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Abstract 
 
Mitigating methane emissions from global oil and gas operations remains a critical 
climate priority, given methane’s high radiative efficiency and short atmospheric lifetime. 
Using MethaneSAT satellite observations (March 2024–June 2025), we quantify 
emissions across 34 regions representing ~50% of global onshore oil and gas 
production. Regional emissions vary by nearly two orders of magnitude (~5 to >400 t h-

1), and the largest producing regions are also among the largest emitters. MethaneSAT 
estimates exceed reported “bottom-up” inventories by ~60%, with large regional 
differences, especially between oil-dominated and gas or mixed-production regions. 
Several regions show anomalously high methane intensity relative to production, 
identifying priority mitigation targets across North America, South America, Central Asia, 
and the Middle East. Across all regions, mean methane intensity is 2.9% of marketed 
gas (95% CI: 2.4–3.3%) and 0.19 kg GJ-1 (0.16–0.22), ~10× higher than the Oil and 
Gas Decarbonization Charter target (0.2%). These results reveal major gaps in current 
methane management and underscore the scale of reductions required for alignment 
with commitments under the OGDC and the Global Methane Pledge. 
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Introduction 
 
Methane emissions from global oil and gas operations have come under sustained 
scrutiny in recent years due to methane’s high radiative efficiency and short 
atmospheric lifetime, which together make it one of the most effective levers for near-
term climate mitigation1,2,3. Recent research demonstrates that a large fraction of oil and 
gas methane emissions can be mitigated using readily available and cost-effective 
technologies4,5,6. In alignment with the objective of limiting global temperature rise to 1.5 
ºC above pre-industrial levels under the Paris Agreement,7 rapid reductions in methane 
emissions have become an explicit policy priority across major oil and gas producing 
jurisdictions.  
 

This urgency has catalyzed coordinated action by governments and the oil and gas 
industry. Focused international initiatives—including the Oil and Gas Decarbonization 
Charter (OGDC)8 and the Global Methane Pledge (GMP)9 have established quantitative 
targets and sector-specific commitments to reduce methane emissions this decade. 
Central to the credibility and effectiveness of these pledges and commitments is the 
ability to assess, validate, and independently verify reported emissions against stated 
mitigation targets. Robust measurement-based methane monitoring frameworks are 
thus indispensable for tracking progress, identifying mitigation opportunities, and 
ensuring accountability. 
 

Independent assessment of oil and gas methane emissions requires comprehensive 
measurements across multiple spatial scales, from equipment and facility levels to basin 
and regional aggregates. While bottom-up inventories remain the basis of national 
reporting, they are often subject to uncertainties related to emission factors, activity 
data, and incomplete representation of dispersed area emissions and super-emitting 
events10-14. In recent years, satellite remote sensing has emerged as a transformative 
capability for global methane monitoring. Space-based observations enable systematic 
detection of high-emitting point sources,15-18 dispersed area source emissions, and 
quantification of total regional methane fluxes19-21, providing an independent constraint 
on inventory estimates and facilitating cross-regional comparisons. 
 

In this study, we present a global-scale assessment of regional oil and gas methane 
emissions derived from observations by MethaneSAT (www.methanesat.org), 
representing 50 percent of global onshore oil and gas production. MethaneSAT 
collected targeted observations over major oil and gas production regions between 
March 2024, following launch, and June 2025, when operations ceased after loss of 
communication with the satellite. The instrument combined wide-area coverage 
(approximately 220 km × 220 km at nadir) with high native spatial resolution (110 m × 
400 m at nadir) and precision (2.5–5.5 ppb at 2 km × 2 km aggregation)22, enabling 

http://www.methanesat.org/


3 
 

high-spatial resolution characterization of total methane emissions across diverse 
geological, operational, and regulatory contexts worldwide. The principal MethaneSAT 
data products include: (i) gridded methane emission fluxes at 4 km × 4 km resolution for 
basin- and regional-scale area sources20 and (ii) quantification of discrete high-emitting 
point sources18. Together, these products provide an internally consistent (dispersed 
area emissions and discrete high-emitting point source emissions) dataset for 
evaluating both aggregate regional methane emissions, their spatial distribution, and 
further enable the assessment of oil and gas methane intensity metrics that are policy-
relevant for evaluating methane mitigation targets. 
 

We analyze oil and gas methane emission fluxes across 34 production regions globally 
to address three primary objectives. First, we characterize regional-scale emission 
patterns and assess the magnitude and variability of emissions across regions. Second, 
we compare satellite-derived emission estimates with commonly referenced “bottom-up” 
inventories to quantify discrepancies and examine potential drivers. Third, we evaluate 
methane intensities across regions and assess their implications for meeting stated 
abatement pledges and commitments. By integrating high-resolution satellite-derived 
methane emissions across major global oil and gas production regions, this work 
provides an independent, measurement-based characterization of regional variability in 
oil and gas methane emissions viz-a-viz inventory reporting and evaluating progress 
toward oil and gas methane mitigation goals. 
 

