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UNITED STATES DISTRICT COURT
FOR THE DISTRICT OF COLUMBIA

STATE OF NEW YORK, et al.,
Plaintiffs,
ENVIRONMENTAL DEFENSE FUND,

Civil Action No. 18-cv-0773 (RBW)
Plaintiff-Intervenor,

ANDREW WHEELER, et al.,

Defendants.

N N N N N N N N N N N N N N N

DECLARATION OF DR. RENEE McVAY AND HILLARY HULL
We, Dr. Renee McVay and Hillary Hull, declare as follows:

1. I, Dr. Renee McVay, am a Senior Research Analyst in the Energy program at the
Environmental Defense Fund (“EDF”). | earned my PhD in Chemical Engineering from the
California Institute of Technology, where my research focused on atmospheric chemistry and the
formation of atmospheric aerosols. | also have an MS in Chemical Engineering from the
California Institute of Technology and a BS in Chemical Engineering from Texas A&M
University. After my PhD, | completed a postdoctoral fellowship at the National Oceanic and
Atmospheric Administration working with the regional air quality model WRF-Chem to improve
performance and predictions of the model. At EDF, my work focuses on using emission
inventories to develop state and region-specific emission profiles from the oil and gas sector. My

curriculum vitae is attached as Attachment 1.
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2. I, Hillary Hull, am a Senior Research and Analytics Manager for the Energy
program at EDF. | have an MS from Stanford University in environmental engineering
(Atmosphere & Energy Program) and a BS from the University of Texas at Austin in civil
engineering. In my role at EDF, | develop analytics in support of EDF’s state, federal, and
international natural gas work. My work includes emissions inventory compilation, data and
economic analytics, technical support for rulemaking and regulation, and policy analysis and
development.

3. The Environmental Protection Agency (“EPA”) has promulgated standards to
reduce methane emissions at new and modified facilities in the oil and gas sector, Oil and
Natural Gas Sector Emission Standards for New, Reconstructed and Modified Sources, 81 Fed.
Reg. 35,824 (June 3, 2016) (“New Source Rule”). The standards reduce methane emissions by
requiring regular leak detection and repair (“LDAR”) and equipment upgrades at covered
facilities in oil and natural gas production, processing, and transmission and storage segments.
The New Source Rule has been fully in effect and securing reductions in methane at new and
modified facilities for over four years.

4. We are aware that the New Source Rule triggers a legal obligation under Section
111(d) of the Clean Air Act, 42 U.S.C. § 7411(d), for EPA to issue emissions guidelines for
existing sources (“Methane Guidelines”), but that EPA has not yet issued such guidelines.

5. We understand that EPA might finalize a proposed rule to revise the New Source
Rule by removing methane as a regulated pollutant. EPA’s proposal to remove methane
regulation claims that, if finalized, the action will remove EPA’s legal duty to adopt standards

for existing oil and gas sources, but does not contain a quantitative assessment of the methane
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pollution emitted by these sources or the foregone benefits of establishing existing source
standards, as EPA is now required to do.

6. We performed an analysis to characterize sources that would be affected by
Methane Guidelines, along with emissions from these sources, in order to document harm to the
public from a continued delay by EPA in promulgating Methane Guidelines. Section | describes
our methodology for identifying all affected sources and presents a map of affected wells.
Section Il characterizes total emissions that have occurred at affected facilities since the New
Source Rule was promulgated in 2016, and quantifies the emissions that will result over the
course of additional delay in adopting Methane Guidelines. Section Il focuses on the local
impacts of EPA’s delay in issuing Methane Guidelines.

SECTION I: EPA’s Continued Delay in Adopting Methane Guidelines Allows Hundreds of
Thousands of Oil and Natural Gas Facilities to Forego Emissions Reductions.

7. To identify wells that would be subject to EPA Methane Guidelines, we obtained
well data from Enverus (formerly known as DrillingInfo), a proprietary database that compiles a
wide range of drilling- and production-related information from state oil and gas commissions. In
September 2019, we obtained data for all wells in the U.S., filtering to include only onshore
wells with active production during 2018 and 2019 in order to exclude abandoned and shuttered
wells. We then excluded from the dataset wells that would be regulated as new or modified

facilities under the New Source Rule.! The remaining wells, drilled or last modified before

! The New Source Rule applies to facilities “constructed, modified or reconstructed” after
September 18, 2015—the date of EPA’s proposed rule. 81 Fed. Reg. 35824, 35844 (June 3,
2016). As described above, id. at 35826, EPA’s LDAR standards apply to new well sites and
compressor stations that commenced construction after September 18, 2015. The standards also
apply to modified well sites and compressor stations. The New Source Rule defines particular
circumstances that constitute a modification at each of these facilities. For well sites, these
include when a well at an existing site is fractured or re-fractured, an operation that is designed
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September 18, 2015 (denoted as “existing wells”), would be covered by Methane Guidelines
issued by EPA. In total, there are 855,271 producing existing wells that would be covered by

EPA Methane Guidelines. Figure 1 displays a map of existing wells.

Figure 1: Map of Total Affected Well Sources
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SECTION II: Delay by EPA in Adopting Methane Guidelines Has Resulted, and
Will Continue to Result, in Substantial Emissions of Harmful Methane, Volatile
Organic Compounds, and Hazardous Air Pollutants from Affected Facilities.

8. EPA’s delay in promulgating Methane Guidelines for existing sources in the oil
and natural gas sector has allowed substantial emissions of methane, VOC, and hazardous air

pollutant (“HAP”) emissions that would otherwise be remediated by Methane Guidelines.

to increase production of natural gas. 40 CFR 8 60.5365a(i)(3). For compressor stations, the New
Source Rule defines modifications to include the addition of a compressor at an existing station.
40 CFR 8 60.5365a(j).

