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ABSTRACT: The rapid reduction of methane emissions,
especially from oil and gas (O&G) operations, is a critical part
of slowing global warming. However, few studies have attempted
to specifically characterize emissions from natural gas gathering
pipelines, which tend to be more difficult to monitor on the
ground than other forms of O&G infrastructure. In this study, we
use methane emission measurements collected from four recent
aerial campaigns in the Permian Basin, the most prolific O&G
basin in the United States, to estimate a methane emission factor
for gathering lines. From each campaign, we calculate an emission
factor between 2.7 (+1.9/−1.8, 95% confidence interval) and 10.0
(+6.4/−6.2) Mg of CH4 year−1 km−1, 14−52 times higher than the
U.S. Environmental Protection Agency’s national estimate for
gathering lines and 4−13 times higher than the highest estimate derived from a published ground-based survey of gathering lines.
Using Monte Carlo techniques, we demonstrate that aerial data collection allows for a greater sample size than ground-based data
collection and therefore more comprehensive identification of emission sources that comprise the heavy tail of methane emissions
distributions. Our results suggest that pipeline emissions are underestimated in current inventories and highlight the importance of a
large sample size when calculating basinwide pipeline emission factors.
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■ INTRODUCTION
Natural gas production in the United States increased by more
than 50% from 2010 to 2020.1 Although the combustion of
natural gas, whose primary component is methane, emits less
carbon dioxide than the combustion of oil or coal, recent
research has identified large methane emissions from natural
gas infrastructure in basins across North America.2 Rapid
mitigation of these emissions from the oil and gas (O&G)
sector can significantly curb climate change in a cost-effective
manner.3

To date, few studies have characterized methane emissions
from gathering pipelines, which are part of the gathering
system that transports natural gas from well sites to processing
plants for treatment, or directly to the transmission system for
produced gas already near pipeline composition. Gathering
pipelines are most often made of steel, plastic, or cast iron, and
inlet pressures of gathering systems typically range from 100 to
2000 kPa (1 to 20 bar),4−6 making gathering pipeline pressures
generally lower than transmission pipeline pressures and higher
than distribution pipeline pressures. Gas is moved through the
gathering pipeline network by compressor stations, which are
components of the gathering system sometimes used to
dehydrate gas and which have also been shown to be

significant sources of emissions.7,8 Gathering pipelines
generally emit methane in three different ways: (1) from
leaking (typically underground) pipelines, (2) from leaking
(above-ground) auxiliary equipment, and (3) during inten-
tional venting at auxiliary equipment (e.g., maintenance
blowdowns).5

Emissions from pipelines tend to be more challenging to
measure than emissions from other types of natural gas
infrastructure. Pipelines often form complex linear networks,
which are more difficult and time-consuming to monitor than
large discrete facilities that contain infrastructure elements
known to be significant sources of fugitive emissions (e.g., well
sites, storage tanks, and compressor stations). Moreover, many
gathering pipelines are underground and in difficult-to-access
locations, potentially complicating their identification and
inspection.
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The greenhouse gas inventory (GHGI) published by the
U.S. Environmental Protection Agency (EPA) estimates
national methane emissions from gathering pipelines based
on operator submissions to the Greenhouse Gas Reporting
Program (GHGRP).9 Additionally, a small number of
published studies have used ground-based measurement
techniques to estimate methane emissions from gathering
pipelines.5,10,11 These studies each surveyed between 73 and
187 km of gathering pipelines and identified no emission
sources measuring higher than 4.0 kg h−1. All three surveys
found small leaks from auxiliary equipment, but just one5

found an explicit pipeline leak.
Recent studies employing developments in aerial remote

sensing have identified significant emissions emanating from
pipelines in natural gas production regions.12−14 The primary
merit of an aerial-based method lies in the observation that
methane emissions follow extreme distributions; specifically, in
any given survey, a small number of high-emitting sources tend
to be responsible for the majority of aggregate emissions.15

Because of the positive skew, the mean of most sampled
subsets will be lower than the true population mean, and an
insufficient sample size will likely miss the high-emitting
sources and by extension significantly underestimate aggregate
emissions. Aerial methods are suitable for efficiently and cost-
effectively collecting large amounts of measurement data
(hundreds to thousands of square kilometers of coverage per
day, depending on the platform). While the sensitivity of aerial
methods is generally lower than that of ground methods and
therefore aerial methods fail to detect some small sources, this
can be offset by the larger sample size and potential to detect
infrequent large sources.