Results and discussion 
 

Wide variability in regional total oil and gas methane emissions. 
MethaneSAT’s ability to resolve both diffuse, lower-emission area sources and discrete, 
high-emitting point sources enables an integrated high-spatial-resolution 
characterization of regional total methane fluxes. Using these capabilities and based on 
observations between May 2024 and June 2025, we analyze methane emissions from 
34 major oil and gas production regions that collectively account for approximately 50 
percent of global onshore marketed oil and gas output23 (Fig. 1), providing a 
representative cross-section of contemporary oil and gas extraction practices and 
methane emitting regions. 
 

The regions included in this assessment span more than two orders of magnitude in oil 
and gas production volume—from ~50 petajoules per year (PJ yr-1; 1 barrels of oil 
equivalent ~ 5.7×10-6 PJ) in smaller regions to over 23,000 PJ yr-1 in the most 
intensively developed systems—and range in area from ~16,000 to 190,000 km2. 
Collectively, the 34 aggregated domains cover 2,538,000 km2—about the same area as 
12 Permian Basin (U.S.) regions. 
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These regions exhibit marked contrasts in oil and gas production characteristics. 
Predominantly oil-producing regions (n = 10) are defined by gas contributing <20% of 
total marketed energy output, whereas gas-dominated regions (n = 7) exceed 80%. 
Mixed-production regions (n = 17) fall between these bounds (Fig. 1). This breadth in 
geological context, infrastructure maturity, and operational profile constitutes an ideal 
framework for assessing how methane emissions vary by region and scale with oil and 
gas production and other operational characteristics.  
 

Figure 1 (panels a, c, and e) presents examples of MethaneSAT’s regional methane 
emission quantification, demonstrating its characteristic fine spatial resolution (4 km × 4 
km) across basin-scale. For each region, we disaggregate the total methane emissions 
to sectoral methane emissions (oil and gas methane and non-oil and gas emissions) by 
incorporating prior information from peer-reviewed assessments of methane emission 
sources at both regional and gridded scales (Methods). 
 

Across all 34 regions, we estimate total oil and gas methane emissions equivalent to 24 
Tg per year (95% confidence interval: 20—28 Tg per year). At the regional level, oil and 
gas methane emissions vary by more than two orders of magnitude, from approximately 
5 t h-1 to over 400 t h-1 (Fig. 2). The regions with the highest oil and gas methane 
emissions—such as the Permian Basin (U.S.) and the Widyan region (Iran and Iraq)—
are also among the world’s largest oil and gas producers (Fig. 2; Fig. 3a). At these 
regional scales, we observe a positive correlation between methane emissions and total 
marketed oil and gas production (R = 0.5, p < 0.001; Fig. 3a). This relationship suggests 
that extensive oil and gas infrastructure networks and high throughput increase both the 
frequency and magnitude of methane emission events. However, substantial variability 
exists among regions with similar oil and gas production levels (as shown by the degree 
of scatter in Fig. 3a), indicating that other factors beyond production volume also 
influence methane emissions at these scales.  
 

We also identify evidence of exceptionally large facility-level methane venting events, 
generally exceeding 1 tonne per hour per facility, in several of the highest-emitting 
regions (Supplementary Note 4, Supplementary Fig. 5). Notably, these include the 
Permian Basin in the U.S., the Maturín region of Venezuela, the South Caspian region 
of Turkmenistan, and in the Widyan/Zagros Foldbelt regions of Iran and Iraq. Detailed 
analyses of these high-emission point sources based on MethaneSAT data analyzed 
herein are provided in Guanter et al.18 When combined with the evidence of large gas 
flaring volumes in these same regions (Fig. 2, based on VIIRS satellite observations25), 
our findings suggest that substantial volumes of methane emissions in these regions 
are avoidable, underscoring a significant and actionable opportunity for mitigation. 
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Figure 1. Global map showing the 34 regions observed by MethaneSAT between May 2024 and 
June 2025. Regions are color-coded by the proportion of total marketed energy derived from 
gas production (energy fraction of gas): warmer colors indicate predominantly gas-producing 
regions, while cooler colors represent predominantly oil-producing regions. The lower panels 
provide examples of regional total methane flux quantification from MethaneSAT (middle panel) 
and the CAMS24 inventory (bottom panel) for three representative regions: a predominantly oil-
producing region (Widyan, Iran/Iraq; panels a and b), a mixed oil and gas region (Uinta, USA; 
panels c and d), and a predominantly gas-producing region (Amu Darya, Turkmenistan; panels 
e and f). MethaneSAT flux estimates are gridded at 4 km × 4 km resolution whereas CAMS 
fluxes are gridded at approximately 10 km × 10 km resolution. We use the CAMS inventory here 
to facilitate comparison of total methane emissions with the MethaneSAT results. IRN—Iran; 
IRQ—Iraq; TKM—Turkmenistan; USA—United States of America. 
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Figure 2. Comparison of regional oil and gas methane emissions for the 20 highest-emitting 
regions (out of 34), each with estimated emissions exceeding 30 tonnes per hour. MethaneSAT 
estimates are shown as purple bars, with error bars indicating the 95% confidence interval of 
the mean. For all regions, inventory values are derived from the gridded country-reported 
inventories to the UNFCCC, as reported in the GFEI inventory for 202026 and adjusted to 2024 
based on relative changes in total marketed oil and gas production23 (Supplementary Note 3). 
Hatched light blue bars indicate regions where MethaneSAT estimates exceed inventory values, 
while dark blue bars indicate the opposite. Black diamond markers represent the absolute 
difference between MethaneSAT and inventory estimates. Bubble plots display total oil and gas 
production in petajoules per year (black symbols) and gas flaring volumes in billion cubic meters 
based on VIIRS25 estimates (light yellow symbols) for 2024. Supplementary Fig. 6 shows the 
comparison for all 34 regions. 
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At the opposite end of the spectrum, the lowest-emitting regions (less than 20 tonnes 
per hour) correspond to areas with comparatively low volumes of marketed oil and gas 
production and minimal gas flaring activity (see Supplementary Fig. 6 for all regions). 
Examples include the Uinta and Greater Green River Basin in the U.S., the Tarim region 
in China, and the Bowen–Surat region in Australia. These low emission levels likely 
reflect, among other factors, the basin maturity, the prevalence of low-production wells 
with limited gas gathering and processing infrastructure, and the absence of significant 
new oil and gas exploration or development. As noted in previous studies,14,27 small 
fugitive and vented methane sources from aging, low-producing infrastructure can 
cumulatively contribute to substantial regional emissions, representing an additional 
area for targeted methane mitigation. The pronounced heterogeneity revealed by these 
observations underscores the importance of region-specific assessments of total oil and 
gas methane emissions to accurately identify and prioritize mitigation opportunities. 
 