Enverus includes information on the “spud date” for wells, or the date on which drilling
commenced. The database also includes information on well “completion dates,” or the most
recent date on which a well was cleared of flowback gas associated with hydraulic fracturing or
re-fracturing. Using the database, we excluded wells with a spud date after September 18, 2015,
which would be “new” for purposes of the 2016 Rule’s LDAR requirements. Separately, we
excluded wells with a spud date on or before September 18, 2015 but a completion date after
September 18, 2015. This distinct category of sources includes both older, re-fractured wells and
new wells with their initial fracture delayed to after September 18, 2015, which would be
“modified” for purposes of the 2016 Rule’s LDAR requirements.

4
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Substantial emissions will continue as long as EPA continues to delay the promulgation of the
Guidelines. Methane is a powerful short-term climate forcer with over 80 times the global
warming potential of carbon dioxide on a mass basis over the first 20 years after it is emitted.
VOCs react with nitrogen oxides to form ground-level ozone, or smog, which can cause
respiratory disease and premature death. Other hazardous air pollutants emitted by oil and gas
sources include benzene, a known human carcinogen.

9. We estimate the total emissions that have occurred at affected existing sources, as
well as the amount of emissions that could have been prevented had EPA timely adopted
Methane Guidelines. We further estimate the total amount of emissions that will continue to
occur at affected existing sources in the near future if EPA continues to delay the promulgation
of Methane Guidelines, as well as the amount of these emissions that could be prevented if
Guidelines are adopted.

10. For this analysis, we assume that Methane Guidelines will extend the methane
emissions reduction requirements found in the New Source Rule to all affected existing sources,
specifically covering high-bleed pneumatic controllers at well sites and transmission and storage
compressor stations, all continuous bleed pneumatic controllers at natural gas processing plants,
equipment leaks from gas processing plants, well sites, and compressor stations, reciprocating
and centrifugal compressors at both processing plants and compressor stations, and pneumatic
pumps at well sites and processing plants. Though new technologies and best practices have
shown promise of even greater emission reductions, we conservatively assume that the same
technologies used in the New Source Rule would apply equally to existing sources. Several
states that regulate both new and existing sources (including Colorado and California) largely

apply the same measures at both sets of facilities, lending further support to this assumption.
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11. To estimate the total emissions that have occurred at affected existing sources, as
well as the amount of emissions that could be prevented had EPA adopted Methane Guidelines
when it promulgated the New Source Rule, we used our EDF Methane Policy Analyzer model.
Briefly, a baseline emissions inventory was developed for 2015, using a combination of EPA
Greenhouse Gas Reporting Program data and previously published measurement studies, as
reported in Alvarez et al 20182 for the alternative inventory (section S1.4). All emissions in 2015
were considered to be “existing” because the relevant date for the NSPS was near the end of
2015. We assumed that emissions attributable to existing sources decline year-over-year as
existing sources are removed from operation or undertake modifications that subject them to
regulation as modified sources under the New Source Rule based on a turnover rate of 5% for
production sources, 4% for gathering and boosting sources, and 1% for all downstream sources.
Emissions from sources subject to state regulations applicable to existing sources (California,
Colorado, Utah, Wyoming in the Upper Green River Basin 0zone non-attainment area, and
Texas to a very limited extent) are subtracted from the projected emissions. We estimate that in
the over four years since EPA has promulgated the New Source Rule, 38.5 million metric tons of
methane have been emitted by existing oil and natural gas sources. We further estimate that 14.1
million metric tons of those methane emissions, or 37%, could have been avoided if Methane

Guidelines were in effect and being implemented.

12. To estimate the total emissions that will continue to occur at affected existing
sources if EPA continues to delay the promulgation of Methane Guidelines, as well as the
amount of emissions that could be prevented if EPA promulgates Methane Guidelines, we

extended the Methane Policy Analyzer to 2030. Each year that EPA delays promulgating

2 Alvarez et al., Assessment of Methane Emissions from the U.S. Oil and Gas Supply Chain, 361 SCIENCE,
186-188 (2018), a true and accurate copy of which is attached as Exhibit 1.

6
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Methane Guidelines will allow substantial additional emissions. For example, in 2021, 9.8
million metric tons of methane will be emitted by affected existing sources. We further estimate
that 3.6 million metric tons of those methane emissions, or 37%, could be avoided if Methane
Guidelines were in effect and being implemented. Table 1 summarizes the emissions allowed by

EPA’s delay in adopting Methane Guidelines, as well as the emissions reductions possible if

Methane Guidelines were promulgated.
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Table 1: Estimated Emissions at Affected Existing Sources and Potential Reductions
Under Methane Guidelines

Emissions that Could be

Total Emissions from Aff r ideli
otal Emissions 1ro ected SOUrces b evented by Methane Guidelines

[metric tons]

Time [metric tons]

Period Methane VOC HAPs Methane VOC HAPs
2017 11,689,715 2,741,847 103,115 4,253,249 1,022,588 38,484
2018 11,099,151 2,597,590 97,684 4,067,664 977,969 36,805
2019 10,622,933 2,472,822 92,978 3,915,227 938,202 35,305
Total

Emissions
Since
EPA
lssued 33,411,799 7,812,259 293,777 12,236,140 2,938,759 110,594
New

Source

Rule

2020 10,184,924 2,360,138 88,729 3,740,813 893,495 33,620
2021 9,785,180 2,256,193 84,809 3,583,294 852,460 32,072
2022 9,413,009 2,158,703 81,132 3,438,607 814,377 30,635
2023 9,025,023 2,059,736 77,402 3,287,058 775,799 29,181
2024 8,647,856 1,964,209 73,802 3,136,680 737,802 27,749
2025 8,294,707 1,874,858 70,434 2,997,488 702,609 26,423
2026 7,967,127 1,791,676 67,299 2,867,333 669,482 25,175
2027 7,657,181 1,712,896 64,330 2,744,475 638,148 23,994
2028 7,366,050 1,639,260 61,555 2,629,755 609,015 22,896
2029 7,099,500 1,571,426 58,998 2,524,569 582,076 21,880
2030 6,854,814 1,508,791 56,637 2,428,541 557,245 20,944
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13. These emissions estimates, along with potential reductions, are conservative, as
emerging data not reflected in the Methane Policy Analyzer indicates methane emissions from
oil and gas sources in the United States are even greater than estimated in the Alvarez et al 2018
study. For example, Zhang et al 2020% documents significant oil and gas methane emissions at
the basin level in the Permian Basin in Texas and New Mexico. Based on 11 months of satellite
data encompassing 200,000 individual readings taken across the 160,000 square-kilometer basin
by the European Space Agency’s TROPOMI instrument from May 2018 to March 2019, the
study found that Permian oil and gas operations are losing methane at a rate equal to 3.7% of
their gas production. The peer-reviewed study estimated that annual methane emissions from oil
and gas sources in the Permian basin are 2.7 million metric tons per year, more than twice as
much as estimated for the region based on EPA’s greenhouse gas inventory.