This study aims to integrate such aerial measurements to
better constrain the prevalence of large emission sources from
gathering pipelines. Specifically, we are interested in deriving a
basinwide emission factor (EF) for natural gas gathering lines.
Although studies vary in their conventions, we define an EF as
a measure of the methane emission rate per unit distance of
pipeline. We focus on pipelines in the Permian Basin, a highly
productive and rapidly growing O&G basin that spans western
Texas and southeastern New Mexico.

■ MATERIALS AND METHODS
In this study, we use emissions measurement data acquired
from four aerial campaigns conducted in the Permian Basin
(Figure S1). Each of these campaigns (here labeled Fall 2019,
Summer 2020, Summer 2021, and Fall 2021) lasted 2−6 weeks
and covered major production regions of the Midland and
Delaware sub-basins of the Permian. In each survey, an aircraft
equipped with the Global Airborne Observatory (GAO)
imaging spectrometer,16 and in the Fall 2019 survey,
additionally with the identical Next Generation Airborne
Visible/Infrared Imaging Spectrometer (AVIRIS-NG), the
latter of which has been validated in controlled release
experiments,17 amassed aerial coverage in excess of 8000 km2.
The aircraft followed raster flight patterns to cover all emission
sources, including but not limited to pipelines, in a particular
area. It should be noted that narrower field-of-view aerial
remote sensing deployed in defined flight paths can survey
specific pipelines.

For attributing methane emissions to natural gas gathering
pipelines, we followed the conventions used in previous aerial-
based studies of methane emissions from O&G infra-
structure.12,13 In brief, after an automated attribution process
based on radial distances between plume location and
infrastructure element GIS data, we manually inspected each
emission source (defined as a collection of plumes located
within a 150 m radius, the approximate length of a well pad)
using imagery collected from the aircraft or satellites. We then
assigned each source to a particular type of infrastructure based
on GIS data containing upstream and midstream infra-
structure, including pipelines.18 We conducted a second
round of manual attribution to discriminate between emission
sources emanating from gathering pipelines and those from
transmission pipelines, but the occasional co-location of these
lines made such discrimination unfeasible in ∼5% of cases
(section S1 of the Supporting Information).

To estimate the linear distance of gathering pipelines in each
survey region, data for pipelines were acquired in April 2022
from the Enverus Drillinginfo and Enverus Prism platforms
(section S2).18,19 We restrict the data set of pipelines to those
categorized as gathering, operational, and carrying a
commodity type of natural gas, as these are the pipelines
that can emit nontrivial amounts of methane. Realistically, oil
pipelines cannot emit sizable volumes of methane because any

Figure 1. (a) Cumulative contribution of gathering pipeline source emissions to total gathering pipeline emissions, for each of the four aerial
campaigns. To accurately estimate each gathering pipeline emission source’s persistence-adjusted emission rate, only sources for which no ≥ 3 are
included. In each campaign, a small number of high-emitting sources were responsible for a significant portion of total emissions. (b) Distribution
of plume emission rates attributed to gathering pipelines. The lower frequency of low-emission-rate plumes indicates the aerial instrument’s
faltering detection probability.
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entering liquids must first be stabilized so as to not contain
more gas than permitted.

To estimate aggregate emissions from gathering pipelines in
each survey, we include all individual emission sources that
were attributed as gathering pipelines. Including all measured
sources produces an unbiased estimate of aggregate measurable
emissions within the flight region; however, sources with low
no values (defined as the number of days the source was flown
over) have a positive persistence (defined as nd/no, where nd is
the number of days during which non-zero emissions were
detected from the source) bias, meaning that their individual
persistence-adjusted emission rate13 estimates are also
potentially positively biased (section S3). We thus consider
two sensitivity tests to assess the variability in total emissions
quantification. First, we restrict the analysis to sources for
which no ≥ 3, a threshold sufficiently high to reasonably
estimate an individual source’s persistence.13 For the same
reason, throughout this study, we limit our calculations
involving individual pipeline sources (e.g., emission rates and
persistence) to those for which no ≥ 3. Second, we further
restrict the analysis to sources that were detected to be
emitting on more than one day’s flyover (no ≥ 3; nd > 1). This
segregates sources that might be the result of blowdowns,
maintenance operations, or otherwise short-term emissions
and focuses quantification only on emission sources that are
highly persistent and more likely fugitive.