In specific regions, empirical methane emissions exceed emission-
factor-based inventories by substantial margins. Consistent with a broad 
body of recent peer-reviewed research10-12,19-21, we find that, in aggregate, 
MethaneSAT-derived oil and gas methane emissions are approximately 60% higher 
than those reported to the United Nations Framework Convention on Climate Change 
(UNFCCC) based on the Global Fuel Exploitation Inventory (GFEI v3)26, which serves 
as reference “bottom-up” country-reported inventories for all regions. At the global scale, 
this difference—about 10 Tg per year—is not statistically significant at the 5% level (t-
statistic = 0.01, p = 0.99). Figure 3b also shows that the MethaneSAT-derived oil and 
gas methane emissions are 25% higher than the CAMS24 (Copernicus Atmosphere 
Monitoring Service) inventories, which uses the EDGAR28 inventory as baseline 
“bottom-up” estimates and adjusts estimated emissions using atmospheric inversions. 
We find similar discrepancies between MethaneSAT-derived estimates and inventories 
for the US-only regions (Fig. 3b). However, as shown below, substantial discrepancies 
emerge at the regional level concomitant with variability in regional oil and gas 
production characteristics and associated natural gas (co-produced in predominantly oil 
production regions) management practices.  
 

Although inventories underestimate emissions overall, regional analysis reveals uneven 
performance. The UNFCCC inventory exhibits both significant underestimations and 
overestimations, with absolute differences ranging from less than 5 t h⁻1 to more than 
200 t h-1 (Figs. 2 and 3b). Overestimations occur primarily in oil-dominated regions with 
extensive associated gas flaring, such as in Iran, Iraq, and the United Arab Emirates 
(Fig. 2). In contrast, underestimations are most pronounced in gas-dominated or mixed-  
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Figure 3. a. Relationship between oil and gas methane emissions and marketed oil and gas 
production. MethaneSAT estimates are shown as dark blue symbols, and inventory estimates 
(UNFCCC, GFEI) as light blue symbols. The shaded gray area represents the 95% confidence 
interval for an ordinary least squares (OLS) regression of MethaneSAT-derived emissions as a 
function of marketed oil and gas production (R = 0.5, p < 0.001). Thin connecting lines link 
MethaneSAT and inventory estimates for each region, visually illustrating discrepancies 
between measurements and inventories. b. Comparison of MethaneSAT-derived oil and gas 
methane emissions with inventory-based estimates (UNFCCC/GFEI26; CAMS24), grouped by 
marketed oil and gas production characteristics, aggregated across all regions and across U.S.-
only regions (n = 8). Error bars indicate the 95% confidence interval for MethaneSAT estimates 
and an assumed ±20% uncertainty for inventory values29.  
 

production regions, including, for example, the Hassi R’Mel (Algeria) and Amu Darya 
(Uzbekistan) regions (Figs. 1b and 2). We identify 12 regions, representing 44% of total 
MethaneSAT-derived emissions, where MethaneSAT estimates are at least three times 
greater than inventory values.  
 

