 

atmospheric studies (>1012 g CH4/year) sug-

gest typical measured emissions ~1.5 times 

those in the GHGI ( 5,  6,  8,  9).

Why might emissions inventories be 

underpredicting what is observed in the 

atmosphere? Current inventory methods rely 

on key assumptions that are not generally sat-

isfi ed. First, devices sampled are not likely 

to be representative of current technologies 

and practices ( 18). Production techniques 

are being applied at scale (e.g., hydraulic 

fracturing and horizontal drilling) that were 

not widely used during sampling in the early 

1990s, which underlies EPA EFs ( 18).

Second, measurements for generating EFs 

are expensive, which limits sample sizes and 

representativeness. Many EPA EFs have wide 

confi dence intervals ( 19,  20). And there are 

reasons to suspect sampling bias in EFs, as 

sampling has occurred at self-selected coop-

erating facilities.

Third, if emissions distributions have 

“heavy tails” (e.g., more high-emissions 

sources than would be expected in a normal 

distribution), small sample sizes are likely to 

underrepresent high-consequence emissions 

sources. Studies suggest that emissions are 

dominated by a small fraction of “superemit-

ter” sources at well sites, gas-processing 

plants, coproduced liquids storage tanks, 

transmission compressor stations, and dis-

tribution systems (see table S6 and fi g. S2). 

For example, one study measured ~75,000 

components and found that 58% of emissions 

came from 0.06% of possible sources ( 21).

Last, activity and device counts used in 

inventories are contradictory, incomplete, 

and of unknown representativeness ( 17,  22). 

Data should improve with increased report-

ing requirements enacted by EPA ( 23,  24).

Source Attribution in Atmospheric Studies

Does evidence suggest possible sources of 

excess CH4 emissions relative to official 

estimates within the NG sector? A key chal-

lenge is attribution of atmospheric observa-

tions to sources. Isotopic ratios ( 7,  11) and 

prevalence signatures of non-CH4 hydrocar-

bons ( 3,  6– 8) can be used to attribute emis-

sions to fossil sources rather than biogenic 

sources. Evidence from regional studies sug-

gests that CH4 emissions with fossil signa-

tures are larger than expected ( 3,  6,  7,  9,  11), 

whereas national-scale evidence suggests a 

mix of biogenic and fossil sources ( 6). Atmo-

spheric studies that control for biogenic CH4 

sources ( 1,  2,  7) are dependent on biogenic 

source estimation methods that also have 

high uncertainties ( 6). Natural geologic seeps 

could confound attribution (see the second 

chart and SM).

 Studies can attribute emissions to liquid 

petroleum and NG sources rather than coal 

by sampling in places with little coal-sector 

activity ( 2,  3,  6,  7,  9). Attributing leakage 

to the NG system, as defi ned by EPA indus-

try sector classifi cations, is more challeng-

ing. Alkane fi ngerprints may allow attribu-

tion to oil-associated NG ( 9), although NG 

processing changes gas composition, which 

may complicate efforts to pinpoint leakage 

sources. Geographic colocation of facilities 

and sampling, along with geographically 

isolating wind directions ( 2,  3,  7), can allow 

attribution of emissions to NG subsectors. 

Without spatial isolation, sector attribution 

can require assumptions about gas composi-

tion that introduce signifi cant uncertainty ( 2, 

 3,  25).

We plotted results of a thought experiment 

(see the second chart) in which we estimated 

emissions ranges of selected possible sources 

within the NG sector, as well as sources that 

could be mistaken for NG emissions owing to 

chemical and isotopic signatures. Although 

such an analysis is speculative given current 

knowledge, it illustrates ranges of possible 

source magnitudes.
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tribution emissions are based on regional empirical studies ( 1,  2,  6), which estimate emissions rates from 
high-emitting sources but do not estimate prevalence. Scenarios (a) to (c) correspond to 1, 10, and 25% of 
gas production or consumption from such high-emitting sources. Ranges (d) to (g) correspond to estimates 
for fl owback emissions rates during hydraulic fracturing (HF) of all gas wells and shale gas wells, relative to 
EPA estimates. Ranges (h) to (m) refl ect sources not included in EPA CH4 inventories but which could be mis-
taken for NG emissions by chemical or isotopic composition. See SM for details.
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Hydraulic fracturing
Emissions rates during flowback are uncertain