■ RESULTS AND DISCUSSION
We find that pipeline emission sources in the four aerial
surveys exhibit the well-documented behavior that a few large
sources contribute to a large amount of aggregate emis-
sions.15,20 As an illustration, the largest gathering pipeline
emission source identified in the Fall 2019 campaign was
observed to be emitting 4689 [±2297, 95% confidence interval

(CI)] kg of CH4 h−1, roughly the same rate as the smallest 91
sources (of 158 total, using no ≥ 3) combined from the same
campaign. Across the four surveys, a small percentage, between
12.0% and 21.1%, of the highest-emitting sources (again, for
which no ≥ 3) account for >50% of total emissions (see Figure
1a). However, this is less extremely distributed than is expected
according to the emission size distributions found in previous
studies of other O&G components.15

Table 1 contains the aggregated pipeline and emission data,
and the resulting EF, for each of the four aerial campaigns.
Using all measured sources, our EF estimates for natural gas
gathering pipelines range from 2.7 (+1.9/−1.8) Mg year−1

km−1 for Fall 2021 to 10.0 (+6.4/−6.2) Mg year−1 km−1 for
Fall 2019. As part of the Environmental Defense Fund’s
Permian Methane Analysis Project,21 operators were provided
coordinates and emission rates for all sources in the Summer
2021 data set. This information was shared before the Fall
2021 campaign, which could help explain the decrease in EF.

Figure 1b illustrates the distribution of emissions from
plumes attributed to gathering pipelines. Because the peak bin
in each plume emission rate histogram is located in the range
of 70−200 kg h−1, the detection probability appears to falter at
a level significantly higher than the 10−20 kg h−1 minimum
detection limit estimated through controlled release tests.17

This increased minimum detection limit may be exacerbated
by below-surface processes that can cause emissions to surface
far from the pipeline and interfere with the sensitivity of above-
ground methane measurement devices.22 Therefore, aerial
measurements of gathering pipelines, which are often located
underground, may have functionally higher detection limits.
Also, controlled release testing provides, in some ways, ideal
conditions for detection and segregation of plumes from the
background, so it may provide “best case” conditions that are
difficult to obtain in real-world large-scale applications. This

Table 1. Emission Factors for the Four Aerial Campaigns and Previous Estimatesa

campaign
survey
subset

area
(km2)

gathering pipeline
distance (km)

no. of gathering pipeline
emission sources

gathering pipeline
emissions (kg h−1)

emission factor
(Mg year−1 km−1)

Permian Basin Fall
2019

full 62000 79000 ± 8800 331 90000 ± 55000 10.0 (+6.4/−6.2)
no ≥ 3 15000 28000 ± 2900 158 28000 ± 18000 8.9 (+6.1/−5.9)
no ≥ 3;
nd > 1

15000 28000 ± 2900 45 14000 ± 8800 4.5 ± 2.9

Permian Basin
Summer 2020

full 8400 17000 ± 410 56 13000 ± 6900 6.8 (+3.7/−3.6)
no ≥ 3 4500 8200 ± 290 19 5500 ± 2900 5.8 (+3.2/−3.0)
no ≥ 3;
nd > 1

4500 8200 ± 290 8 1500 ± 800 1.6 (+0.9/−0.8)

Permian Basin
Summer 2021

full 8400 18000 ± 400 80 12000 ± 7300 5.9 ± 3.5
no ≥ 3 6600 16000 ± 390 76 11000 ± 6700 6.2 (+3.7/−3.8)
no ≥ 3;
nd > 1

6600 16000 ± 390 44 8600 ± 5500 4.8 (+3.2/−3.1)

Permian Basin Fall
2021

full 8800 19000 ± 400 50 5900 ± 4100 2.7 (+1.9/−1.8)
no ≥ 3 7500 16000 ± 450 45 5600 ± 3700 3.1 (+2.0/−2.1)
no ≥ 3;
nd > 1

7500 16000 ± 450 25 4900 ± 3200 2.7 ± 1.8

EPA GHGI 20209 710000 16000 1.9 × 10−1

Fayetteville Shale
20175

4700 400 7.5 × 10−1

Utica Shale 201910 73 4.1 × 10−2 4.9 × 10−3

San Juan Basin 201911 190 3.2 × 10−1 1.5 × 10−2

aIn the “survey subset” column, “full” includes all data from the aerial survey, “no ≥ 3” includes just the regions with three or more overflights, and
“no ≥ 3; nd > 1” includes just the regions with three or more overflights and just the pipeline emission sources with more than one detection. The
EPA estimate for 2020 is sourced from the 2022 GHGI. For the Fayetteville Shale campaign, we calculate the emission factor on the basis of the
emissions estimated for the entire region, not just the survey region. Uncertainties, provided for the aerial campaigns only, represent 95%
confidence intervals. Section S4 describes uncertainty quantification methods.
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renders our EF estimates moderately conservative; the impact
is likely moderate because of high-emitting pipeline sources’
dominance of total pipeline emissions (section S5).