Conversely, six regions, accounting for approximately 52% of total inventory emissions, 
report inventory estimates that exceed MethaneSAT observations. Overall, inventories 
overestimate methane emissions by approximately 14% in predominantly oil-producing 
regions (n = 6; Fig.2a, also see Fig. 1a,b for an example), while MethaneSAT-derived 
emissions are 2.3× higher in predominantly gas-producing regions (n = 7; see Fig. 1e, f 
for an example) and 3.1× higher in mixed-oil and gas production regions (n = 16; see 
Fig. 1c, d for an example). 
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As noted in previous studies10-14,19-21,30, these discrepancies largely stem from 
uncertainties and limited representativeness in the emission factors and activity data 
used to construct bottom-up inventories. In particular, the incomplete accounting for 
ephemeral, high-emission facility-scale events in major production regions is a key 
driver of underestimation in inventories,11,30. Our findings also challenge the assumption 
that inventories consistently underestimate emissions: in several oil-dominated regions, 
the UNFCCC inventories overestimate methane emissions, suggesting methodological 
limitations and potential biases that inflate methane estimates in these contexts, 
especially when relying on the default IPCC Tier 1 emission factors for oil systems, 
which are generally higher than those for gas systems.31 

 

Persistent gaps between measurement-based and inventory-based estimates across 
major oil and gas production regions underscore the urgent need to improve bottom-up 
inventories. In the absence of comprehensive, measurement-based estimates, “bottom-
up” inventories play an important role as baseline estimates for assessing mitigation 
performance and guiding policy. As such, enhancing inventory accuracy is essential for 
effective methane management, as has been explored in recent research32,33. 
 

Methane intensity metrics provide a clear indication of the scale of 
avoidable methane emissions across different regions. We evaluate 
regional methane intensities using two complementary metrics: (i) the percentage of 
methane lost relative to marketed methane production (gas-normalized methane 
intensity) and (ii) the methane emitted per unit of marketed energy (kg per GJ; 
energy-normalized methane intensity). The latter metric reflects the climate intensity of 
oil and gas energy supply, whereas the former characterizes the effectiveness of 
methane control measures34.  
 

Across all regions, we estimate an average methane intensity of 2.9% of marketed gas 
production (95% confidence interval: 2.4% to 3.3%) and 0.19 kg GJ-1 (0.16—0.22 kg 
GJ-1). In the U.S.-only regions (Fig. 1), we estimate methane intensities of 1.5% (1.3% 
to 1.8%) of marketed gas production and 0.17 kg GJ-1 (0.14 to 0.19 kg GJ-1) relative to 
total oil and gas production. We note that the U.S.-only intensity metrics are for the eight 
regions included in this study that represent approximately 70% of U.S. onshore oil and 
gas production. 
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Figure 4. Comparison of oil and gas energy-normalized methane intensities by region and by oil and gas production characteristics 
(i.e., predominantly oil-producing, mixed oil and gas, and predominantly gas producing). The left y-axis and the bubbles show the 
energy-normalized methane intensity per region. The bubbles are color-coded by gas-production-normalized energy intensity 
(percent of marketed gas production emitted as methane) and sized by the amount of oil and gas emissions in tonnes per hour.
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As shown in Fig. 4, regional energy-normalized methane intensities span more than two 
orders of magnitude, from less than 0.03 kg GJ-1 to more than 10 kg GJ-1. Similarly, gas-
production-normalized methane intensities show wide variation, from 0.25% to greater 
than 50% (Fig. 4). Importantly, this wide variation is present within each production 
cohort (predominantly oil, predominantly gas, and mixed), indicating that energy-
normalized methane intensities are not dependent on oil and gas production profiles 
(Supplementary Fig. 6).  
 

The regions with the lowest energy-normalized methane intensities are large, 
predominantly oil-producing basins such as Widyan in Saudi Arabia and Kuwait, which 
exhibit values of approximately 0.03 kg GJ-1 (gas-production-normalized methane 
intensities of ~1% to 2%, Fig. 4). These oil production regions are in countries that are 
signatories to the Global Methane Pledge and whose national oil companies have 
adopted strategic initiatives to monitor and manage methane emissions. Such 
measures include reducing routine flaring through expanded gas-capture infrastructure, 
enhancing leak detection and repair (LDAR) programs, modernizing facilities to reduce 
methane slip, and utilizing satellite remote sensing to support targeted abatement35,36. 
For example, Saudi Aramco has pursued decades-long efforts to eliminate routine gas 
flaring through its Master Gas System and associated flare-gas recovery technologies33 
and has implemented a comprehensive LDAR program complemented by regular 
satellite surveillance of large emitters36. 
 

At the opposite extreme, we identify the South Caspian region of Turkmenistan and the 
Maturín region of Venezuela as among the most methane-intensive regions in our 
analysis, each exceeding 3 kg GJ-1. In both cases, methane emissions surpass reported 
marketed methane (gas) production (marketed gas-normalized methane intensities 
greater than 100%; Fig. 4), indicating pervasive leakage and venting. In Venezuela, 
aging oil and gas infrastructure and insufficient gas-gathering and capture systems 
contribute to extensive methane losses through leaks, venting, and flaring. These 
challenges are compounded by limited institutional capacity, weakened monitoring, 
reporting, and verification (MRV) systems, and the absence of robust, transparent 
national methane-mitigation regulations tailored to the oil and gas sector.37 Venezuela 
has also not joined methane-specific international commitments such as the Global 
Methane Pledge9. 
 

