
Atmos. Chem. Phys., 26, 1179–1192, 2026
https://doi.org/10.5194/acp-26-1179-2026
© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Assessment of methane emissions from US onshore oil
and gas production using MethaneAIR measurements

Katlyn MacKay1,2, Joshua Benmergui1,2,3, James P. Williams1,2, Mark Omara1,2,
Anthony Himmelberger2, Maryann Sargent3, Jack D. Warren1,2, Christopher C. Miller1,2,3,

Sébastien Roche1,2,3, Zhan Zhang3, Jonathan Franklin3, Luis Guanter1,2, Steven Wofsy3, and
Ritesh Gautam1,2

1Envionmental Defense Fund, New York, NY 10010, USA
2MethaneSAT, LLC, Austin, TX 78701, USA

3Harvard University, Cambridge, MA 02138, USA

Correspondence: Katlyn MacKay (kmackay@edf.org) and Ritesh Gautam (rgautam@edf.org)

Received: 24 June 2025 – Discussion started: 17 July 2025
Revised: 23 December 2025 – Accepted: 25 December 2025 – Published: 26 January 2026

Abstract. Mitigation of methane emissions from the oil and gas sector is an effective way to reduce the near-
term climate warming and losses of a valuable energy resource. The oil and gas value chain contributes at least
25 % of anthropogenic methane emissions globally and is the second largest methane-emitting sector in the
United States. Here, we assess methane emissions in regions accounting for 70 % of US onshore oil and gas
production in 2023 using data collected by the MethaneAIR airborne imaging spectrometer. We quantify total
methane emissions across all observed regions to be ∼ 9 (7.8–10) Tg yr−1, with ∼ 90 % of emissions estimated
from the oil and gas sector (∼ 8 Tg yr−1, equivalent to a methane loss rate of 1.6 % of gross gas production),
which is about five times higher than reported by the US EPA. Both oil and gas emissions and gas production-
normalized methane loss rates varied considerably by basin. Highly productive basins such as the Permian,
Appalachian, and Haynesville-Bossier had the highest methane emissions (95–314 t h−1), whereas lower pro-
ducing basins possibly associated with older infrastructure such as the Uinta and Piceance had higher loss rates
(> 7 %). We found good agreement across total emissions quantified by MethaneAIR and other empirical and
remote sensing estimates at national/basin/target-level scales. This work underscores the increasing value of
remote sensing data for quantifying methane emissions, characterizing intensity of methane losses across the
oil and gas sector, and mapping inter-basin emissions variability, which are all critical for tracking methane
mitigation targets set by industry and governments.

1 Introduction

Over 150 countries and 50 oil and gas companies have
pledged to substantially reduce their methane emissions in
this decade in efforts to combat climate change (The Oil and
Gas Decarbonization Charter, 2024; Global Methane Pledge,
2024). Methane is a short-lived (atmospheric lifetime of 9–
11 years) and potent greenhouse gas and its reduction can
substantially slow the rate of climate warming in the near
term, which is critically needed to avoid the worst effects of
anthropogenic climate change (Ocko et al., 2021).

Significant technical advances in methane measurement
have been made in recent years, including new remote sens-
ing technologies now being deployed at scale, with the oil
and gas sector being the primary focus of such measurements
(Jacob et al., 2022; Zhang et al., 2023). Recent measurements
have revealed important information on the sources and mag-
nitudes of oil and gas methane emissions, with several stud-
ies concluding that industry and governments who rely on
bottom-up estimation are underreporting methane emissions
(Alvarez et al., 2018; MacKay et al., 2021; Omara et al.,
2024; Shen et al., 2022; Sherwin et al., 2024; Stavropoulou et
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al., 2023; Zavala-Araiza et al., 2021), and in some cases are
inaccurately estimating the relative contributions of differ-
ent sources (Conrad et al., 2023a, b). Direct measurements
of emissions play a fundamental role in methane reduction
efforts by helping to reduce uncertainties in “bottom-up”
source-level inventories needed to inform efficient mitigation
and to track reductions over time.

MethaneSAT was a satellite mission (launched on 4 March
2024) designed to provide quantitative data on total regional
methane emissions, with a goal of mapping emissions in re-
gions accounting for over 80 % of global oil and gas produc-
tion (MethaneSAT, 2024). MethaneAIR is an airborne pre-
cursor instrument with similar spectroscopy to MethaneSAT
(Chan Miller et al., 2024; Staebell et al., 2021). In 2023,
MethaneAIR was flown on a modified Lear 35 jet operating
at about 12 km altitude to map methane emissions from ma-
jor oil and gas producing regions in the United States. Com-
pared to ground-based measurement techniques, high alti-
tude aerial systems like MethaneAIR can cover much larger
areas in less time, and are not limited by site accessibil-
ity, making them particularly useful for assessing and com-
paring methane emissions at the basin-level. MethaneAIR
was designed to detect and quantify both area aggregates
of dispersed emission sources as well as high-emitting point
sources, measuring total regional emissions with high preci-
sion and spatial resolution.