Due to the occasional co-location of gathering and
transmission pipelines, there were several emission sources
(29 of 559) that we could not identify as being associated with
either gathering or transmission. To produce a conservative
estimate for a gathering pipeline EF, we excluded all of these
ambiguous emission sources from our calculations; however, it
is a reasonable assumption that at least some of these emission
sources are in fact from gathering pipelines. By using estimates
of activity factors (defined as the mean number of sources per
kilometer) of gathering and transmission pipelines, we infer
that the gathering pipeline EFs from the four surveys could
increase by ≤0.4 Mg year−1 km−1 (section S1).

EPA in its GHGI estimates national gathering pipeline
methane emissions and mileage based on operator submissions
to the GHGRP, which are subject to certain reporting
requirements and EPA verification.9,23 The EPA figures
produce a total gathering pipeline EF of 0.19 Mg year−1

km−1 for the year 2020.9 Therefore, the EF estimate derived
from each of the four aerial surveys is more than an order of
magnitude higher than the EPA’s published value. Although
the results of this study are specific to the Permian Basin in
2019−2021 and aerial surveys in other basins should be
conducted before calculating a national EF, we note that
nationally extrapolating the lowest EF computed from the full
aerial campaigns (2.7 Mg year−1 km−1) would increase the
GHGI estimate of total natural gas system methane emissions
by 27%.

Past ground-based surveys of gathering pipelines have also
collected measurements whose resulting aggregated estimates
are significantly lower than the estimates presented in this
paper. The first of these surveys, which covered 96 km of
gathering pipeline in the Fayetteville Shale in 2017, identified a
single pipeline leak of 4.0 kg h−1 and a number of small leaks
from auxiliary equipment totaling 0.8 kg h−1.5 Further analyses
in the study used the hypergeometric distribution to extend the
immediate survey findings to estimate aggregate emissions for
a larger region, though the authors cautioned that their results
might not be sufficiently representative to derive a basinwide
estimate. The second of these surveys, conducted in 2019,
covered 73 km of gathering pipelines in the Utica Shale. The
survey identified no leaks from gathering pipelines and two
small leaks, measuring 0.01 and 0.03 kg h−1, from accessory
block valves.10 The third survey, also conducted in 2019,
covered 187 km of gathering pipelines and found no explicit
pipeline leaks, one small leak from a pig launcher door, and
another small leak from a block valve.11 EF estimates produced
from each of the three ground surveys would be at most 0.75
Mg year−1 km−1 (after hypergeometric modeling),5 signifi-
cantly lower than all estimates derived in this study.

There are several possible explanations for this discrepancy
in estimates between the ground-based and aerial-based
campaigns. One is that differences in pipeline characteristics
and activity across basins may lead to different EFs. Recent
studies of methane emissions from O&G infrastructure in the
Permian Basin have identified higher levels of midstream
activity than predicted by inventories, perhaps driven by
limited haul-away capacity.13,24 That said, none of the three
ground surveys mentioned above covered gathering pipelines
in any portion of the Permian Basin, and no published study
has used an aerial approach to quantify a gathering pipeline EF

in any other basin; therefore, we cannot directly address this
question by comparing results across basins.

A second and more important reason, we believe, is the
significantly different sample sizes of the aerial and ground
surveys. Each of the four aerial surveys covered at least 16000
km in linear distance of gathering pipelines, while the largest
ground survey of gathering pipelines (in a published study)
covered 187 km.11 We argue that the limited scope of ground
surveys is often insufficient to locate high-emitting pipeline
sources, which aerial surveys indicate are responsible for a large
part of aggregate emissions. A Monte Carlo experiment
(methods detailed in section S5 and results displayed in
Figure S2) reveals that a simulated survey of 100 km of
gathering pipelines would have a 58% chance of finding none
of the sources that could be identified from an aircraft, and an
even higher chance of missing all of the high-emitting sources.
This result is consistent with the past ground surveys of
gathering pipelines in other major O&G basins, which found
only very small leaks from gathering pipelines and associated
equipment.5,10,11 Additionally, accounting for sources below
the aerial detection limit has an only modest effect on
aggregate estimates because the high-emitting sources
comprise a significant portion of the total (section S5).