14, In its proposal to remove methane regulation, EPA claims that many states
already regulate oil and gas methane emissions, and so a federal rule would be duplicative. 84
Fed. Reg. at 50,277. However, EPA has not analyzed in any meaningful way whether or not
these state rules are applicable to existing sources. Id. at n. 104. We assessed the applicability of
state standards to existing sources in California, Colorado, Montana, New Mexico, North
Dakota, Ohio, Pennsylvania, Texas, Utah, and Wyoming (states that EPA includes in their
“Comparison of State Oil and Natural Gas Regulations” table in their proposal to remove
methane). These states take widely divergent approaches that vary significantly in stringency,
and most states have no standards applicable to existing sources. Appendix 1 provides a detailed

analysis of what state standards apply to existing sources.

3 Zhang et al, Quantifying methane emissions from the largest oil-producing basin in the United States from space,
Science Advances (April 22, 2020), available at https://advances.sciencemag.org/content/6/17/eaaz5120, a true and
accurate copy of which is attached as Exhibit 2.
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15. Our Methane Policy Analyzer allows us to also look at the projected reductions
from state standards for existing sources. In 2020, state standards applicable to existing sources
(certain standards in California, Colorado, Utah, Wyoming in the Upper Green River Basin

0zone non-attainment area, and Texas) will reduce only 180,000 metric tons methane, roughly

5% of what federal Methane Guidelines could achieve.

SECTION I1I: EPA’s Delay in Promulgating Methane Guidelines Has Resulted in,
and Will Continue to Result in, Substantial Local Air Pollution

16. To look at the effect of EPA’s delay on other harmful air pollution (including
ozone-forming volatile organic compounds and hazardous air pollutants like benzene), we focus
exclusively on production emissions because the Enverus database allows us to identify precisely
where wells are located (and therefore emissions will occur). Because of that, we can assess
emissions impacts in areas that already suffer from harmful levels of ambient air pollution, like
ozone. As a result, the analysis in this section is not intended to capture the total, harmful
emissions impact of the delay in adopting Methane Guidelines.

17. We have identified 97,000 wells that would be subject to Methane Guidelines in
areas that are currently not in attainment with the 2015 national ambient air quality standards
(NAAQS) for ozone. Appendix 2 provides a full list of nonattainment area counties with existing
wells. These sources will add an estimated 160,000 metric tons of VOCs to the atmosphere
annually if EPA continues to delay the adoption of Methane Guidelines. VOCs contribute to
ozone formation and exacerbate smog-related health issues.

18. This estimate is conservative and does not fully capture the effects of EPA’s delay
in promulgating Methane Guidelines. The analysis does not account for the many affected wells

located just outside of ozone non-attainment areas, which can still contribute to the formation of

10
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ozone that can be transported into the non-attainment areas. Furthermore, the analysis in this
section does not include additional emissions in these areas attributable to midstream and
downstream segments that would be mitigated by Methane Guidelines.

19. By identifying existing well sites, we are also able to identify the local
communities that are disproportionately impacted by the air pollution allowed by EPA’s delay in
promulgating Methane Guidelines. Using the US Census Bureau’s American Community Survey
5-year estimates for 2012-2016, we were able to estimate the populations living within a half
mile radius of the previously identified existing wells using areal apportionment. This method
determines the area encompassed within a half mile buffer radius of all affected wells, and
overlays those buffers onto census tracts to calculate the percentage of each tract comprised of
buffers (i.e. the area of each tract within a half mile of an affected well). The areal apportionment
method assumes that populations are spread evenly across a given census tract (excluding water
bodies), and thus we are able to estimate the populations at a census tract level of those living
within a half mile of an existing well. This method is commonly used in published literature
utilizing distance-based analysis.* While some studies have used finer spatial resolutions such as
census block groups, we performed our analysis using census tracts in order to minimize margin
of error in census estimates. Census tracts, and even larger regions such as zip codes, have often

been used in similar analyses.® We used a half mile radius because recent scientific evidence

4 See, e.g. J. C. S. Long, L. Feinstein, J. T. Birkholzer, W. Foxall, “An Independent Scientific Assessment
Of Well Stimulation In California, Vol. 3” (California Council on Science and Technology, 2016), available at
https://ccst.us/publications/2015/2015SB4-v3.php; J. Chakraborty, J. A. Maantay, J. D. Brender, Disproportionate
Proximity to Environmental Health Hazards: Methods, Models, and Measurement. American Journal of Public
Health. 101, S27-S36 (2011).

® See, e.g., T. Srebotnjak and M. Rotkin-Ellman, “Drilling in California: Who’s at risk?”” Natural Resources
Defense Council, 2014; Mohai P, Saha R. Reassessing racial and socio-economic disparities in environmental
justice research. Demography. 2006;43(2):383-399; Kearney G, Kiros GE. A spatial evaluation of socio
demographics surrounding National Priorities List sites in Florida using a distance-based approach. Int J Health
Geogr. 2009;8:33.

11
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indicates close proximity to oil and gas development is associated with HAP exposure and other
adverse health impacts for local populations. See Declaration of Ananya Roy and Tammy
Thompson.

20. Using this methodology, we find that approximately 9,300,000 people live within
half a mile of an existing well in the U.S., including 600,000 children under the age of five years
and 1,400,000 elderly people over the age of 65 years, who are especially sensitive to the health
risks posed by ozone and other local air pollution. Additionally, approximately 1,400,000 people
living below the poverty line, who may face greater barriers such as accessing medical care, and

nearly 2,800,000 people of color live within half a mile of an existing well.