In this study, we analyze MethaneAIR data from over 30
flights conducted from June to October 2023, covering 12 oil
and gas basins that account for 70 % of contiguous United
States (CONUS) onshore oil and gas production in 2023. We
use this data to quantify and assess basin-level methane emis-
sions, as well as compare total methane emissions and gross
gas production-normalized loss rates across oil and gas pro-
duction basins. As part of the analysis, we also provide es-
timates of the oil/gas fraction of total emissions for individ-
ual observed regions based on MethaneAIR data in combina-
tion with an in depth assessment of previously published es-
timates. Finally, we compare total methane emissions quanti-
fied by MethaneAIR to other independent measurements and
empirical data available in recent peer-reviewed literature,
and to the Environmental Protection Agency’s Greenhouse
Gas Inventory (EPA GHGI) (Maasakkers et al., 2023).

2 Methods

2.1 Overview of measurement campaign

In 2023, MethaneAIR collected measurements over 12 oil
and gas basins across the US. Basins were selected based
on their production levels and characteristics, such that mea-
sured regions covered the majority of US onshore oil and
gas production and the diverse range of basin characteris-
tics within the country (e.g., mixed production, oil-dominant,
gas-dominant, mature, rapidly developing). A brief overview
of each basin covered in this study and its characteristics is

in Table 1. Figure 1 shows the MethaneAIR flight domains
within each basin, colored by the month in which each flight
occurred. Combined, these measured areas account for 70 %
of CONUS onshore oil and gas production in 2023.

The MethaneAIR Lear 35 jet operated at about 12 km al-
titude, with each flight covering approximately 10 000 km2

over two hours. The MethaneAIR technical specifications,
calibration, data processing and validation have been de-
scribed in recent studies by Chan Miller et al. (2024), Chu-
lakadabba et al. (2023), Conway et al. (2024), El Abbadi et
al. (2024), Omara et al. (2024), Staebell et al. (2021), and
Warren et al. (2025). Discussion of the quantification meth-
ods are provided in Sect. S1 in the Supplement and briefly
summarized here.

Total regional methane emissions for each MethaneAIR
flight were quantified using an inverse model that finds the
gridded emission rates that best explain observed column-
averaged dry-air mole fractions of methane. Emissions and
observed methane concentrations are linked by a Jacobian
matrix computed using the Stochastic Time-Inverted La-
grangian Transport (STILT) model (Fasoli et al., 2018; Lin et
al., 2003). The inversion framework utilizes the instrument’s
high spatial resolution, wide spatial coverage, and high preci-
sion. High-emitting (>∼ 200 kg h−1) discrete point sources
are quantified in a preliminary analysis using a divergence
integral method (El Abbadi et al., 2024; Chulakadabba et al.,
2023; Warren et al., 2025), and their associated methane en-
hancements are computed by propagating through the Jaco-
bian, which are then subtracted from the observations. This
procedure places trust in the well-tested point-source spe-
cific algorithm to quantify high-emitting point sources and
uses the Jacobian to ensure the complete mass of methane
from point sources is accounted for, without double count-
ing. The resulting analysis of MethaneAIR data produces a
high resolution (1 km by 1 km), spatially explicit quantifi-
cation of methane emissions, as well as the specific loca-
tion and quantification of individual point sources emitting
above ∼ 200 kg h−1. The total emission rate for the region
is obtained by summing the dispersed area sources and the
point source emissions. More information about the emission
quantification approach is provided in Sect. S1.

Like many other remote sensing technologies, an impor-
tant caveat to note about MethaneAIR measurements is that
they are collected over a relatively short time (over two
hours for the measurement domain), and only during the day.
Therefore, methane emissions estimated from measurements
collected during a single flight may not adequately capture
potential variability in emissions that occur throughout a 24 h
period, or longer (e.g., weeks, months).

2.2 Previously published measurement-based data

This study leverages previously published measurement-
based methane emissions estimates from several studies sum-
marized in Table 2, which can be referred to directly for
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Table 1. Summary statistics for the 12 oil and gas basins covered in this study. 2023 annual production data is from Enverus (Enverus, 2024),
expressed as million barrels of oil equivalent (Mboe), using a conversion factor of 1 boe= 169.9 m3 of natural gas and 1 boe= 0.14 toe.
Estimated primary sources of methane emissions are based on the EPA GHGI for 2020 (Maasakkers et al., 2023). Note that minor sources
(contributing less than 10 % of total) are not listed, therefore percentages do not always add up to 100 %.