This study, which provides EF estimates for gathering
pipelines in one productive basin, demonstrates the
importance of a large sample size when calculating aggregate
pipeline emissions. Although there is no single minimum size
of a survey that guarantees an accurate basinwide estimate, our
results show that estimates derived from surveys with
coverages of <500 km of gathering pipeline linear distance
will likely be significantly and negatively biased. Indeed, EF
estimates derived from recent limited-scope ground surveys
may be one or more orders of magnitude lower than our
calculated range of 2.7 (+1.9/−1.8) to 10.0 (+6.4/−6.2) Mg
year−1 km−1.

In November 2021, the Pipeline and Hazardous Materials
Safety Administration (PHMSA) issued a final rule to expand
regulatory oversight of gathering pipelines, establishing annual
and incident reporting requirements for all 700000 km of U.S.
on-shore gas gathering lines and applying leak survey and
repair requirements to more than 30000 km of gathering
pipelines.25 The rule took effect May 16, 2022, though some
provisions will not be enforced until 2024.26 We recognize this
development as a point of forward progress; however, the
results from this study imply a need for increased pipeline-
specific leak detection and repair (LDAR) programs that
account for the heavy-tailed nature of the emissions
distribution. The research presented here highlights the
operational utility that aerial detection platforms provide by
locating large emission sources from gathering pipelines, which
conventional ground-based surveys are generally not well-
equipped to do. Numerous aerial spectroscopy approaches27,28

similar to the platform used in this study exist, demonstrating
the availability of technology for large-scale implementation of
pipeline-specific advanced LDAR programs.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00380.

Additional methodological details, including the treat-
ment of ambiguous and below-detection-limit emission

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.2c00380
Environ. Sci. Technol. Lett. 2022, 9, 969−974

972

https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00380/suppl_file/ez2c00380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00380/suppl_file/ez2c00380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00380/suppl_file/ez2c00380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00380/suppl_file/ez2c00380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00380/suppl_file/ez2c00380_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00380?goto=supporting-info
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.2c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sources, spatial calculations, uncertainty quantification,
and a Monte Carlo simulation experiment (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Jevan Yu − Stanford University, Stanford, California 94305,
United States; Environmental Defense Fund, Austin, Texas
78701, United States; orcid.org/0000-0002-2061-0629;
Email: jevanyu@stanford.edu

Authors
Benjamin Hmiel − Environmental Defense Fund, Austin,
Texas 78701, United States; orcid.org/0000-0002-5289-
7492

David R. Lyon − Environmental Defense Fund, Austin, Texas
78701, United States; orcid.org/0000-0002-4400-1190

Jack Warren − Environmental Defense Fund, Austin, Texas
78701, United States

Daniel H. Cusworth − Arizona Institutes for Resilience,
University of Arizona, Tucson, Arizona 85721, United
States; Carbon Mapper, Pasadena, California 91105, United
States; orcid.org/0000-0003-0158-977X

Riley M. Duren − Arizona Institutes for Resilience, University
of Arizona, Tucson, Arizona 85721, United States; Carbon
Mapper, Pasadena, California 91105, United States

Yuanlei Chen − Stanford University, Stanford, California
94305, United States; orcid.org/0000-0002-4341-2414

Erin C. Murphy − Environmental Defense Fund, Austin,
Texas 78701, United States

Adam R. Brandt − Stanford University, Stanford, California
94305, United States; orcid.org/0000-0002-2528-1473

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.estlett.2c00380

Notes
The authors declare the following competing financial
interest(s): E.C.M. is a member of the U.S. Department of
Transportation Pipeline and Hazardous Materials Safety
Administration's Gas Pipeline Advisory Committee.