Conclusion
21. EPA’s delay in adopting Methane Guidelines for existing sources has already
allowed significant air pollution. If this litigation is stayed, any continued delay in promulgating
Methane Guidelines requirements will allow numerous sources to continue operating without
controls to reduce methane, VOC, and HAP emissions, allowing significant emissions to persist

from these sources with each additional year of delay.

| declare under the penalty of perjury that the foregoing is true and correct.

b Wiy —

Refes | McVay

July 3, 2020

12
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| declare that the foregoing is true and correct.

/s/ Hillary Hull
Hillary Hull

July 3, 2020

13
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Appendix 1

State Standards Applicable to Existing Source Emissions

In its proposal to remove methane regulation, EPA claims that many states already
regulate oil and gas methane emissions, and so a federal rule would be duplicative. However,
EPA has not analyzed in any meaningful way whether or not these state rules are applicable to
existing sources. Many states’ regulations are only applicable to new sources, and thus would not
apply to any existing sources. Of the ten states EPA includes in their “Comparison of State Oil
and Natural Gas Regulations” table, 84 Fed. Reg. 50,277—California (CA), Colorado (CO),
Montana (MT), New Mexico (NM), North Dakota (ND), Ohio (OH), Pennsylvania (PA), Texas
(TX), Utah (UT), and Wyoming (WY), only six states were proposed by EPA to be considered
for equivalency to the 2016 NSPS O000a® (CA, CO, OH, and PA for well sites and compressor
stations, TX & UT for well sites only). Only five states currently have oil and gas regulations
that would apply to any existing sources: California, Colorado, Utah, Wyoming, and Texas.
(Montana, New Mexico, and North Dakota have either very weak permits or guidance applicable
to existing sources that EPA previously determined were not equivalent to the NSPS). In
Wyoming, only existing sources within the Upper Green River Basin above a certain emissions
threshold are covered, so the majority of existing sources within that state are not covered. Texas
regulations have various effective dates depending on the location of a facility, but at least one
regulation applies to new sources that were constructed/modified after September 2000. Because
this date predates the NSPS effective date, some sources considered “existing” for the NSPS will

be considered “new” under Texas regulations. However, as detailed below, Texas regulations

® EPA, Memorandum: Equivalency of State Fugitive Emissions Programs for Well Sites and
Compressor Stations to Proposed Standards at 40 CFR Part 60, Subpart OOOOa (April 12,
2018), available at https://www.regulations.gov/document?D=EPA-HQ-OAR-2017-0483-0041.

14
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apply to significantly fewer sources than the NSPS. More detail on each state’s regulation is
provided below:

California’s oil and gas methane regulations, adopted by the California Air Resources
Board in 2017, apply to both new and existing sources in the production, processing, and
transmission and storage segments and took effect in 2018/2019. These requirements apply to
pneumatic controllers, pumps, compressors, fugitive emission components, and storage tanks.

Colorado oil and gas regulations apply to both new and existing sources. The regulations
cover equipment leaks at well sites and compressor stations (tiered LDAR frequency tied to
VOC emissions), pneumatic controllers at well sites and processing plants, liquids unloading,
tanks at well sites with VOC emissions greater than 6 tons per year (tpy), associated gas venting,
oil well completions, centrifugal compressors at well sites and processing plants, reciprocating
compressors at processing plants, and dehydrators at well sites and processing plants.
Regulations were adopted in 2014 and initially took effect in 2015, with updates to strengthen
leak detection and repair standards in 2017 and 2019. In 2019 the state also decreased the
emission control threshold for storage tanks and added a new control requirement for new and
existing storage tank unloading operations.

Montana’s air quality permits cover oil and gas well facilities that were completed or
modified after March 16, 1979 (beginning on July 1, 2006). While this is prior to the NSPS
effective date, it does not cover all existing facilities. Additionally, facilities must have a
potential to emit more than 25 tpy of VOC (or other specified pollutant not including methane),
which will not cover all well sites covered by the NSPS. Monitoring only includes “VOC piping
components” using AVO, a monitoring method considered inadequate by the EPA. Montana’s

regulation also does not cover compressor stations. If the EPA does not consider Montana

15
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adequately equivalent to the NSPS for new and modified sources, it should not consider it
adequate for existing sources either.

While the New Mexico Administrative Code restricts production operators from allowing
gas to “leak or escape”, it does not specify whether this restriction applies to new or existing
facilities, or how it enforces this requirement. Even though, as shown in Table 9, it technically
covers well sites and storage vessels, the EPA could not evaluate its equivalency to the NSPS in
2018 because they were unable to determine the enforcement mechanism. Current New Mexico
regulations therefore should not be considered to contribute to any meaningful emissions
reductions should the primary proposal be finalized. The New Mexico Environment Department
and New Mexico Energy, Minerals and Natural Resources Department are each in the process of
developing rules that will regulate methane emissions from new and existing oil and gas
facilities.

North Dakota regulations cover new and modified wells as of July 1, 1970. North Dakota
exempts low-production wells from all monitoring (<15 bbl/day) and does not monitor
compressor stations. Additionally, North Dakota’s regulation is enforced through company-wide
consent decrees, which are negotiated terms for non-compliance and include an expiration data
(after which the companies return to compliance). Due to the flexible and temporary nature of
these consent decrees, the EPA determined in 2018 that North Dakota’s regulation was not
equivalent to the NSPS. Even if the compliance could be guaranteed, approximately 4% of the
wells covered by the NSPS would be exempt from regulation in North Dakota in addition to all
wells existing before 1970.

Pennsylvania’s current LDAR program covers unconventional well sites and gathering

and boosting compressor stations that are new and modified relative to August 8, 2018. In

16
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December 2019, Pennsylvania issued a proposal to regulate VOC from existing well sites in the
state.

Utah regulations apply to both new and existing sources. New sources were covered
beginning in 2014, and existing sources were added in 2018. Regulations for well sites cover
equipment leaks, tanks (with an emissions threshold), dehydrators, associated gas venting, and
pneumatics. Regulations for processing plants and compressor stations cover pneumatics. Utah
state regulations do not apply on tribal lands (approximately 20% of emissions are on tribal
lands).