Basin 2023 oil 2023 gas Percent of total Estimated primary sources of methane emissions
production production from oil/gas

(Mboe) (Mboe)

Anadarko 100 342 23 %/77 % Oil & gas (77 %), agriculture (20 %)
Appalachian 63 2167 3 %/97 % Oil & gas (39 %), coal (32 %), agriculture (16 %)
Arkoma-Fayetteville 0.3 63 1 %/99 % Oil & gas (70 %), agriculture (21 %)
Bakken 442 200 69 %/31 % Oil & gas (72 %), agriculture (21 %)
Barnett 7 144 4 %/96 % Oil & gas (62 %), agriculture (26 %), waste (12 %)
Denver-Julesburg 170 183 48 %/52 % Oil & gas (40 %), agriculture (36 %), waste (23 %)
Eagle Ford 432 487 47 %/53 % Oil & gas (75 %), agriculture (21 %)
Greater Green River 9 147 6 %/94 % Oil & gas (64 %), coal (24 %)
Haynesville-Bossier 8 983 1 %/99 % Oil & gas (79 %), waste (11 %)
Permian 2162 1410 61 %/39 % Oil & gas (86 %), agriculture (11 %)
Piceance 5 73 6 %/94 % Oil & gas (66 %), coal (19 %), agriculture (10 %)
Uinta 52 46 53 %/47 % Oil & gas (63 %), coal (22 %), agriculture (13 %)

Figure 1. MethaneAIR flight domains in each oil and gas basin covered in this study, colored according to the month each flight occurred.
Basin boundaries are outlined in white. Measured regions cover areas with high oil and gas production.

more in-depth descriptions of their respective methodologies.
Data from these studies were used to develop independent
measurement-based estimates and ranges of methane emis-
sions within MethaneAIR spatial domains for intercompar-
isons and to inform estimates of the relative contributions
of oil and gas sources relative to total emissions quantified
by MethaneAIR. We used the following criteria to deter-

mine which studies to include: (1) geographic overlap with
MethaneAIR spatial domains, (2) methane emissions are re-
ported either as spatially explicit (i.e., gridded) estimates, or
as regional totals for a defined domain, and (3) recent mea-
surements in the peer-reviewed literature with a majority of
studies included that were collected between 2019–2021.
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Table 2. Summary of previous measurement-based data included in this work.

Study Measurement Methodological details Spatial Coverage Source Study
platform Coverage period

Alvarez et al. (2018) Various
ground-based
and aerial

Synthesis of previous
measurements

Haynesville, Barnett,
Appalachian, San Juan,
Fayetteville, Bakken,
Uinta, Arkoma,
Denver-Julesburg

Oil and gas 2015

Barkley et al. (2017) Aerial Mass balance and inverse
modelling (WRF-Chem)

Appalachian (NE PA) All 2015

Barkley et al. (2023) Stationary
towers

Continuous tower measurements,
inversion with prior

Appalachian (NE PA),
Permian (Delaware)

All 2015–2016

Cusworth et al.
(2022)

Aerial and
satellite

CarbonMapper and TROPOMI
(no prior)

Denver-Julesburg,
Permian, Appalachian,
San Juan, Uinta

All 2019–2021

Fried and Dickerson
(2023)

Aerial Mass balance Denver-Julesburg All 2021

Lin et al. (2021) Stationary
towers

Langrangian Particle Dispersion
Modeling technique (STILT)

Uinta All 2020

Lu et al. (2023) Satellite GOSAT & surface observations
(continental-scale GEOS-Chem
chemical transport model; with
prior)

National All 2019

Nesser et al. (2024) Satellite TROPOMI (with prior) National All 2019

Omara et al. (2024) Various
ground-based

Facility-level measurement-based
inventory (EI-ME)

National Oil and gas 2021

Peischl et al. (2018) Aerial Mass balance (SONGNEX
NOAA P-3)

Denver-Julesburg,
Bakken, Barnett, Eagle
Ford, Haynesville

All 2015

Schwietzke et al.
(2017)

Aerial Mass balance Arkoma-Fayetteville All 2015

Shen et al. (2022) Satellite TROPOMI (with prior) National Oil and gas 2018–2020

Sherwin et al. (2024) Aerial Carbon Mapper (AVIRIS-NG)
and bottom-up simulations

Permian, San Joaquin,
Denver-Julesburg,
Appalachian, Uinta

Oil and gas 2020

Varon et al. (2023) Satellite TROPOMI (weekly inversions
with previous week as prior)

Permian All 2018–2020

Veefkind et al. (2023) Satellite TROPOMI (no prior) Permian All 2019–2020

Zhang et al. (2020) Satellite TROPOMI (with prior) Permian All 2018–2019

Where studies provide gridded methane emissions data
products (e.g., Lu et al., 2023; Shen et al., 2022), we
extracted and computed total methane emissions for the
MethaneAIR study domains. For studies that report only total
methane emissions for a defined area (Lin et al., 2021; Sher-
win et al., 2024), we first compared the study domain with the
MethaneAIR domains to assess the relative overlap. If there

is a > 50 % geographic overlap with a given MethaneAIR do-
main, then the study is included in subsequent comparisons
and analysis.
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2.3 Analysis