■ ACKNOWLEDGMENTS
The authors thank Barbara Patterson and Heather Cox of
Stone Environmental, as well as the Carbon Mapper team, for
their contributions to the automated site attribution process;
Hugh Li for helpful suggestions on the manuscript; and
Melissa Weitz for clarifications on the EPA’s methodology for
estimating pipeline emissions and mileage. J.Y. was supported
by a Schneider Fellowship. R.M.D. and D.H.C. acknowledge
funding from Carbon Mapper donors. This work was
supported in part by NASA’s Carbon Monitoring System
program, as well as the University of Arizona and RMI. The
authors acknowledge the contributions of the AVIRIS-NG and
GAO aircraft and instrument teams. The GAO is managed by
the Center for Global Discovery and Conservation Science at
Arizona State University and is made possible by support from
private foundations, individuals, and Arizona State University.
The Permian Methane Analysis Project is grateful for the
support of Bloomberg Philanthropies, the Corio Foundation,
the Grantham Foundation for the Protection of the Environ-
ment, the High Tide Foundation, the John D. and Catherine
T. MacArthur Foundation, Quadrivium, and the Zegar Family
Foundation.

■ REFERENCES
(1) U.S. Energy Information Administration. U.S. Dry Natural Gas

Production. 2022.
(2) Alvarez, R. A.; Zavala-Araiza, D.; Lyon, D. R.; Allen, D. T.;

Barkley, Z. R.; Brandt, A. R.; Davis, K. J.; Herndon, S. C.; Jacob, D. J.;
Karion, A.; Kort, E. A.; Lamb, B. K.; Lauvaux, T.; Maasakkers, J. D.;
Marchese, A. J.; Omara, M.; Pacala, S. W.; Peischl, J.; Robinson, A. L.;
Shepson, P. B.; Sweeney, C.; Townsend-Small, A.; Wofsy, S. C.;
Hamburg, S. P. Assessment of Methane Emissions from the U.S. Oil
and Gas Supply Chain. Science 2018, No. eaar7204.
(3) Ocko, I. B.; Sun, T.; Shindell, D.; Oppenheimer, M.; Hristov, A.

N.; Pacala, S. W.; Mauzerall, D. L.; Xu, Y.; Hamburg, S. P. Acting
Rapidly to Deploy Readily Available Methane Mitigation Measures by
Sector Can Immediately Slow Global Warming. Environ. Res. Lett.
2021, 16 (5), 054042.
(4) GRI/U.S. Environmental Protection Agency. Methane Emis-

sions from the Natural Gas Industry; Vol. 9: Underground Pipelines.
1996.
(5) Zimmerle, D. J.; Pickering, C. K.; Bell, C. S.; Heath, G. A.;

Nummedal, D.; Pétron, G.; Vaughn, T. L. Gathering Pipeline
Methane Emissions in Fayetteville Shale Pipelines and Scoping
Guidelines for Future Pipeline Measurement Campaigns. Elem. Sci.
Anthr. 2017, 5, 70.
(6) Mitchell, A. L.; Tkacik, D. S.; Roscioli, J. R.; Herndon, S. C.;

Yacovitch, T. I.; Martinez, D. M.; Vaughn, T. L.; Williams, L. L.;
Sullivan, M. R.; Floerchinger, C.; Omara, M.; Subramanian, R.;
Zimmerle, D.; Marchese, A. J.; Robinson, A. L. Measurements of
Methane Emissions from Natural Gas Gathering Facilities and
Processing Plants: Measurement Results. Environ. Sci. Technol. 2015,
49 (5), 3219−3227.
(7) Marchese, A. J.; Vaughn, T. L.; Zimmerle, D. J.; Martinez, D. M.;

Williams, L. L.; Robinson, A. L.; Mitchell, A. L.; Subramanian, R.;
Tkacik, D. S.; Roscioli, J. R.; Herndon, S. C. Methane Emissions from
United States Natural Gas Gathering and Processing. Environ. Sci.
Technol. 2015, 49 (17), 10718−10727.
(8) Zimmerle, D.; Vaughn, T.; Luck, B.; Lauderdale, T.; Keen, K.;

Harrison, M.; Marchese, A.; Williams, L.; Allen, D. Methane
Emissions from Gathering Compressor Stations in the U.S. Environ.
Sci. Technol. 2020, 54 (12), 7552−7561.
(9) U.S. Environmental Protection Agency. Annex 3.6: Methodology

for Estimating CH4, CO2, and N2O Emissions from Natural Gas
Systems. 2022.
(10) Li, H. Z.; Mundia-Howe, M.; Reeder, M. D.; Pekney, N. J.

Gathering Pipeline Methane Emissions in Utica Shale Using an
Unmanned Aerial Vehicle and Ground-Based Mobile Sampling.
Atmosphere 2020, 11 (7), 716.
(11) Li, H. Z.; Mundia-Howe, M.; Reeder, M. D.; Pekney, N. J.