When analyzing the equivalency of Wyoming’s regulation to the 2016 NSPS OOOQa,
the EPA considered the version of Wyoming DEQ’s regulation of PAD facilities that was
finalized prior to that analysis in 2018. Since that analysis was conducted, Wyoming has released
a more comprehensive update to that rule. While this update expands coverage to well sites
outside of the Upper Green River Basin, many of the issues which prevented EPA from
considering the previous rule adequate still apply. Wyoming regulations apply to new sources,
as well as existing sources within the Upper Green River Basin (UGRB) (a nonattainment area).
Regulations cover equipment leaks, pneumatic controllers, tanks (with an emissions threshold),
oil well completions, pneumatic pumps, and dehydrators (with an emissions threshold). Less
than 20% of total production emissions are within the UGRB. While the monitoring frequency
and monitoring instrument are acceptable, there is no specified initial monitoring date or repair
deadline for facilities with emissions greater than or equal to 4 TPY of VOCs within the UGRB.

Texas regulations apply to new sources, relative to either 2000, 2011, or 2012 depending
on location and type of permit. Texas requires a leak detection and repair (“LDAR”) program for

certain mid-sized to large oil and gas facilities. The specific requirements vary depending on the

17
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facility’s location and potential to emit uncontrolled volatile organic compounds (“VOC”). Most
well sites are not subject to LDAR due to the high emissions threshold uncontrolled VOC
emissions (>10 or 25 tpy) and distance from a sensitive receptor, such as a home or school, that
triggers the application of LDAR. EDF analysis of Texas Standard Permits found that only

roughly 5.5% of well sites in Texas are required to conduct LDAR.

18
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Appendix 2
Counties with wells that would be subject to Methane Guidelines in areas that are currently not
in attainment with the 2015 national ambient air quality standards (NAAQS) for ozone are as
follows:
Chambers (TX), Brazoria (TX), Harris (TX), Montgomery (TX), Galveston (TX), Fort Bend
(TX), Parker (TX), Hood (TX), Palo Pinto (TX), Wise (TX), Jack (TX), Denton (TX), Tarrant
(TX), Bexar (TX), Johnson (TX), Duchesne (UT), Uintah (UT), Los Angeles (CA), Orange
(CA), San Bernardino (CA), Ventura (CA), San Luis Obispo (CA), Kern (CA), Tulare (CA),
Fresno (CA), Kings (CA), Alameda (CA), Sacramento (CA), San Joaquin (CA), Solano (CA),
Yolo (CA), Madera (CA), Santa Clara (CA), Contra Costa (CA), Adams (CO), Arapahoe (CO),
Boulder (CO), Denver (CO), Larimer (CO), Weld (CO), Broomfield (CO), Ellis (TX), St Clair
(M), Oakland (M), Livingston (M), Macomb (MI), Wayne (MI), Washtenaw (M1), Allegan
(MI), Monroe (MI), Muskegon (Ml), Cuyahoga (OH), Delaware (OH), Fairfield (OH), Geauga
(OH), Lake (OH), Licking (OH), Lorain (OH), Medina (OH), Portage (OH), Summit (OH),

Mahoning (OH), Hill (TX), Dallas (TX), Kaufman (TX), Atascosa (TX), Morgan (CO)

19
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GREENHOUSE GASES

Assessment of methane emissions
from the U.S. oil and gas supply chain
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Methane emissions from the U.S. oil and natural gas supply chain were estimated by
using ground-based, facility-scale measurements and validated with aircraft observations
in areas accounting for ~30% of U.S. gas production. When scaled up nationally, our
facility-based estimate of 2015 supply chain emissions is 13 * 2 teragrams per year,
equivalent to 2.3% of gross U.S. gas production. This value is ~60% higher than the U.S.
Environmental Protection Agency inventory estimate, likely because existing inventory
methods miss emissions released during abnormal operating conditions. Methane
emissions of this magnitude, per unit of natural gas consumed, produce radiative forcing
over a 20-year time horizon comparable to the CO, from natural gas combustion.
Substantial emission reductions are feasible through rapid detection of the root causes
of high emissions and deployment of less failure-prone systems.

ethane (CH,) is a potent greenhouse gas,

and CH,, emissions from human activities

since preindustrial times are responsi-

ble for 0.97 W m 2 of radiative forcing,

as compared to 1.7 W m~2 for carbon
dioxide (CO,) (I). CH, is removed from the at-
mosphere much more rapidly than CO,; thus,
reducing CH, emissions can effectively reduce
the near-term rate of warming (2). Sharp growth
in U.S. oil and natural gas (O/NG) production
beginning around 2005 (3) raised concerns about
the climate impacts of increased natural gas use
(4, 5). By 2012, disagreement among published
estimates of CH, emissions from U.S. natural
gas operations led to a broad consensus that
additional data were needed to better charac-
terize emission rates (4-7). A large body of field
measurements made between 2012 and 2016
(table S1) has markedly improved understanding
of the sources and magnitude of CH, emissions
from the industry’s operations. Brandt et al. sum-
marized the early literature (8); other assessments
incorporated elements of recent data (9-11). This
work synthesizes recent studies to provide an
improved overall assessment of emissions from
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the O/NG supply chain, which we define to in-
clude all operations associated with O/NG pro-
duction, processing, and transport (materials and
methods, section S1.0) (12).

Measurements of O/NG CH, emissions can
be classified as either top-down (TD) or bottom-
up (BU). TD studies quantify ambient methane
enhancements using aircraft, satellites, or tower
networks and infer aggregate emissions from all
contributing sources across large geographies.
TD estimates for nine O/NG production areas
have been reported to date (table S2). These
areas are distributed across the U.S. (fig. S1)
and account for ~33% of natural gas, ~24% of oil
production, and ~14% of all wells (13). Areas
sampled in TD studies also span the range of
hydrocarbon characteristics (predominantly gas,
predominantly oil, or mixed), as well as a range of
production characteristics such as well produc-
tivity and maturity. In contrast, BU studies gener-
ate regional, state, or national emission estimates
by aggregating and extrapolating measured emis-
sions from individual pieces of equipment, oper-
ations, or facilities, using measurements made
directly at the emission point or, in the case of
facilities, directly downwind.