2.3.1 Estimating ranges of total methane emissions for
study regions using previous data

For each MethaneAIR flight domain, we perform bootstrap
resampling with replacement (n= 5000) of previous esti-
mates selected from the studies listed in Table 2 to develop
ranges (i.e., mean and 95 % confidence intervals) of oil and
gas, non-oil and gas, and total methane emissions for the
area. Briefly, we define oil and gas emissions as those origi-
nating from activities and infrastructure involved in the pro-
duction, processing, transport, and distribution of oil and nat-
ural gas (e.g., well sites, pipelines, compressor stations, nat-
ural gas processing plants). Non-oil and gas emissions are
any emissions from coal, agricultural (e.g., livestock, ma-
nure management), waste (e.g., landfills, wastewater treat-
ment), and other industrial sectors. For domains with less
than four unique estimates, we use the minimum and max-
imum estimates from previous studies as the range. In some
cases, bottom-up data (e.g., Crippa et al., 2024; Maasakkers
et al., 2023) are used to inform the ranges of non-oil and gas
methane emissions due to a lack of measurement-based data
(see Sect. S2 for additional discussion). We further use the
ranges for non-oil and gas methane emissions to estimate the
relative sector (i.e., oil and gas, non-oil and gas) contribu-
tions of total emissions quantified by MethaneAIR.

2.3.2 Estimating sector contributions and gross
gas-normalized methane loss rates using
MethaneAIR data

We estimate total oil and gas methane emissions (Eq. 1) as
the difference between the total methane emissions quanti-
fied by MethaneAIR, MethaneAIRtotal, and an estimate of
total non-oil and gas methane emissions in the MethaneAIR
observation domain based on non-oil and gas methane
emission estimates from previous literature, LEmisnon-ong.
We also subtract any point source emissions quantified
by MethaneAIR attributed to non-oil and gas sources,
Pt_MAIRnon-ong), which were observed in five out of 12
basins.

MethaneAIRong =MethaneAIRtotal

− (LEmisnon-ong+PtMAIRnon-ong ) (1)

For the above method, we acknowledge that subtracting a
literature-based estimate of non-oil and gas methane emis-
sions as well as non-oil and gas point source emissions
quantified by MethaneAIR may introduce double counting
as some of the MethaneAIR point source emissions may
also be captured in literature-based estimates. However, since
bottom-up data is included in many of the literature-based
estimates for these regions, it is possible that the estimate
could be low-biased, since recent research has shown that
methane emissions from sectors such as waste are being un-
der reported in bottom-up inventories (Cusworth et al., 2024;

Moore et al., 2023; Nesser et al., 2024). If this is the case,
the potential issue of double counting could be negligible,
although difficult to confirm with current limited empiri-
cal data on non-oil and gas emissions. To help us under-
stand whether this approach is reasonable, we also explore
another method to estimate the relative sector contributions
of methane emissions for regions of interest. Our alternative
method utilizes spatially explicit methane emissions data for
oil and gas sources from the measurement based inventory
developed by Omara et al. (2024), updated using 2023 ac-
tivity data, and non-oil and gas sources from the EPA 2020
GHGI (Maasakkers et al., 2023) to estimate grid-level ratios
of oil and gas emissions, which are then applied to the quan-
tified area emissions from MethaneAIR retrievals. This addi-
tional approach is further discussed in Sect. S2, with detailed
comparisons of estimates derived by the two methods shown
in Fig. S2.

MethaneAIR data has sufficient spatial resolution and
precision to disaggregate emissions by sector in many
basins, and sufficient swath to determine regional totals. Ro-
bust, observation-based disaggregation of methane emissions
across sectors is an important part of an actionable and pol-
icy relevant data analysis, but it is challenging in some re-
gions due to the commingling of different sectors geograph-
ically, and because of limited empirical data on non-oil and
gas methane emissions. The empirically based sector disag-
gregation presented here is a first step. Future work will con-
tinue to explore and refine these methods as both still have
uncertainties that need to be better assessed.

Gross gas production normalized oil and gas methane loss
rates, expressed here as the percentage of methane emitted
relative to total methane produced (Eq. 2), are calculated by
dividing the total oil and gas methane emissions estimated
from MethaneAIR data by the gross methane produced in the
measured regions. Gross methane production is estimated us-
ing 2023 gross natural gas production data (Enverus, 2024)
and basin-specific gas compositions (Table S2) that are con-
sistent with previous literature assumptions on methane com-
position.

Methane loss rate (%)=

Oil and gas methane emissions (kgh−1)
(Gross natural gas production (kgh−1)×methane content)

× 100 (2)

As an additional metric for comparisons, we also computed
energy-normalized methane intensities (in kg CH4 GJ−1) by
dividing oil and gas methane emissions estimated from
MethaneAIR by the combined gross oil and gas production
(Enverus, 2024) in the measured regions, similar to intensi-
ties reported by the International Energy Agency for their an-
nual Global Methane Tracker (IEA, 2025). See Sect. S5 for
additional discussion and comparisons of both metrics across
all measured basins.
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2.3.3 Basin-level aggregation of MethaneAIR data

We spatially aggregated overlapping MethaneAIR flights in
the 12 measured oil and gas basins to produce an estimate
of total methane emissions and associated uncertainties for
each basin. Two separate approaches for aggregation were
explored, which we defined as (1) unique overflown area
(UOA) averaging, and (2) area-normalized averaging, with
both methods producing similar results (Fig. S4). Results
from the UOA averaging method are presented in the main
text, and comparisons and additional discussion on the other
method can be found in Sect. S3.