Constraining Natural Gas Pipeline Emissions in San Juan Basin Using
Mobile Sampling. Sci. Total Environ. 2020, 748, 142490.
(12) Duren, R. M.; Thorpe, A. K.; Foster, K. T.; Rafiq, T.; Hopkins,

F. M.; Yadav, V.; Bue, B. D.; Thompson, D. R.; Conley, S.; Colombi,
N. K.; Frankenberg, C.; McCubbin, I. B.; Eastwood, M. L.; Falk, M.;
Herner, J. D.; Croes, B. E.; Green, R. O.; Miller, C. E. California’s
Methane Super-Emitters. Nature 2019, 575 (7781), 180−184.
(13) Cusworth, D. H.; Duren, R. M.; Thorpe, A. K.; Olson-Duvall,

W.; Heckler, J.; Chapman, J. W.; Eastwood, M. L.; Helmlinger, M. C.;
Green, R. O.; Asner, G. P.; Dennison, P. E.; Miller, C. E.
Intermittency of Large Methane Emitters in the Permian Basin.
Environ. Sci. Technol. Lett. 2021, 8 (7), 567−573.
(14) Chen, Y.; Sherwin, E. D.; Berman, E. S. F.; Jones, B. B.;

Gordon, M. P.; Wetherley, E. B.; Kort, E. A.; Brandt, A. R.
Quantifying Regional Methane Emissions in the New Mexico
Permian Basin with a Comprehensive Aerial Survey. Environ. Sci.
Technol. 2022, 56 (7), 4317−4323.
(15) Brandt, A. R.; Heath, G. A.; Cooley, D. Methane Leaks from

Natural Gas Systems Follow Extreme Distributions. Environ. Sci.
Technol. 2016, 50 (22), 12512−12520.
(16) Asner, G. P.; Knapp, D. E.; Boardman, J.; Green, R. O.;

Kennedy-Bowdoin, T.; Eastwood, M.; Martin, R. E.; Anderson, C.;

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.2c00380
Environ. Sci. Technol. Lett. 2022, 9, 969−974

973

https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00380/suppl_file/ez2c00380_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jevan+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2061-0629
mailto:jevanyu@stanford.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Hmiel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5289-7492
https://orcid.org/0000-0002-5289-7492
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+R.+Lyon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4400-1190
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jack+Warren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+H.+Cusworth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0158-977X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Riley+M.+Duren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanlei+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4341-2414
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erin+C.+Murphy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+R.+Brandt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2528-1473
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00380?ref=pdf
https://doi.org/10.1126/science.aar7204
https://doi.org/10.1126/science.aar7204
https://doi.org/10.1088/1748-9326/abf9c8
https://doi.org/10.1088/1748-9326/abf9c8
https://doi.org/10.1088/1748-9326/abf9c8
https://doi.org/10.1525/elementa.258
https://doi.org/10.1525/elementa.258
https://doi.org/10.1525/elementa.258
https://doi.org/10.1021/es5052809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es5052809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es5052809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c00516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c00516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/atmos11070716
https://doi.org/10.3390/atmos11070716
https://doi.org/10.1016/j.scitotenv.2020.142490
https://doi.org/10.1016/j.scitotenv.2020.142490
https://doi.org/10.1038/s41586-019-1720-3
https://doi.org/10.1038/s41586-019-1720-3
https://doi.org/10.1021/acs.estlett.1c00173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c06458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c06458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b04303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b04303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.2c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Field, C. B. Carnegie Airborne Observatory-2: Increasing Science
Data Dimensionality via High-Fidelity Multi-Sensor Fusion. Remote
Sens. Environ. 2012, 124, 454−465.
(17) Thorpe, A. K.; Frankenberg, C.; Aubrey, A. D.; Roberts, D. A.;

Nottrott, A. A.; Rahn, T. A.; Sauer, J. A.; Dubey, M. K.; Costigan, K.
R.; Arata, C.; Steffke, A. M.; Hills, S.; Haselwimmer, C.;
Charlesworth, D.; Funk, C. C.; Green, R. O.; Lundeen, S. R.;
Boardman, J. W.; Eastwood, M. L.; Sarture, C. M.; Nolte, S. H.;
Mccubbin, I. B.; Thompson, D. R.; McFadden, J. P. Mapping
Methane Concentrations from a Controlled Release Experiment
Using the next Generation Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS-NG). Remote Sens. Environ. 2016, 179, 104−
115.
(18) ENVERUS. Drillinginfo. https://app.drillinginfo.com/

production (accessed 2022-04-07).
(19) ENVERUS. Prism. https://www.enverus.com/solutions/

energy-analytics/ep/prism/ (accessed 2022-04-07).
(20) Zavala-Araiza, D.; Lyon, D.; Alvarez, R. A.; Palacios, V.; Harriss,