Similar methane management challenges contribute to elevated intensities in 
Turkmenistan’s South Caspian region, where outdated infrastructure, routine venting, 
and recurrent large-scale leaks are well documented. Numerous studies have identified 
methane “super-emitters” within Turkmenistan’s oil and gas systems.17,18, 38-40 Unlike 
Venezuela, however, Turkmenistan has publicly committed to improving methane 
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management. Turkmengas, the state-owned energy company, has announced initiatives 
to enhance gas capture, expand satellite-based monitoring, and strengthen operational 
controls at major gas fields41. Turkmenistan has also joined the Global Methane Pledge, 
committing to reduce methane emissions by at least 30% by 2030, though national 
methane-specific regulatory frameworks in the oil and gas sector remain only partially 
developed41. 
 

Our analysis also shows that the Permian Basin—one of the world’s most prolific oil and 
gas production regions—recorded a methane intensity of approximately 0.13 kg GJ-1, or 
approximately two percent of marketed gas production in 2024. This places the Permian 
below, but still broadly comparable to, several global regions with energy-normalized 
intensities between 0.1 and 0.5 kg GJ-1 (Fig. 4). The heightened scrutiny of Permian 
methane emissions in recent years17,18,42,43 has likely contributed to the measurable 
reductions in methane intensity, even with continued growth in oil and gas production. 
Progress has likely been driven in part by federal and state-specific methane policies, 
including the U.S. EPA’s Methane Emissions Reduction Program,44 the revised New 
Source Performance Standards45, and the federal methane fee on major emitters (U.S. 
Waste Emissions Charge46). Together, these policies combine mandatory 
equipment- and operations-based standards with incentives designed to accelerate 
mitigation, although recent legislative actions may influence the scope and 
implementation of certain program elements47. At the state level, New Mexico has 
enacted more stringent methane-control regulations, including the Methane Waste 
Rule48, which is hypothesized to have contributed to recent reductions in 
gas-normalized methane intensities in the New Mexico portion of the Permian17,43. 
 

Policy implications for global oil and gas methane mitigation. Across all 
regions evaluated herein, we estimate that total oil and gas methane emissions 
correspond to approximately $350,000 USD per hour in lost revenue, assuming the 
average annual Henry Hub natural gas price in 2024 (~$2.1 per MMBtu).49 This 
estimate underscores the substantial aggregate economic losses associated with 
methane leakage from oil and gas operations across these regions and highlights the 
need to strengthen and expand targeted methane mitigation efforts. 
 

To compare methane mitigation performance across all regions, we benchmark each 
region’s energy-normalized methane intensity against a target of 0.03 kg per gigajoule, 
equivalent to the Oil and Gas Decarbonization Charter (OGDC)8 gas-production-
normalized methane intensity target of 0.2 percent. We also compare measured 
methane intensities against an energy-normalized methane intensity threshold of 0.017 
kg per gigajoule, which assumes an oil-only system in which associated gas produced 
is flared at 98% efficiency (see Supplementary Note 2 for detailed discussion). These 
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thresholds reflect methane performance consistent with leading industry commitments 
toward oil and gas methane reductions. Our analysis indicates that all assessed 
regions, except two regions (Widyan regions in Saudi Arabia and Kuwait) exceed the 
0.03 kg GJ-1 target, while all regions exceed the 0.017 kg GJ-1 oil-only threshold. In 
most cases, methane intensities are more than fivefold higher than the target (Fig. 5), 
and in the most methane-intensive regions are >50 times greater than the intensity 
threshold. These findings underscore substantial shortcomings in methane 
management practices and highlight the scale of effort required to align with industry 
commitments under the OGDC and Global Methane Pledge. 
 

 
 
Figure 5. Comparing energy-normalized methane intensities (in kg GJ-1) relative to methane 
intensity target of 0.017 kg GJ-1 (oil-only system) and 0.03 kg GJ-1 (equivalent to the OGDC 
target of 0.2 percent of marketed natural gas production), shown by the shaded red region. The 
x-axis shows the ratio of measured intensity to the OGDC methane intensity for each region 
(0.03 kg GJ-1). Individual regions are shown as bubble plots, color-coded by the energy fraction 
of gas (% of total energy production coming from gas) and sized by the estimated oil and gas 
methane emissions in t h-1. KSA—Kingdom of Saudi Arabia; TKM—Turkmenistan; UAE—United 
Arab Emirates; USA—United States of America; UZB—Uzbekistan; VEN—Venezuela. 
 

Based on this study’s results, we suggest that effective methane mitigation will require 
coordinated, system‑wide reforms that strengthen measurements, accelerate 
abatement, and align regulatory and market frameworks. Priority actions include 
expanding robust measurements (including those that produce comprehensive total 
methane emissions assessments incorporating both small emitters and large “super” 
emitters), reporting, and verification systems; deploying high‑frequency leak detection 
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and rapid super‑emitter response (such as is currently undertaken through the UNEP 
MARS50 program); eliminating routine flaring and venting through improved gas capture 
and utilization; and modernizing equipment across aging oil and gas production, 
gathering, and processing infrastructure. Moreover, as noted by Omara et al.,14 in 
regions characterized by substantial numbers of marginally producing, end-of-life wells, 
comprehensive methane abatement policies must evaluate the economic feasibility of 
their continued operation under stringent emissions controls and, where such operation 
is not viable, identify mechanisms to finance appropriate plugging and abandonment. 
Given that many producing regions around the world exceed the 0.03 kg per gigajoule 
methane‑intensity benchmark by one to two orders of magnitude, incremental 
improvements will not suffice. Achieving the 2030 methane‑reduction goals will require a 
combination of rapid adoption of best‑available methane abatement technologies, 
comprehensive MRV (monitoring, reporting and verification) integration, and 
enforceable mitigation standards. 
 