For the UOA averaging method, we first mapped the spa-
tial domains of each MethaneAIR flight to identify areas that
were uniquely overflown by the same combination of flights,
which creates a subset of smaller spatial domains (Fig. S3).
Next, we iterated through the subset of smaller spatial do-
mains (i.e., denoted as UOA, or unique overflown areas) and
averaged both the point source and area emissions quanti-
fied from the corresponding flights. The resulting averages
of all UOAs are then summed to produce a total estimate of
methane emissions for the aggregated flight domains at the
basin-level.

To calculate basin-level uncertainties in the dispersed area
emissions using the UOA approach, we first adjust the uncer-
tainties for the dispersed emissions for each UOA based on
the percentage of area covered using Eq. (3), where Uf is the
uncertainty in the dispersed area emissions at the flight level,
Af is the area covered by the entire flight, and AUOA is the
area covered by the UOA which is a subset of the entire flight
domain. This adjustment accounts for the inherently higher
uncertainties contained within spatial subsets of the entire
flight domain, with the assumption that uncertainties are uni-
form across the domain. Additional refinement to the uncer-
tainties in the dispersed area emissions should incorporate
parameters such as the effects of albedo, terrain, and weather
conditions to produce more accurate estimates of the uncer-
tainties across different portions of the spatial domain for a
given flight. A comparison of basin-level uncertainties with
and without the area-based adjustment show very minimal
differences (1 %–3 %), except in the Permian and Denver-
Julesburg basins where the area-adjusted approach increases
the uncertainties by > 2× due to more unique flights occur-
ring in these basins. That said, the area-adjusted approach is
possibly a more conservative method for estimating uncer-
tainties in these two basins.

U =

√
Af

AUOA
Uf (3)

Next, using the adjusted dispersed area emissions uncertain-
ties (Eq. 3) we propagate the uncertainties for all flights cor-
responding to a UOA (Eq. 4) where Ui is the area uncertainty
from flight i for a UOA, n is the total number of flights within

the UOA, and UUOA is the uncertainty for the UOA.

UUOA =

√
U2

i + . . .+U2
n

n
(4)

To calculate the uncertainties of point sources for each UOA,
we resampled point sources (n= 5000) from flights within a
UOA assuming the uncertainty for a single point source fol-
lows a normal distribution with parameters of the distribu-
tion as the point source standard deviation and the mean as
the quantified emission rate. The 2.5th and 97.5th percentiles
from the resulting distribution are used as the associated un-
certainties. Then, we used Eq. (4) to determine the average
point source uncertainties for each UOA.

The overall uncertainties for aggregated basin-level total
emissions are estimated using Eq. (5) for the area emissions
and point source emissions separately, where Utotal is the ag-
gregated basin-level uncertainty, Ui is the percentage uncer-
tainty for an emission estimate from a UOA within the basin,
and xi is the associated emission rate for the UOA. Finally,
Eq. (5) is used again to combine point source and area emis-
sions uncertainties to produce the overall uncertainty bounds
for the aggregated basin-level and national-level total emis-
sions estimates. Uncertainties on the basin-level oil and gas
estimates and associated loss rates incorporate the quantifica-
tion uncertainty as described above (for both area and point
source quantification), and an estimate of uncertainty related
to the subtraction of literature-based estimates of non-oil and
gas emissions (Eq. 1) using the standard deviation of the
bootstrapped distribution.

Utotal =

√
(Ui · xi)2

+ . . .+ (Un · xn)2

|xi + . . .+ xn|
(5)

It is important to note that the resulting estimates represent
the total methane emissions for the area within each basin
that was explicitly measured by MethaneAIR across multi-
ple flights, and not the entire geographic extent of each basin
(Fig. 1). However, these measured areas cover more than
two-thirds of each basin’s total oil and gas production with
several exceeding 90 % of the basin’s production (except for
the Bakken and Greater Green River basins) and combined
make up 70 % of the CONUS onshore oil and gas production
in 2023 (Table 3).

3 Results and discussion

3.1 Basin by basin comparison of MethaneAIR
quantification

3.1.1 Comparison of total methane emissions

Figure 2 and Table 3 show total methane emissions estimated
by aggregating MethaneAIR data collected in 12 major oil
and gas producing basins, delineated by estimated relative
contributions of oil and gas and non-oil and gas sources.
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Table 3. MethaneAIR estimated total methane emissions, oil and gas methane emissions, and gross gas normalized methane loss rates for
measured regions within each basin. Production coverage is based on 2023 Enverus data (Enverus, 2024).