Shale gas HF:
•  Examine “Big 5” shale gas plays, use method from O’Sullivan and Paltsev (2012)
•  Low (f) is “current practice” emissions rate: 56 Mg CH4/well
•  High (g) is “all vented” emissions rate: 234 Mg CH4/well

Result: HF may contribute if uncontrolled flowback is the norm.  However, results 
suggests that HF is not the dominant contributor to overall excess CH4.
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ronmental Protection Agency (EPA) national 

GHG inventory (GHGI). Atmospheric stud-

ies use aircraft ( 1,  5– 8), tower ( 3,  6), and 

ground ( 3,  7– 10) sampling, as well as remote 

sensing ( 7,  11,  12). All such studies observe 

atmospheric concentrations and must infer 

fl uxes by accounting for atmospheric trans-

port. The various inference methods have 

strengths and weaknesses (see SM). The 

greatest challenge for atmospheric studies 

is attributing observed CH4 concentrations 

to multiple potential sources (both anthropo-

genic and natural).

Results from bottom-up studies (gener-

ally <109 g CH4/year) and atmospheric CH4 

studies at regional scale and larger (above 

1010 g CH4/year) are shown in the fi rst chart. 

We also include studies that do not focus on 

NG systems, in order to place NG emissions 

in context with other CH4 sources. Across 

years, scales, and methods, atmospheric 

studies systematically fi nd larger CH4 emis-

sions than predicted by inventories. EFs were 

also found to underestimate bottom-up mea-

sured emissions, yet emissions ratios for bot-

tom-up studies are more scattered than those 

observed in atmospheric studies ( 13– 16).

Regional and multistate studies focusing 

on NG-producing ( 1– 3,  9) and NG-consum-

ing regions ( 2,  7,  10– 12) fi nd larger excess 

CH4 emissions than national-scale stud-

ies. This may be due to averaging effects of 

continental-scale atmospheric processes, 

to regional atmospheric studies focusing 

on areas with other air quality problems ( 1, 

 3), or simply to methodological variation. 

Atmospheric measurements are constrained 

in spatial and temporal density: Regional 

studies cover 0.5 to 5% of NG production 

or consumption with dense measurements, 

although often limited to short-duration sam-

pling “campaigns” ( 3,  7); national studies 

cover wide areas with limited sample density 

( 6) (table S5).

To facilitate comparison, the inset in the 

first chart normalizes atmospheric studies 

(>1010 g CH4/year) to baselines computed 

from the most recent (2011) EPA GHGI esti-

mates for the year and region in which study 

measurements were made ( 17). After nor-

malization, the largest (e.g., national-scale) 

atmospheric studies (>1012 g CH4/year) sug-

gest typical measured emissions ~1.5 times 

those in the GHGI ( 5,  6,  8,  9).

Why might emissions inventories be 

underpredicting what is observed in the 

atmosphere? Current inventory methods rely 

on key assumptions that are not generally sat-

isfi ed. First, devices sampled are not likely 

to be representative of current technologies 

and practices ( 18). Production techniques 

are being applied at scale (e.g., hydraulic 

fracturing and horizontal drilling) that were 

not widely used during sampling in the early 

1990s, which underlies EPA EFs ( 18).

Second, measurements for generating EFs 

are expensive, which limits sample sizes and 

representativeness. Many EPA EFs have wide 

confi dence intervals ( 19,  20). And there are 

reasons to suspect sampling bias in EFs, as 

sampling has occurred at self-selected coop-

erating facilities.

Third, if emissions distributions have 

“heavy tails” (e.g., more high-emissions 

sources than would be expected in a normal 

distribution), small sample sizes are likely to 

underrepresent high-consequence emissions 

sources. Studies suggest that emissions are 

dominated by a small fraction of “superemit-

ter” sources at well sites, gas-processing 

plants, coproduced liquids storage tanks, 

transmission compressor stations, and dis-

tribution systems (see table S6 and fi g. S2). 