Recent BU studies have been performed on
equipment or facilities that are expected to rep-
resent the vast majority of emissions from the
O/NG supply chain (table S1). In this work, we
integrate the results of recent facility-scale BU
studies to estimate CH,, emissions from the U.S.
O/NG supply chain, and then we validate the
results using TD studies (materials and meth-
ods). The probability distributions of our BU
methodology are based on observed facility-
level emissions, in contrast to the component-
by-component approach used for conventional
inventories. We thus capture enhancements pro-

duced by all sources within a facility, including
the heavy tail of the distribution. When the BU
estimate is developed in this manner, direct
comparison of BU and TD estimates of CH,
emissions in the nine basins for which TD
measurements have been reported indicates
agreement between methods, within estimated
uncertainty ranges (Fig. 1).

Our national BU estimate of total CH, emis-
sions in 2015 from the U.S. O/NG supply chain
is 13 (+2.1/-1.6, 95% confidence interval) Tg
CH,/year (Table 1). This estimate of O/NG CH,
emissions can also be expressed as a production-
normalized emission rate of 2.3% (+0.4%/-0.3%)
by normalizing by annual gross natural gas pro-
duction [33 trillion cubic feet (13), with average
CH, content of 90 volume %]. Roughly 85% of
national BU emissions are from production,
gathering, and processing sources, which are
concentrated in active O/NG production areas.

Our assessment does not update emissions
from local distribution and end use of natural
gas, owing to insufficient information address-
ing this portion of the supply chain. However,
recent studies suggest that local distribution
emissions exceed the current inventory estimate
(14-16), and that end-user emissions might also
be important. If these findings prove to be repre-
sentative, overall emissions from the natural gas
supply chain would increase relative to the value
in Table 1 (materials and methods, section S1.5).

Our BU method and TD measurements yield
similar estimates of U.S. O/NG CH, emissions
in 2015, and both are significantly higher than
the corresponding estimate in the U.S. Environ-
mental Protection Agency’s Greenhouse Gas
Inventory (EPA GHGI) (Table 1 and materials
and methods, section S1.3) (I7). Discrepancies
between TD estimates and the EPA GHGI have
been reported previously (8, 18). Our BU esti-
mate is 63% higher than the EPA GHGI, largely
due to a more than twofold difference in the
production segment (Table 1). The discrepancy
in production sector emissions alone is ~4 Tg
CH,/year, an amount larger than the emissions
from any other O/NG supply chain segment.
Such a large difference cannot be attributed to
expected uncertainty in either estimate: The
extremal ends of the 95% confidence intervals
for each estimate differ by 20% (i.e., ~12 Tg/year
for the lower bound of our BU estimate can be
compared to ~10 Tg/year for the upper bound
of the EPA GHGI estimate).

We believe the reason for such large divergence
is that sampling methods underlying conven-
tional inventories systematically underestimate
total emissions because they miss high emis-
sions caused by abnormal operating conditions
(e.g., malfunctions). Distributions of measured
emissions from production sites in BU studies
are invariably “tail-heavy,” with large emission
rates measured at a small subset of sites at any
single point in time (79-22). Consequently, the
most likely hypothesis for the difference be-
tween the EPA GHGI and BU estimates derived
from facility-level measurements is that measure-
ments used to develop GHGI emission factors
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undersample abnormal operating conditions
encountered during the BU work. Component-
based inventory estimates like the GHGI have
been shown to underestimate facility-level emis-
sions (23), probably because of the technical
difficulty and safety and liability risks asso-
ciated with measuring large emissions from, for
example, venting tanks such as those observed
in aerial surveys (24).

Abnormal conditions causing high CH, emis-
sions have been observed in studies across the
O/NG supply chain. An analysis of site-scale emis-
sion measurements in the Barnett Shale con-
cluded that equipment behaving as designed
could not explain the number of high-emitting
production sites in the region (23). An extensive
aerial infrared camera survey of ~8000 pro-
duction sites in seven U.S. O/NG basins found
that ~4% of surveyed sites had one or more
observable high-emission rate plumes (24) (de-
tection threshold of ~3 to 10 kg CH,/hour was
two to seven times higher than mean produc-
tion site emissions estimated in this work). Emis-
sions released from liquid storage tank hatches
and vents represented 90% of these sightings.
It appears that abnormal operating conditions
must be largely responsible, because the obser-
vation frequency was too high to be attributed
to routine operations like condensate flashing
or liquid unloadings alone (24). All other ob-
servations were due to anomalous venting from
dehydrators, separators, and flares. Notably, the
two largest sources of aggregate emissions in the
EPA GHGI—pneumatic controllers and equip-
ment leaks—were never observed from these
aerial surveys. Similarly, a national survey of
gathering facilities found that emission rates
were four times higher at the 20% of facilities
where substantial tank venting emissions were
observed, as compared to the 80% of facilities
without such venting (25). In addition, very large
emissions from leaking isolation valves at trans-
mission and storage facilities were quantified by
means of downwind measurement but could not
be accurately (or safely) measured by on-site
methods (26). There is an urgent need to com-
plete equipment-based measurement campaigns
that capture these large-emission events, so that
their causes are better understood.

In contrast to abnormal operational condi-
tions, alternative explanations such as outdated
component emission factors are unlikely to ex-
plain the magnitude of the difference between
our facility-based BU estimate and the GHGI.
First, an equipment-level inventory analogous
to the EPA GHGI but updated with recent di-
rect measurements of component emissions (ma-
terials and methods, section S1.4) predicts total
production emissions that are within ~10% of
the EPA GHGI, although the contributions of
individual source categories differ significant-
ly (table S3). Second, we consider unlikely an
alternative hypothesis that systematically higher
emissions during daytime sampling cause a
high bias in TD methods (materials and meth-
ods, section S1.6). Two other factors may lead
to low bias in EPA GHGI and similar inventory
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Table 1. Summary of this work’s bottom-up estimates of CH, emissions from the U.S. oil and
natural gas (O/NG) supply chain (95% confidence interval) and comparison to the EPA

Greenhouse Gas Inventory (GHGI).