Methods 
 
Study regions 
 
MethaneSAT was designed to quantify methane emission fluxes (kilograms per hour per 
square kilometer) across global regions representing at least 80% of onshore oil and 
gas production. A secondary objective was to characterize methane fluxes in regions 
where methane emissions are primarily driven by agricultural activities. The unexpected 
loss of satellite contact in June 2025 constrained the extent to which these objectives 
could be met. 
 

The satellite instrument provided wide-area mapping capabilities, with an approximate 
220 km × 220 km swath at nadir, a native spatial resolution of 110 m × 400 m, and high 
measurement precision (2.5–5.5 ppb at 2 km × 2 km aggregation).22 These 
specifications enabled the retrieval of basin-scale xCH4 concentration data suitable for 
quantifying both diffuse area-source emissions and discrete high-emitting point sources. 
 

The selection of MethaneSAT targets focused on major global oil and gas production 
regions. Each target covered approximately 200 km × 200 km and was centered on the 
major oil and gas production fields and dense infrastructure zones. Additional indicators 
of oil and gas emission activity, including gas flaring and previously identified methane 
hotspots, were used to refine target placement and optimize coverage. Practical satellite 
observability constraints—e.g., cloud cover, wind speed and direction, solar zenith 
angle, surface reflectivity, and terrain complexity—also informed both the feasible target 
location and achievable sampling frequency. 
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All oil and gas targets included in this study were observed at least once between May 
2024 and June 2025. The final spatial extent of each mapped area, or of aggregated 
neighboring targets (hereafter referred to as “regions”), was determined by the 
boundaries of the MethaneSAT inversion domains —which could exclude cloudy areas 
(as described below)—and by the spatial consolidation of adjacent and overlapping 
observations. Each aggregated domain had MethaneSAT observations ranging from 
one to 20 observations between May 2024 and June 2025. Figure 1 shows the locations 
of the 34 regions included in this study, which together accounts for approximately one-
half of global onshore oil and gas production. Additional details for each region, 
including the number of observations, total methane emissions, total oil and gas 
methane emissions and methane intensities can be found in Supplemental Data 1. 
Supplemental Data 2 includes geospatial data (.geojson) of the study domains for each 
region.  
   
MethaneSAT L4 inversion methodology  
 

The MethaneSAT L4 Column Observations to Regional Emissions (CORE) algorithm is 
designed to estimate spatially distributed total methane emissions by solving an inverse 
model that ingests MethaneSAT XCH4 observations (L3), meteorology from the Global 
Forecast System (NOAA, 2015-present), a model of topographic variation in 
background XCH₄, and a weakly informative lognormal prior (ensuring positivity) as 
inputs. Full details of the CORE inversion methodology can be found in the CORE 
ATBD.51 Briefly, we use the Stochastic Time-Inverted Lagrangian Transport (STILT)52 
model to compute the Jacobian that links upwind fluxes to observed enhancements, 
and emissions and background terms are jointly inferred using the Stan53 No-U-Turn 
Sampler (NUTS54). Equation 1 describes the inversion framework: ݖ = ௜௡௧ݏ௜௡௧ܬ + ௘௫௧ݏ௘௫௧ܬ + ௣௥௜௢௥ݖ) +  (ܾܣ
 
where z is the vector of observed xCH₄ values, J is the Jacobian matrix describing the 
sensitivity of each observation to surface emissions, s represents methane emission 
rates within the interior and exterior domains, zprior is the prior methane column used in 
the Level-2 retrieval, A is the averaging kernel, and b is a background offset parameter. 
 

The source–receptor relationship represented by J is computed using STILT driven by 
meteorological fields from the Global Forecast System. STILT simulates backward 
particle trajectories from observation locations to quantify the sensitivity of each 
observation to upwind methane emissions. The inversion estimates posterior emission 
distributions by sampling parameter values that jointly maximize consistency with the 
observations and prior constraints under the Bayesian model. To capture upwind 
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variability efficiently, exterior emitters are clustered into 350 groups using K‑means55 on 
cosine distances of their STILT footprints, reducing parameter collinearity while 
preserving expressivity of the boundary‑inflow model. STILT footprints extend 28 hours 
upwind (a typical ventilation timescale for scene size and winds), such that each 
emissions map represents up to 28‑hour effective averaging window, which partially 
smooths diurnal variability56.  
 