For example, one study measured ~75,000 

components and found that 58% of emissions 

came from 0.06% of possible sources ( 21).

Last, activity and device counts used in 

inventories are contradictory, incomplete, 

and of unknown representativeness ( 17,  22). 

Data should improve with increased report-

ing requirements enacted by EPA ( 23,  24).

Source Attribution in Atmospheric Studies

Does evidence suggest possible sources of 

excess CH4 emissions relative to official 

estimates within the NG sector? A key chal-

lenge is attribution of atmospheric observa-

tions to sources. Isotopic ratios ( 7,  11) and 

prevalence signatures of non-CH4 hydrocar-

bons ( 3,  6– 8) can be used to attribute emis-

sions to fossil sources rather than biogenic 

sources. Evidence from regional studies sug-

gests that CH4 emissions with fossil signa-

tures are larger than expected ( 3,  6,  7,  9,  11), 

whereas national-scale evidence suggests a 

mix of biogenic and fossil sources ( 6). Atmo-

spheric studies that control for biogenic CH4 

sources ( 1,  2,  7) are dependent on biogenic 

source estimation methods that also have 

high uncertainties ( 6). Natural geologic seeps 

could confound attribution (see the second 

chart and SM).

 Studies can attribute emissions to liquid 

petroleum and NG sources rather than coal 

by sampling in places with little coal-sector 

activity ( 2,  3,  6,  7,  9). Attributing leakage 

to the NG system, as defi ned by EPA indus-

try sector classifi cations, is more challeng-

ing. Alkane fi ngerprints may allow attribu-

tion to oil-associated NG ( 9), although NG 

processing changes gas composition, which 

may complicate efforts to pinpoint leakage 

sources. Geographic colocation of facilities 

and sampling, along with geographically 

isolating wind directions ( 2,  3,  7), can allow 

attribution of emissions to NG subsectors. 

Without spatial isolation, sector attribution 

can require assumptions about gas composi-

tion that introduce signifi cant uncertainty ( 2, 

 3,  25).

We plotted results of a thought experiment 

(see the second chart) in which we estimated 

emissions ranges of selected possible sources 

within the NG sector, as well as sources that 

could be mistaken for NG emissions owing to 

chemical and isotopic signatures. Although 

such an analysis is speculative given current 

knowledge, it illustrates ranges of possible 

source magnitudes.
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Sources not included in inventory

Petroleum hydraulic fracturing:
•  Not included in either NG or petroleum inventory
•  Applies method of O’Sullivan and Paltsev (2012) to HF wells drilled in tight oil plays

•  Bakken, Eagle Ford, Permian
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ronmental Protection Agency (EPA) national 

GHG inventory (GHGI). Atmospheric stud-

ies use aircraft ( 1,  5– 8), tower ( 3,  6), and 

ground ( 3,  7– 10) sampling, as well as remote 

sensing ( 7,  11,  12). All such studies observe 

atmospheric concentrations and must infer 

fl uxes by accounting for atmospheric trans-

port. The various inference methods have 

strengths and weaknesses (see SM). The 

greatest challenge for atmospheric studies 

is attributing observed CH4 concentrations 

to multiple potential sources (both anthropo-

genic and natural).

Results from bottom-up studies (gener-

ally <109 g CH4/year) and atmospheric CH4 

studies at regional scale and larger (above 

1010 g CH4/year) are shown in the fi rst chart. 

We also include studies that do not focus on 

NG systems, in order to place NG emissions 

in context with other CH4 sources. Across 

years, scales, and methods, atmospheric 

studies systematically fi nd larger CH4 emis-

sions than predicted by inventories. EFs were 

also found to underestimate bottom-up mea-

sured emissions, yet emissions ratios for bot-

tom-up studies are more scattered than those 

observed in atmospheric studies ( 13– 16).