2015 CH,4 emissions (Tg/year)

Industry segment

This work (bottom-up) EPA GHGI (17)
Production 76 (+1.9/-1.6) 35
Gathering 2.6 (+0.59/-0.18) 2.3
Processing 0.72 (+0.20/-0.071) 0.44
Transmission and storage 1.8 (+0.35/-0.22) 14
Local distribution* 0.44 (+0.51/-0.22) 0.44
Qil refining and transportation* 0.034 (+0.050/-0.008) 0.034

U.S. O/NG total

13 (+2.1/-17)

81 (+2.1/-1.4)

*This work’s emission estimates for these sources are taken directly from the GHGI. The local distribution
estimate is expected to be a lower bound on actual emissions and does not include losses downstream of
customer meters due to leaks or incomplete combustion (materials and methods, section S1.5).

1The GHGI only reports industry-wide uncertainties.
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Fig. 1. Comparison of this work’s bottom-up (BU) estimates of methane emissions from oil
and natural gas (O/NG) sources to top-down (TD) estimates in nine U.S. O/NG production areas.
(A) Relative differences of the TD and BU mean emissions, normalized by the TD value, rank ordered
by natural gas production in billion cubic feet per day (bcf/d, where 1 bef = 2.8 x 107 m3). Error

bars represent 95% confidence intervals. (B) Distributions of the nine-basin sum of TD and BU mean
estimates (blue and orange probability density, respectively). Neither the ensemble of TD-BU pairs

(A) nor the nine-basin sum of means (B) are statistically different [p = 0.13 by a randomization test,
and mean difference of 11% (95% confidence interval of =17 to 41%)].

estimates. Operator cooperation is required to
obtain site access for emission measurements
(8). Operators with lower-emitting sites are plau-
sibly more likely to cooperate in such studies,
and workers are likely to be more careful to
avoid errors or fix problems when measure-
ment teams are on site or about to arrive. The
potential bias due to this “opt-in” study design
is very challenging to determine. We therefore
rely primarily on site-level, downwind mea-
surement methods with limited or no opera-
tor forewarning to construct our BU estimate.
Another possible source of bias is measurement
error. It has been suggested that malfunction of
a measurement instrument widely used in the
O/NG industry contributes to underestimated
emissions in inventories (27); however, this can-
not explain the more than twofold difference in
production emissions (28).

The tail-heavy distribution for many O/NG
CH, emission sources has important implica-
tions for mitigation because it suggests that
most sources—whether they represent whole
facilities or individual pieces of equipment—
can have lower emissions when they operate as
designed. We anticipate that significant emis-
sions reductions could be achieved by deploying
well-designed emission detection and repair sys-
tems that are capable of identifying abnormally
operating facilities or equipment. For example,
pneumatic controllers and equipment leaks are
the largest emission sources in the O/NG pro-
duction segment exclusive of missing emission
sources (38 and 21%, respectively; table S3), with
malfunctioning controllers contributing 66% of
total pneumatic controller emissions (materials
and methods, section S1.4) and equipment leaks
60% higher than the GHGI estimate.
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Gathering operations, which transport unpro-
cessed natural gas from production sites to pro-
cessing plants or transmission pipelines, produce
~20% of total O/NG supply chain CH, emissions.
Until the publication of recent measurements
(29), these emissions were largely unaccounted
by the EPA GHGI. Gas processing, transmission
and storage together contribute another ~20%
of total O/NG supply chain emissions, most of
which come from ~2500 processing and com-
pression facilities.

Our estimate of emissions from the U.S. O/NG
supply chain (13 Tg CH,/year) compares to the
EPA estimate of 18 Tg CH,/year for all other
anthropogenic CH, sources (I7). Natural gas
losses are a waste of a limited natural resource
(~$2 billion/year), increase global levels of sur-
face ozone pollution (30), and substantially erode
the potential climate benefits of natural gas use.
Indeed, our estimate of CH, emissions across
the supply chain, per unit of gas consumed, re-
sults in roughly the same radiative forcing as
does the CO, from combustion of natural gas
over a 20-year time horizon (31% over 100 years).
Moreover, the climate impact of 13 Tg CH,/year
over a 20-year time horizon roughly equals that
from the annual CO, emissions from all U.S. coal-
fired power plants operating in 2015 (31% of the
impact over a 100-year time horizon) (materials
and methods, section S1.7).

We suggest that inventory methods would be
improved by including the substantial volume
of missing O/NG CH, emissions evident from
the large body of scientific work now available
and synthesized here. Such empirical adjustments
based on observed data have been previously used
in air quality management (31).

The large spatial and temporal variability in
CH, emissions for similar equipment and fa-
cilities (due to equipment malfunction and other
abnormal operating conditions) reinforces the
conclusion that substantial emission reductions
are feasible. Key aspects of effective mitigation
include pairing well-established technologies
and best practices for routine emission sources
with economically viable systems to rapidly de-
tect the root causes of high emissions arising
from abnormal conditions. The latter could in-
volve combinations of current technologies such
as on-site leak surveys by company personnel
using optical gas imaging (32), deployment of
passive sensors at individual facilities (33, 34)
or mounted on ground-based work trucks (35),
and in situ remote-sensing approaches using
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tower networks, aircraft, or satellites (36). Over
time, the development of less failure-prone sys-
tems would be expected through repeated ob-
servation of and further research into common
causes of abnormal emissions, followed by re-
engineered design of individual components
and processes.
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ENVIRONMENTAL STUDIES

Quantifying methane emissions from the largest
oil-producing basin in the United States from space

Yuzhong Zhang"*3**, Ritesh Gautam?*, Sudhanshu Pandey®, Mark Omara?,

Joannes D. Maasakkers®, Pankaj Sadavarte®®, David Lyonz, Hannah Nesser', Melissa P. Sulprizio',
Daniel J. Varon', Ruixiong Zhang”'%, Sander Houweling®?®, Daniel Zavala-Araiza®'°,