MethaneSAT Level-3 observations are aggregated to 2 km × 2 km grids prior to 
inversion to reduce measurement noise and computational cost. The total methane 
emissions are estimated on a 4 km × 4 km grid within an interior domain defined by 
contiguous regions of valid observations, while potential methane emission sources 
extending up to 300 km beyond the observed domain are included to represent inflow 
contributions through atmospheric transport. The background methane column is 
represented as the retrieval prior plus an additive offset parameter scaled by the 
averaging kernel derived from the Level-2 methane retrieval22. Exterior emission 
sources are clustered according to the similarity of their transport footprints to reduce 
the dimensionality of the inverse problem. 
 

We estimate the inversion model parameters using Bayesian inference with state vector 
θ = (sint, sext, b) and generate posterior samples using the Stan probabilistic 
programming framework53 with the No-U-Turn Sampler54, an adaptive Hamiltonian 
Monte Carlo algorithm57. Observation uncertainty is represented by a constant standard 
deviation of 11 ppb, representing an aggregate instrument and unresolved transport and 
model error, and that errors are assumed uncorrelated at the aggregate scale. The 
emission rates are assigned lognormal prior distributions.  
 

Posterior mean emission rates provide the estimated flux (total methane emissions from 
all methane sources) for each grid, and uncertainty in total emissions is derived from the 
posterior distribution (n=1,000 MCMC samples from four independent chains) through 
the Markov Chain Monte Carlo (MCMC) process. To reduce bias associated with small 
emissions that may arise due to measurement noise, we remove likely zero-emission 
grid cells emitting below 1 kg h-1 km-2 (noise floor) based on the Widely Applicable 
Information Criterion.51 Figure 1 (panels a, c, and d) show examples of the high-
resolution spatially distributed total methane emission fluxes based on MethaneSAT 
observations.  
 

 

Aggregation of multiple MethaneSAT observations and sectoral 
attribution to oil and gas methane sources 
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We follow the procedure outlined in Williams et al.20 to aggregate the MethaneSAT 
spatially explicit methane fluxes in regions with multiple observations and perform 
sectoral attribution to oil and gas methane sources. Briefly, we reproject all emission 
maps onto a common 0.04° × 0.04° global grid using an equal‑area weighting scheme 
that conserves total methane mass. Emission rates from overlapping scenes are then 
averaged to generate an aggregated emission map and spatial extent. We assess 
uncertainties in the aggregated MethaneSAT emissions estimates leveraging the 4,000 
samples drawn from each grid’s MCMC posterior distribution, representing the 
mean‑level uncertainty for that location. When multiple emissions maps contribute to a 
single grid, 4,000 combined cell-level estimates are produced by repeatedly drawing 
one value from each map with replacement and averaging the results. This Monte Carlo 
resampling propagates uncertainty through the arithmetic mean without requiring 
assumptions about the shape of the resulting distribution. The procedure is applied 
independently to all subregions defined by unique combinations of overlapping 
emissions maps. For each of the 4,000 iterations, summing across all subregions yields 
one estimate of total methane emissions for the aggregated domain. The 2.5th and 
97.5th percentiles of the resulting distribution define the reported 95% uncertainty 
interval, to which an additional 20% is added to account for atmospheric transport error. 
 

Following Williams et al.19, we attribute MethaneSAT methane emissions to broad 
sectors using a proportional allocation method in which sector-level emissions are 
computed from the ratio of sectoral prior emissions to the total prior emissions within 
each region. Briefly, for any region, we develop sectoral priors by summing two 
bottom-up inventories selected according to region (EPA-GHGI58, EI-ME59, EDGAR28 for 
U.S. regions; CAMS v6.224, GFEI v326, EDGAR28 elsewhere) together with 
persistence-weighted satellite point source data from the Carbon Mapper Data Portal60 
(≥3 detections) ), and wetland emissions from WetCHARTs (v1.3.1)61. We regrid the 
composite prior to the 0.04° × 0.04° MethaneSAT grid using equal-area 
mass-conserving reprojection. For regions outside the U.S., oil-and-gas emissions in 
the composite prior are spatially aggregated to 0.4° × 0.4° to address sparse 
infrastructure data.19 We then apportion MethaneSAT total emissions across major 
sectors (e.g., oil and gas, landfills, coal, livestock, wetlands, and other anthropogenic 
sources), using the proportional relationship between composite prior sectoral 
contributions and prior totals. Grid cells where MethaneSAT emissions exceed 
composite priors by >100× are labeled “unknown” and their relative emissions to the 
total are incorporated into the overall sectoral uncertainties.  
 