Regional and multistate studies focusing 

on NG-producing ( 1– 3,  9) and NG-consum-

ing regions ( 2,  7,  10– 12) fi nd larger excess 

CH4 emissions than national-scale stud-

ies. This may be due to averaging effects of 

continental-scale atmospheric processes, 

to regional atmospheric studies focusing 

on areas with other air quality problems ( 1, 

 3), or simply to methodological variation. 

Atmospheric measurements are constrained 

in spatial and temporal density: Regional 

studies cover 0.5 to 5% of NG production 

or consumption with dense measurements, 

although often limited to short-duration sam-

pling “campaigns” ( 3,  7); national studies 

cover wide areas with limited sample density 

( 6) (table S5).

To facilitate comparison, the inset in the 

first chart normalizes atmospheric studies 

(>1010 g CH4/year) to baselines computed 

from the most recent (2011) EPA GHGI esti-

mates for the year and region in which study 

measurements were made ( 17). After nor-

malization, the largest (e.g., national-scale) 

atmospheric studies (>1012 g CH4/year) sug-

gest typical measured emissions ~1.5 times 

those in the GHGI ( 5,  6,  8,  9).

Why might emissions inventories be 

underpredicting what is observed in the 

atmosphere? Current inventory methods rely 

on key assumptions that are not generally sat-

isfi ed. First, devices sampled are not likely 

to be representative of current technologies 

and practices ( 18). Production techniques 

are being applied at scale (e.g., hydraulic 

fracturing and horizontal drilling) that were 

not widely used during sampling in the early 

1990s, which underlies EPA EFs ( 18).

Second, measurements for generating EFs 

are expensive, which limits sample sizes and 

representativeness. Many EPA EFs have wide 

confi dence intervals ( 19,  20). And there are 

reasons to suspect sampling bias in EFs, as 

sampling has occurred at self-selected coop-

erating facilities.

Third, if emissions distributions have 

“heavy tails” (e.g., more high-emissions 

sources than would be expected in a normal 

distribution), small sample sizes are likely to 

underrepresent high-consequence emissions 

sources. Studies suggest that emissions are 

dominated by a small fraction of “superemit-

ter” sources at well sites, gas-processing 

plants, coproduced liquids storage tanks, 

transmission compressor stations, and dis-

tribution systems (see table S6 and fi g. S2). 

For example, one study measured ~75,000 

components and found that 58% of emissions 

came from 0.06% of possible sources ( 21).

Last, activity and device counts used in 

inventories are contradictory, incomplete, 

and of unknown representativeness ( 17,  22). 

Data should improve with increased report-

ing requirements enacted by EPA ( 23,  24).

Source Attribution in Atmospheric Studies

Does evidence suggest possible sources of 

excess CH4 emissions relative to official 

estimates within the NG sector? A key chal-

lenge is attribution of atmospheric observa-

tions to sources. Isotopic ratios ( 7,  11) and 

prevalence signatures of non-CH4 hydrocar-

bons ( 3,  6– 8) can be used to attribute emis-

sions to fossil sources rather than biogenic 

sources. Evidence from regional studies sug-

gests that CH4 emissions with fossil signa-

tures are larger than expected ( 3,  6,  7,  9,  11), 

whereas national-scale evidence suggests a 

mix of biogenic and fossil sources ( 6). Atmo-

spheric studies that control for biogenic CH4 

sources ( 1,  2,  7) are dependent on biogenic 

source estimation methods that also have 

high uncertainties ( 6). Natural geologic seeps 

could confound attribution (see the second 

chart and SM).

 Studies can attribute emissions to liquid 

petroleum and NG sources rather than coal 

by sampling in places with little coal-sector 

activity ( 2,  3,  6,  7,  9). Attributing leakage 

to the NG system, as defi ned by EPA indus-

try sector classifi cations, is more challeng-

ing. Alkane fi ngerprints may allow attribu-

tion to oil-associated NG ( 9), although NG 

processing changes gas composition, which 

may complicate efforts to pinpoint leakage 

sources. Geographic colocation of facilities 

and sampling, along with geographically 

isolating wind directions ( 2,  3,  7), can allow 

attribution of emissions to NG subsectors. 