R.; Lan, X.; Talbot, R.; Hamburg, S. P. Toward a Functional
Definition of Methane Super-Emitters: Application to Natural Gas
Production Sites. Environ. Sci. Technol. 2015, 49 (13), 8167−8174.
(21) Environmental Defense Fund. Methodology for EDF’s Permian

Methane Analysis Project (PermianMAP). https://www.edf.org/
sites/default/files/documents/PermianMapMethodology_1.pdf (ac-
cessed 2022-05-25).
(22) Ulrich, B. A.; Mitton, M.; Lachenmeyer, E.; Hecobian, A.;

Zimmerle, D.; Smits, K. M. Natural Gas Emissions from Underground
Pipelines and Implications for Leak Detection. Environ. Sci. Technol.
Lett. 2019, 6 (7), 401−406.
(23) U.S. Environmental Protection Agency. Annex 9: Use of EPA

Greenhouse Gas Reporting Program in Inventory. Technical Report
430-R-22-003; 2022.
(24) Lyon, D. R.; Hmiel, B.; Gautam, R.; Omara, M.; Roberts, K. A.;

Barkley, Z. R.; Davis, K. J.; Miles, N. L.; Monteiro, V. C.; Richardson,
S. J.; Conley, S.; Smith, M. L.; Jacob, D. J.; Shen, L.; Varon, D. J.;
Deng, A.; Rudelis, X.; Sharma, N.; Story, K. T.; Brandt, A. R.; Kang,
M.; Kort, E. A.; Marchese, A. J.; Hamburg, S. P. Concurrent Variation
in Oil and Gas Methane Emissions and Oil Price during the COVID-
19 Pandemic. Atmospheric Chem. Phys. 2021, 21 (9), 6605−6626.
(25) Pipeline and Hazardous Materials Safety Administration.

Pipeline Safety: Safety of Gas Gathering Pipelines: Extension of
Reporting Requirements, Regulation of Large, High-Pressure Lines,
and Other Related Amendments; 2021; Vol. 86 Fed. Reg. 63266.
(26) Pipeline and Hazardous Materials Safety Administration.

Notice of Limited Enforcement Discretion for Particular Type C
Gas Gathering Pipelines; 2022.
(27) Sherwin, E. D.; Chen, Y.; Ravikumar, A. P.; Brandt, A. R.

Single-Blind Test of Airplane-Based Hyperspectral Methane Detec-
tion via Controlled Releases. Elem. Sci. Anthr. 2021, 9 (1), 00063.
(28) Johnson, M. R.; Tyner, D. R.; Szekeres, A. J. Blinded Evaluation

of Airborne Methane Source Detection Using Bridger Photonics
LiDAR. Remote Sens. Environ. 2021, 259, 112418.

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.2c00380
Environ. Sci. Technol. Lett. 2022, 9, 969−974

974

https://doi.org/10.1016/j.rse.2012.06.012
https://doi.org/10.1016/j.rse.2012.06.012
https://doi.org/10.1016/j.rse.2016.03.032
https://doi.org/10.1016/j.rse.2016.03.032
https://doi.org/10.1016/j.rse.2016.03.032
https://doi.org/10.1016/j.rse.2016.03.032
https://app.drillinginfo.com/production
https://app.drillinginfo.com/production
https://www.enverus.com/solutions/energy-analytics/ep/prism/
https://www.enverus.com/solutions/energy-analytics/ep/prism/
https://doi.org/10.1021/acs.est.5b00133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b00133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b00133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.edf.org/sites/default/files/documents/PermianMapMethodology_1.pdf
https://www.edf.org/sites/default/files/documents/PermianMapMethodology_1.pdf
https://doi.org/10.1021/acs.estlett.9b00291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.9b00291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-21-6605-2021
https://doi.org/10.5194/acp-21-6605-2021
https://doi.org/10.5194/acp-21-6605-2021
https://doi.org/10.1525/elementa.2021.00063
https://doi.org/10.1525/elementa.2021.00063
https://doi.org/10.1016/j.rse.2021.112418
https://doi.org/10.1016/j.rse.2021.112418
https://doi.org/10.1016/j.rse.2021.112418
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.2c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