Basin Number of
unique

MethaneAIR
flights

Area (km2)
covered by

MethaneAIR
flights

Percent of basins
total oil and gas

production covered
by MethaneAIR

MethaneAIR total
methane emissions

(kg h−1) and
uncertainty

MethaneAIR estimated
oil and gas methane

emissions (kg h−1) and
uncertainty

MethaneAIR
gas-normalized

methane loss
rates (%)

Anadarko 2 14 100 78 % 56 300 (± 31 %) 49 500 (± 46 %) 1.4 %
Appalachian 3 22 100 68 % 209 800 (± 37 %) 160 000 (± 47 %) 0.9 %
Arkoma Fayetteville 1 7000 88 % 23 800 (± 37 %) 21 300 (± 57 %) 3.1 %
Bakken 1 4800 48 % 12 900 (± 45 %) 12 300 (± 78 %) 2.1 %
Barnett 1 9400 80 % 38 300 (± 36 %) 21 900 (± 60 %) 1.6 %
Denver-Julesburg 5 11 600 91 % 37 300 (± 32 %) 24 200 (± 40 %) 1.3 %
Eagle Ford 2 19 200 73 % 65 200 (± 29 %) 59 600 (± 36 %) 2.0 %
Greater Green River 2 5100 44 % 44 600 (± 25 %) 41 800 (± 27 %) 5.2 %
Haynesville-Bossier 3 20 700 95 % 111 000 (± 19 %) 95 400 (± 28 %) 0.9 %
Permian 8 39 100 88 % 318 000 (± 27 %) 314 000 (± 34 %) 2.4 %
Piceance 2 11 600 93 % 65 000 (± 26 %) 63 500 (± 44 %) 7.9 %
Uinta 2 10 000 92 % 35 900 (± 27 %) 34 900 (± 50 %) 7.7 %

12 basin sum 32 174 700 – 1 018 000 (± 12 %) 898 000 (± 16 %) 1.6 %

Figure 2. Basin-level estimates of total methane emissions quan-
tified by MethaneAIR with estimated contributions from oil and
gas and non-oil and gas sectors. Total emissions across measured
regions vary by an order of magnitude, with the Permian basin
having the highest total emissions. Non-oil and gas emissions are
most prevalent in the Appalachian, Barnett, Haynesville-Bossier,
and Denver-Julesburg basins.

When considering methane emissions from all sectors, the
Permian, Appalachian, and Haynesville-Bossier basins rank
highest in terms of absolute methane emissions. In addition
to oil and gas methane emissions, the Appalachian has signif-
icant emissions from the coal and waste sectors, which was
also observed in previous work (Barkley et al., 2019; Cus-
worth et al., 2022). We estimate that around 14 % of emis-
sions in the Haynesville-Bossier basin are from non-oil and
gas methane emissions, most of which are likely from the
waste sector (Maasakkers et al., 2023), and for the Permian,
we found that almost all (> 95 %) emissions are from oil and
gas activity (Fig. 2).

The Barnett and Denver-Julesburg basins are additional re-
gions with larger contributions of non-oil and gas methane
emissions (> 35 %), which we attribute primarily to the agri-
culture and waste sectors (Crippa et al., 2024; Cusworth et
al., 2022; Lu et al., 2023; Maasakkers et al., 2023; Peischl
et al., 2018). However, based on our analysis, we estimate
that oil and gas methane emissions make up the majority of
methane emissions in all 12 basins, ranging from 57 %–99 %
of the total. As discussed in Sect. 2.3.2, these percent con-
tributions have varying levels of uncertainty due to limited
data.

It is important to note that estimates for some basins are
based on a single MethaneAIR flight (Table 3), whereas oth-
ers are based on several flights occurring over the span of
weeks or months. Repeat overpasses throughout the year are
needed to produce a more representative estimate of basin-
level methane emissions.

3.1.2 Comparison of oil and gas methane emissions
and loss rates

Figure 3 and Table 3 show the estimated total oil and
gas methane emissions and gas normalized loss rates
over individual oil/gas basins (following methods discussed
in Sect. 2.3.2). When considering only oil and gas re-
lated methane emissions, the Permian, Appalachian, and
Haynesville-Bossier remain as the highest emitting basins.
These basins are also the top oil and gas producers out of all
basins included in this study (Table 1). The Permian is domi-
nated by oil production but has significant associated gas pro-
duction, accompanied by increasing new oil and gas develop-
ment and high amounts of flaring, all of which could lead to
higher observed methane emissions (Lyon et al., 2021; Varon
et al., 2023; Zhang et al., 2020).
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Figure 3. Basin-level oil and gas methane emissions (kg h−1) and gas normalized loss rates (%) estimated from MethaneAIR data. Gas-
dominant basins (Appalachian and Haynesville-Bossier) have the lowest loss rates (< 1 %), whereas low-producing basins with aging infras-
tructure (Piceance and Uinta) have higher loss rates (> 7 %).