Without spatial isolation, sector attribution 

can require assumptions about gas composi-

tion that introduce signifi cant uncertainty ( 2, 

 3,  25).

We plotted results of a thought experiment 

(see the second chart) in which we estimated 

emissions ranges of selected possible sources 

within the NG sector, as well as sources that 

could be mistaken for NG emissions owing to 

chemical and isotopic signatures. Although 

such an analysis is speculative given current 

knowledge, it illustrates ranges of possible 

source magnitudes.
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for fl owback emissions rates during hydraulic fracturing (HF) of all gas wells and shale gas wells, relative to 
EPA estimates. Ranges (h) to (m) refl ect sources not included in EPA CH4 inventories but which could be mis-
taken for NG emissions by chemical or isotopic composition. See SM for details.
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Abandoned oil and gas wells:
•  About 3 million abandoned wells exist in the US, many were abandoned before 

standards were put into place (see SM worksheet for sources)1
•  Emissions rates are uncertain, so choose 1, 10, 100 mcf/y per well (i, j, k)


1	  hHp://www.nyLmes.com/1992/05/03/us/abandoned-‐oil-‐and-‐gas-‐wells-‐become-‐polluLon-‐portals.html	  
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ronmental Protection Agency (EPA) national 

GHG inventory (GHGI). Atmospheric stud-

ies use aircraft ( 1,  5– 8), tower ( 3,  6), and 

ground ( 3,  7– 10) sampling, as well as remote 

sensing ( 7,  11,  12). All such studies observe 

atmospheric concentrations and must infer 

fl uxes by accounting for atmospheric trans-

port. The various inference methods have 

strengths and weaknesses (see SM). The 

greatest challenge for atmospheric studies 

is attributing observed CH4 concentrations 

to multiple potential sources (both anthropo-

genic and natural).

Results from bottom-up studies (gener-

ally <109 g CH4/year) and atmospheric CH4 

studies at regional scale and larger (above 

1010 g CH4/year) are shown in the fi rst chart. 

We also include studies that do not focus on 

NG systems, in order to place NG emissions 

in context with other CH4 sources. Across 

years, scales, and methods, atmospheric 

studies systematically fi nd larger CH4 emis-

sions than predicted by inventories. EFs were 

also found to underestimate bottom-up mea-

sured emissions, yet emissions ratios for bot-

tom-up studies are more scattered than those 

observed in atmospheric studies ( 13– 16).

Regional and multistate studies focusing 

on NG-producing ( 1– 3,  9) and NG-consum-

ing regions ( 2,  7,  10– 12) fi nd larger excess 

CH4 emissions than national-scale stud-

ies. This may be due to averaging effects of 

continental-scale atmospheric processes, 

to regional atmospheric studies focusing 

on areas with other air quality problems ( 1, 

 3), or simply to methodological variation. 

Atmospheric measurements are constrained 

in spatial and temporal density: Regional 

studies cover 0.5 to 5% of NG production 

or consumption with dense measurements, 

although often limited to short-duration sam-

pling “campaigns” ( 3,  7); national studies 

cover wide areas with limited sample density 

( 6) (table S5).

To facilitate comparison, the inset in the 

first chart normalizes atmospheric studies 

(>1010 g CH4/year) to baselines computed 

from the most recent (2011) EPA GHGI esti-

mates for the year and region in which study 

measurements were made ( 17). After nor-

malization, the largest (e.g., national-scale) 

atmospheric studies (>1012 g CH4/year) sug-

gest typical measured emissions ~1.5 times 

those in the GHGI ( 5,  6,  8,  9).

Why might emissions inventories be 

underpredicting what is observed in the 

atmosphere? Current inventory methods rely 

on key assumptions that are not generally sat-

isfi ed. First, devices sampled are not likely 

to be representative of current technologies 

and practices ( 18). Production techniques 

are being applied at scale (e.g., hydraulic 

fracturing and horizontal drilling) that were 

not widely used during sampling in the early 

1990s, which underlies EPA EFs ( 18).