In addition to the primary methodology described above, we also estimate oil and gas 
methane emissions using a literature-based subtraction approach. Specifically, we 
subtract representative mean estimates of non–oil and gas methane emissions derived 
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from peer-reviewed studies, following the procedures outlined in MacKay et al.62 Non–oil 
and gas emissions for each region are informed by data from EDGAR,28 CAMS v6.2,24 
GFEI v3,26 and East et al.19 Although our primary analysis prioritizes the composite-prior 
methodology, which yields spatially explicit estimates of oil and gas methane emissions 
alongside other methane sources,20 the literature-based subtraction approach serves 
two complementary purposes. First, it provides a sensitivity analysis for evaluating the 
robustness of our results; second, it improves estimates of oil and gas emissions in 
barren regions with negligible non-oil and gas sources relative to previous literature. In 
addition, we demonstrate that an alternative sectoral attribution approach based solely 
on the sectorally-resolved emissions from East et al.19 produces oil and gas methane 
emission estimates that are broadly consistent with those from the primary methodology 
(see Supplementary Note 1 and Supplementary Fig. 1). Finally, we compare our 
estimate of oil and gas methane emissions based on MethaneSAT quantification with 
peer-reviewed estimates from global datasets provided by East et al.19, as well as 
EDGAR, CAMS, and the GFEI v3 inventories. Supplementary Figs. 8—41 shows a 
detailed comparison of each region’s aggregated total methane emissions with peer-
reviewed literature (“top-down”) and commonly-used “bottom-up” inventories. 
 

Assessment of oil and gas methane intensities 
 

Methane intensity metrics are widely used to evaluate methane emissions relative to 
methane production or energy output (total oil and gas production) and to assess 
methane management and climate performance in the oil and gas sector. In this study, 
we compute two complementary metrics. We estimate gas production–normalized 
methane intensity, defined as the percentage of methane emitted relative to marketed 
methane production. Marketed methane production is estimated using reported 
marketed natural gas volumes, assuming a methane content of 90% and a methane 
density of 19.2 kg per 1,000 cubic feet. We apply a uniform methane content of 90% 
across all regions, recognizing that the global oil and gas production data from Wood 
Mackenzie (www.woodmac.com) represent marketed gas volumes that exclude gas 
flared or reinjected and are expected to be of pipeline quality, with non-methane 
hydrocarbons and other impurities removed. We also assess energy-normalized 
methane intensity, defined as methane emitted (in kilograms) per unit of marketed 
energy production from oil and natural gas, expressed in gigajoules. Wood Mackenzie 
reports oil and gas production in units of thousand barrels of oil equivalent per day 
(kboed). We convert these values to gigajoules per year assuming 365 days per year 
and an energy content of 6.1 gigajoules per barrel of oil equivalent. Marketed oil and 
gas production data for 2024, obtained from Wood Mackenzie, are used to normalize 
regional methane emissions and derive the reported intensity values. 
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The oil and gas production data from Wood Mackenzie, while spatially explicit and 
temporally resolved on an annual basis, are available only at the “asset” level (typically 
corresponding to individual oil and gas fields, each of which may include tens to 
thousands of production wells and associated gathering and processing infrastructure). 
In most cases, asset boundaries fall entirely within aggregated MethaneSAT regions. 
Where asset geometries partially overlap a MethaneSAT region, we apply an 
area-weighted approach to adjust field-level production estimates based on the fraction 
of the asset area intersecting the region of interest. Supplementary Note 2 includes 
additional discussion on methane intensity metrics and oil and gas production ratios 

 

Method and Data Uncertainties 
The uncertainty in the CORE inversion results are estimated from two components: first, 
the posterior uncertainty is derived from the Bayesian inversion and includes 
uncertainties arising from measurement noise and the partitioning between the interior 
emissions and the boundary inflow. These uncertainties are summarized using the 95th 
percentile range of the bootstrap resampling of the 4,000 MCMC samples. Second, an 
additional 20% empirical uncertainty is applied to account for meteorological transport 
errors introduced during the Jacobian generation. These errors are not explicitly 
represented in the inverse model. 
 

To estimate uncertainties associated with the sectoral attribution of total methane 
emissions, we apply bootstrap resampling (n = 4,000) to the inputs used to construct the 
prior emissions estimates in the stacked prior inventory. These resampled priors are 
then used to recompute the sectoral disaggregation. For the bottom‑up inventories, 
regardless of sector, we assume grid-level emissions follow a normal distribution with a 
standard deviation of 50%. For the satellite-based point source data60, we use the 
provided source‑level standard deviations and assume normally distributed emission 
rates for resampling (n = 4,000). Sectoral emission ratios are calculated 4,000 times 
using these resampled inputs to derive upper and lower bounds for sector‑specific 
methane emissions. The 2.5th and 97.5th percentiles of these ratios define the 
uncertainty in sectoral disaggregation, including contributions from unknown methane 
emissions. The additional uncertainty associated with attributing MethaneSAT‑detected 
unknown emissions contribute less than 1% to total uncertainty for all regions analyzed 
in this study. 
 

Our comparison of MethaneSAT oil and gas methane emissions with reported 
bottom-up inventories is subject to uncertainties arising from differences in the reporting 
periods of the underlying datasets. MethaneSAT emission estimates are derived from 
short-duration satellite observations and inversions that represent emissions over a 
temporal window of up to 28 hours preceding the observation. In contrast, bottom-up 
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inventories typically report average annual methane emissions. While we compare 
inventory data for the same year as MethaneSAT observations, we acknowledge the 
difficult-to-quantify uncertainties associated with temporal variability between 
MethaneSAT observations and inventory estimates used herein. Finally, we 
acknowledge uncertainties related to the reported marketed oil and gas production data, 
which are available internationally on an annual basis and may be subject to reporting 
errors that are difficult to quantify. 
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