While absolute emissions reveal important insights as
noted above, methane loss rates are an important metric
to consider when comparing methane performance across
basins with variable levels of gas production. For instance,
gas-dominant basins with high well-site productivity (Ap-
palachian, Haynesville-Bassier) have the lowest methane
loss rates (< 1 %), despite having some of the highest abso-
lute emissions (Fig. 3, Table 3). Oil-dominant or mixed oil/-
gas basins (e.g., Permian, Greater Green River, Eagle Ford,
Bakken) tend to have higher methane loss rates (2 %–5 %).
Relatively mature basins where oil and gas production and
well site infrastructure is dominated by large populations of
aging, low producing wells such as the Piceance and Uinta
have the highest observed methane loss rates (> 7 %) (Fig. 3,
Table 3), likely due to fugitive methane emissions that con-
tinue to occur even as production declines (Lin et al., 2021;
Omara et al., 2022). We also estimated energy-normalized
methane intensities (kg CH4 GJ−1) for each basin to compare
oil and gas methane emitted relative to each basin’s com-
bined oil and gas production, which are discussed in Sect. S5.

3.1.3 Comparison of MethaneAIR estimated emissions
to the EPA GHGI

Figure 4A shows basin-level estimates of total methane emis-
sions quantified by MethaneAIR compared to total emissions
reported by the EPA (Maasakkers et al., 2023) for the same
domains. Note that EPA estimates are for 2020 (the most re-
cent year available at the time of writing), and MethaneAIR
measurements were collected in 2023. Depending on the
basin, MethaneAIR estimates of total methane emissions
range from 1.8 (Barnett) to 8.2 (Greater Green River) times
higher than EPA estimates. While it is possible that some of

these differences may be due to actual changes in emissions
between 2020 and 2023 (e.g., from changes in activity), it is
unlikely that such changes would result in the large discrep-
ancies observed, suggesting that underreporting of emissions
remains an issue for these regions.

Basin-level oil and gas methane emissions estimated
by MethaneAIR similarly range from 1.3 (Barnett) to 7.9
(Greater Green River) times higher than EPA estimates
(Fig. 4B), suggesting that observed discrepancies can be pri-
marily attributed to the oil and gas sector. Despite several
previous measurement studies finding similar differences be-
tween measured and reported emissions (Alvarez et al., 2018;
Omara et al., 2024; Sherwin et al., 2024; Zhang et al., 2020),
some of which date back to over a decade ago (Brandt et al.,
2014), our analysis indicates that underreporting continues to
be prevalent for major oil and gas producing basins in the US,
which must be addressed if such inventories are to be used to
inform mitigation and track promised reductions over time.

To better contextualize this comparison, we assess the rel-
ative contributions of EPA’s reported oil and gas methane
emissions from the MethaneAIR measurement domains
compared to their reported emissions for the rest of the on-
shore CONUS. EPA estimates only 21 % (1.6 Tg yr−1, 0.4 %
loss rate) of the total CONUS onshore oil and gas methane
emissions are from sources within the MethaneAIR domains,
which are responsible for more than 70 % of total onshore oil
and gas production in the CONUS for 2023. This suggests
that EPA estimates the other 79 % of the onshore CONUS oil
and gas methane emissions (6.1 Tg yr−1, 3.6 % loss rate) are
from the regions outside of the MethaneAIR domains, which
make up only 30 % of total onshore oil and gas production for
the CONUS in 2023. Considering these findings, it is possi-
ble that the discrepancies between EPA and MethaneAIR are
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Figure 4. Total methane emissions (A) and estimates oil and gas
methane emissions (B) quantified by MethaneAIR compared to
EPA (Maasakkers et al., 2023) reported emissions for the same re-
gions. MethaneAIR estimates (blue bars) of total methane emis-
sions range from 1.8 (Barnett) to 7.9 (Greater Green River) times
higher than EPA estimates (grey bars).

partly attributable to EPA’s use of methane emission factors
(e.g., estimate of average methane emitted per gas well) that
may be unrepresentative across basins.

3.2 Methane emissions quantified by MethaneAIR from
70 % of US onshore production

We estimate total methane emissions across all measured
regions are 8.9 (7.8–10) Tg yr−1 (assuming emissions are
constant throughout the year), with ∼ 90 % (7.9 Tg yr−1) of
emissions coming from the oil and gas sector (Table 3). Com-
paring the combined methane emissions from all measured
regions within the 12 oil and gas basins, the MethaneAIR to-
tal is approximately four times higher than total emissions
reported by EPA. The MethaneAIR oil and gas total for all
basins corresponds to a methane loss rate of 1.6 % (or a
methane intensity of 0.17 kg CH4 GJ−1), which is more than
four times higher than EPA’s loss rate (0.4 %) for the same
regions, and more than eight times higher than the inten-
sity target in the Oil and Gas Decarbonization Charter (The
Oil and Gas Decarbonization Charter, 2024). The observed
differences between reported and measured gas-normalized

methane loss rates are similar to those previously reported
for the US (Alvarez et al., 2018; Omara et al., 2024; Sher-
win et al., 2024). The estimated energy-normalized methane
intensity of 0.17 kg CH4 GJ−1 is comparable to the upstream
methane intensity of 0.18 kg CH4 GJ−1 for the entire US re-
ported by the IEA for 2024 (IEA, 2025), however it should
be noted that their estimate is calculated using marketed oil
and gas production, whereas our estimate uses gross produc-
tion and include methane emissions from the entire oil and
gas sector (i.e., not just upstream).