Second, measurements for generating EFs 

are expensive, which limits sample sizes and 

representativeness. Many EPA EFs have wide 

confi dence intervals ( 19,  20). And there are 

reasons to suspect sampling bias in EFs, as 

sampling has occurred at self-selected coop-

erating facilities.

Third, if emissions distributions have 

“heavy tails” (e.g., more high-emissions 

sources than would be expected in a normal 

distribution), small sample sizes are likely to 

underrepresent high-consequence emissions 

sources. Studies suggest that emissions are 

dominated by a small fraction of “superemit-

ter” sources at well sites, gas-processing 

plants, coproduced liquids storage tanks, 

transmission compressor stations, and dis-

tribution systems (see table S6 and fi g. S2). 

For example, one study measured ~75,000 

components and found that 58% of emissions 

came from 0.06% of possible sources ( 21).

Last, activity and device counts used in 

inventories are contradictory, incomplete, 

and of unknown representativeness ( 17,  22). 

Data should improve with increased report-

ing requirements enacted by EPA ( 23,  24).

Source Attribution in Atmospheric Studies

Does evidence suggest possible sources of 

excess CH4 emissions relative to official 

estimates within the NG sector? A key chal-

lenge is attribution of atmospheric observa-

tions to sources. Isotopic ratios ( 7,  11) and 

prevalence signatures of non-CH4 hydrocar-

bons ( 3,  6– 8) can be used to attribute emis-

sions to fossil sources rather than biogenic 

sources. Evidence from regional studies sug-

gests that CH4 emissions with fossil signa-

tures are larger than expected ( 3,  6,  7,  9,  11), 

whereas national-scale evidence suggests a 

mix of biogenic and fossil sources ( 6). Atmo-

spheric studies that control for biogenic CH4 

sources ( 1,  2,  7) are dependent on biogenic 

source estimation methods that also have 

high uncertainties ( 6). Natural geologic seeps 

could confound attribution (see the second 

chart and SM).

 Studies can attribute emissions to liquid 

petroleum and NG sources rather than coal 

by sampling in places with little coal-sector 

activity ( 2,  3,  6,  7,  9). Attributing leakage 

to the NG system, as defi ned by EPA indus-

try sector classifi cations, is more challeng-

ing. Alkane fi ngerprints may allow attribu-

tion to oil-associated NG ( 9), although NG 

processing changes gas composition, which 

may complicate efforts to pinpoint leakage 

sources. Geographic colocation of facilities 

and sampling, along with geographically 

isolating wind directions ( 2,  3,  7), can allow 

attribution of emissions to NG subsectors. 

Without spatial isolation, sector attribution 

can require assumptions about gas composi-

tion that introduce signifi cant uncertainty ( 2, 

 3,  25).

We plotted results of a thought experiment 

(see the second chart) in which we estimated 

emissions ranges of selected possible sources 

within the NG sector, as well as sources that 

could be mistaken for NG emissions owing to 

chemical and isotopic signatures. Although 

such an analysis is speculative given current 

knowledge, it illustrates ranges of possible 

source magnitudes.
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high-emitting sources but do not estimate prevalence. Scenarios (a) to (c) correspond to 1, 10, and 25% of 
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for fl owback emissions rates during hydraulic fracturing (HF) of all gas wells and shale gas wells, relative to 
EPA estimates. Ranges (h) to (m) refl ect sources not included in EPA CH4 inventories but which could be mis-
taken for NG emissions by chemical or isotopic composition. See SM for details.
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Petroleum HF not likely a major source. Abandoned wells could contribute, but 
requires assuming high leakage rates. Geologic seeps could confound, but some 
studies (e.g., Miller et al. 2013) already account for this.