3.3 Regional (i.e., flight-level) comparisons of total
methane emissions and loss rates

We compared the MethaneAIR quantified methane emis-
sions and estimated gross gas normalized methane loss rates
from individual flights to other measurement-based estimates
from independent ground-based, aerial, and satellite plat-
forms. Figures 5 and 6 show these comparisons for six flights
in the Haynesville-Bossier, Barnett, Eagle Ford, Permian,
Denver-Julesburg, and Anadarko basins (additional compar-
isons for other flights are in Sect. S7). Note that in Fig. 6,
some previous measurement-based estimates include only
oil and gas methane emissions (dark blue bars), whereas
the MethaneAIR estimates and others with light blue bars
are total methane emissions (from all sectors). Across these
flights, as well as the majority of the other 26 included in the
present analysis, the MethaneAIR quantification generally
shows good agreement with previous measurement-based es-
timates. Minor differences observed across independent mea-
surements could be due to several factors such as the differ-
ences in time and duration of measurements as well as likely
variability in emissions over time.

The broad agreement between methane emissions quan-
tified by MethaneAIR and other independent measure-
ments further builds confidence in MethaneAIR’s capabil-
ity to provide robust quantification of methane emissions
over large areas. Similarly, the agreement between our
MethaneAIR-based loss rate estimates and other independent
measurement-based estimates builds confidence in our meth-
ods for assessing the contributions of the oil and gas sector
to total methane emissions.

4 Conclusions

We used MethaneAIR data from 32 flights to quantify and
compare methane emissions across 12 oil and gas production
basins in the US that account for 70 % of national onshore
oil and gas production. Our results suggest that these regions
emit approximately 8.9 Tg yr−1 of methane, with ∼ 10 % of
emissions from non-oil and gas sources (e.g., coal, landfills,
and agriculture). Oil and gas methane emissions and gross
gas production-normalized loss rates estimated for individual
basins vary significantly, likely due to a combination of dif-
ferences in production, infrastructure, and operational prac-
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Figure 5. Total methane emissions for six MethaneAIR flights compared to other measurement-based estimates reported in the literature.
Studies marked with an asterisk indicate estimates that are for overlapping domains, whereas all others correspond to estimates within the
exact MethaneAIR flight domain. The grey shaded area and dashed lines show the representative ranges of total methane emissions (95 %
CI, minimum/maximum) derived from previous literature. The MethaneAIR quantification across different measured basins shows good
agreement compared to other measurement-based estimates.

tices. Because of these variations, effective mitigation strate-
gies may need to be tailored for individual basins. Addition-
ally, we found that some of the highest emitting basins have
lower loss rates, and vice versa, highlighting the importance
of considering both metrics when evaluating the methane
performance of a particular basin or region. More data in
terms of repeat and systematic surveys throughout the year
are needed to further characterize the inter-basin emissions
variability.

We found good agreement in methane emissions charac-
terized by MethaneAIR and other independent measurement-
based estimates, adding confidence in the capability of
MethaneAIR data to quantify total regional methane emis-
sions. Similar to previous studies, we found observed emis-
sions to be much higher than what is currently reported in
bottom-up inventories. Emission quantification provided by
MethaneAIR data, along with other empirical and remote
sensing data, can be used to address gaps and improve es-

Atmos. Chem. Phys., 26, 1179–1192, 2026 https://doi.org/10.5194/acp-26-1179-2026



K. MacKay et al.: Assessment of methane emissions from US onshore oil and gas production 1189

Figure 6. Gross-gas production normalized methane loss rates for six MethaneAIR flights compared to other measurement-based estimates
reported in the literature. Studies marked with an asterisk indicate estimates that are for overlapping domains, whereas all others correspond
to estimates within the exact MethaneAIR flight domain. The grey shaded area and dashed lines show the representative ranges of loss rates
(95 % CI, minimum/maximum) derived from previous literature. The MethaneAIR estimated loss rates across different measured basins
show relatively good agreement compared to other loss rate estimates.

timates in existing bottom-up inventories to more accurately
track progress towards methane mitigation targets set by in-
dustry and governments. Some countries such as Canada
have started to incorporate atmospheric measurements in
their official inventories (Environment and Climate Change
Canada, 2024), which has significantly reduced the gap be-
tween measured and reported oil and gas methane emissions
(MacKay et al., 2024).

With regards to sector-disaggregation, we applied various
approaches and discussed challenges related to estimating
sector-specific methane emissions from total regional emis-

sions in areas with multiple methane emitting sectors. Devel-
oping robust assessments of sector contributions is essential
for providing actionable and policy-relevant insights from re-
mote sensing measurements. More sector-specific empirical
data are needed to further characterize oil/gas and non-oil/gas
emissions disaggregation by employing facility-level mea-
surements and modeling. In our analysis, the Appalachian,
Denver-Julesburg, and Barnett basins were identified as hav-
ing relatively significant contributions of non-oil and gas
methane emissions and would be regions that would espe-
cially benefit from future research on this topic.
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