Results: Variability and “super-emitters”

•  Bottom-up studies1 suggest that unintentional 
leakage rates vary greatly between devices
–  Most devices do not leak
–  A small fraction of devices leak excess gas (1-2 %)
–  A very small fraction (<<1%) leak a large amount. These 

super-emitters often contribute a large fraction of the total 
leakage
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Additional notes: 
1See Table S6 in paper SM for tabular evidence of “super-emitters”



Distributions of emissions
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Fig. S2. (a) Observed distribution of leakage rates across 203 wells reported by Alvarez et al. (28). Original 
data from a study in Fort Worth region (83). (b) Observations of leakage rates by type of equipment and 
source from the Harrison et al. study (13). In the Harrison plot, emissions for each group of equipment are 
expressed as multiples of the mean emissions for that group. (c) Distribution of emissions across ~1600 
extracted emissions rates from the Clearstone et al. study [Appendix I in (16)] Marked with black arrows 
are single sources that are unable to be seen due to the axis scale: high emitters at 10–50 mcf/d and one 
very high emitter above 150 mcf/d.  
  

Alvarez et al. (2012)
Well pad emissions

Footnotes: 
1Figure S2 in paper SM
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Fig. S2. (a) Observed distribution of leakage rates across 203 wells reported by Alvarez et al. (28). Original 
data from a study in Fort Worth region (83). (b) Observations of leakage rates by type of equipment and 
source from the Harrison et al. study (13). In the Harrison plot, emissions for each group of equipment are 
expressed as multiples of the mean emissions for that group. (c) Distribution of emissions across ~1600 
extracted emissions rates from the Clearstone et al. study [Appendix I in (16)] Marked with black arrows 
are single sources that are unable to be seen due to the axis scale: high emitters at 10–50 mcf/d and one 
very high emitter above 150 mcf/d.  
  

NGML et al. 2006
Gas plants, other

Harrison et 
al. (2012)



Dominance of a few sources
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Fig. S3. Comparison of (a) the numbers of counts of sources by emissions strength, and (b) the volume of 
emissions by emissions strength for the NGML/Clearstone dataset (16). A small number of emissions 
sources in the tail of the emissions distribution (10+ MSCF/d) account for a large fraction of the total 
emissions. 
 
  

a b 

Number of sources Emissions contribution

Footnotes: 
1See Figure S3 in paper SM. Data from NGML, IES, Clearstone (2006) report for EPA.  Measurements at gas plants, well pads, 
other sources.



Misalignment: inventories, LCAs, measurements

•  A still-entangled problem: methodologies have 
different system boundaries

•  Comparisons require understanding 
congruence (or lack thereof) between LCA, 
inventories, and experimental evidence

•  Examples
– Peischl et al. (2013) gas vs. petroleum
– EPA GHGI vs. LCA
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Results: NG fuel substitution

•  Leakage rates from the NG system still favor coal to NG 
substitution for electricity generation 
–  100 year global warming potentials, life cycle basis
–  To favor coal: high estimate of undercounted emissions (1.75x EPA); all 

excess CH4 from NG industry.
–  We know other sources contribute; e.g., livestock 

•  Climate benefits from using NG in transportation are uncertain 
(for gasoline cars) or unlikely (for heavy-duty diesel vehicles)
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Footnotes:
Fuel switching benefits defined using cutoff percentages from Alvarez et al. (2012)



Fuel switching caveats

•  We use 100-year climate assessment period
•  We rely on Alvarez et al. (2012) analysis and assumptions

–  Leakage rates for NG vehicle refueling and vehicle efficiencies
–  Global warming potentials for CH4 have since increased

•  System boundary alignment between inventories and LCAs is 
poor
–  Attributing emissions between oil and gas in co-producing systems

•  Does not consider technological change or reductions in 
leakage
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Need for more science

•  Atmospheric studies have uncertainty due to challenges 
inherent in atmospheric modeling 
–  More scientific development needed to improve attribution and reduce 

uncertainty

•  Measurements from facilities’ current operations are lacking
–  Need much more data from variety of emission sources
–  Need broader participation in studies (e.g., large and small operators) 

and variety of methods

•  Closing the gap between estimates from experiments 
and invetories is a key challenge"
–  Work is ongoing around the country in this area (EDF effort, many 

national laboratories and universities)

37



Opportunities to solve the problem

•  Leakage detection and repair programs have 
been shown to be profitable

•  Super-emitting sources: if we can find them 
cheaply and quickly, they are profitable to fix

•  EPA Inventory accuracy should be improved to 
provide better policy guidance
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