Ramon A. Alvarez?, Alba Lorente®, Steven P. Hamburg?, llse Aben®, Daniel J. Jacob'

Using new satellite observations and atmospheric inverse modeling, we report methane emissions from the
Permian Basin, which is among the world’s most prolific oil-producing regions and accounts for >30% of total U.S.
oil production. Based on satellite measurements from May 2018 to March 2019, Permian methane emissions from
oil and natural gas production are estimated to be 2.7 + 0.5 Tg a™", representing the largest methane flux ever
reported from a U.S. oil/gas-producing region and are more than two times higher than bottom-up inventory-
based estimates. This magnitude of emissions is 3.7% of the gross gas extracted in the Permian, i.e., ~60% higher
than the national average leakage rate. The high methane leakage rate is likely contributed by extensive venting
and flaring, resulting from insufficient infrastructure to process and transport natural gas. This work demonstrates
a high-resolution satellite data—based atmospheric inversion framework, providing a robust top-down analytical
tool for quantifying and evaluating subregional methane emissions.

Copyright © 2020

The Authors, some
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exclusive licensee
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Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

INTRODUCTION

Methane is a potent greenhouse gas with a relatively short average
atmospheric residence time of about a decade and is also a precursor
of tropospheric ozone (I). The emission-based radiative forcing for
methane (including effects on tropospheric ozone and stratospheric
water vapor) is 0.97 W m 2 since preindustrial times, which is about
60% of that for CO, (2). Roughly a third of the contemporary
anthropogenic methane emissions come from the fossil fuel energy
sector worldwide (oil, natural gas, and coal) (~100 to 180 Tga™')
(3, 4, 5). Curbing anthropogenic methane emissions, including those
from the oil/gas sector, is considered an effective strategy to slow the
rate of near-term climate warming (I). However, the rapid increase
in oil and natural gas (O/G) production in the United States since
around 2005, driven primarily by hydraulic fracturing and horizontal
drilling, has led to major concerns about increasing methane emissions
and adverse climate impacts (6). By upscaling data collected from
field measurements in some of the largest O/G production basins in
the United States, Alvarez et al. (7) estimated 13 Tg annual methane
emissions from the national O/G supply chain for 2015, which is
60% higher than the official estimates by the U.S. Environmental
Protection Agency (EPA) (8). The largest discrepancy was found in
the O/G production segment where the estimate by Alvarez et al.
(7) (7.6 Tg a~!) was more than two times that by EPA, which relies
on inventory-based estimates (3.5 Tg a™h) (8).
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While field measurements provide in-depth information about a
particular site or area, it is often challenging to expand the measure-
ment capacity to observe a diverse set of targets distributed globally
over longer periods of time. Additional challenges exist for areas that
are difficult to access for technical or proprietary reasons. On the
other hand, global satellite observations of column atmospheric
methane offer a unique vantage point to identify emission hot spots
and quantify regional emissions (9). Using data from SCanning
Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY) satellite observations averaged between 2003 and
2009, Kort et al. (10) found large anomalous methane levels from
the Four Corners region in the United States, with total methane
emissions associated with natural gas, coal, and coalbed sources
estimated as 0.59 + 0.08 Tga~'. While the SCTAMACHY data were
fairly limited in spatial resolution (30 km x 60 km) and measure-
ment precision [30 parts per billion in volume or (ppbv)] (9), it was
the first time that satellite observations were used to quantify a dense
O/G-related methane emission hot spot. This finding also led to
several dedicated airborne studies to better understand methane
sources in the region (11, 12), which reported methane fluxes com-
parable to the satellite-based estimate (10).

Here, we demonstrate and exploit the capability of a recent space-
borne sensor, the Tropospheric Monitoring Instrument (TROPOMI),
to map atmospheric methane enhancements in the United States
and quantify emissions from the Permian Basin (Fig. 1), which has
become one of the world’s most prolific oil-producing regions in
recent years due to advances in drilling technologies. Located in New
Mexico and Texas in a region of ~400 km x 400 km, Permian is cur-
rently the largest oil-producing basin in the United States. In 2018,
the Permian Basin produced 5.5 x 10° m® (or 3.5 million barrels)
of crude oil and 3.2 x 10® m? (or 11 billion feet’) of natural gas every
day (~30 and ~10% of the U.S. national totals, respectively), which
was 4 and 2.5 times their corresponding levels in 2007 (around the
time of SCTAMACHY observations) (Fig. 2) (13). While the surging
production in the Permian Basin and its importance in the U.S.
oil boom during the last decade have been widely covered in mass
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Fig. 2. Oil and gas production in the Permian Basin. (A and C) Time series of annual O/G production in black and the corresponding fractions of total U.S. production

in blue [data from the Drilling Productivity Report by EIA (73)]. (B and D) Spatial dis
production includes both crude and condensate production. Gas production repres.

media (14), the scale of associated methane emissions from this critical
O/G basin is unknown, despite reports of increased flaring and
venting activity (15).

Using 11 months of recent data acquired by TROPOMI during
2018-2019, we focus on the distinct methane concentration anomaly
over the Permian Basin and quantify the associated methane emissions
with a state-of-the-art atmospheric inverse modeling framework.
TROPOMI was launched in October 2017 onboard the European
Space Agency’s Sentinel-5P satellite and provides column atmospheric
methane measurements with higher spatial resolution (7 km x 7 km
at nadir) and precision (0.6%) than was previously available (16),
providing near-daily global coverage with its large 2600-km-wide

Zhang et al., Sci. Adv. 2020; 6 : eaaz5120 22 April 2020

tribution of oil and gas production for 2018 [data from Enverus Drillinginfo (50)]. Oil
ents gross (before processing) gas production.

swath (17). Our integrated satellite-based approach provides new in-
sights into the dynamic landscape of O/G-related methane emissions
in the United States and should pave the way forward toward routine
quantification, monitoring, and evaluation of methane emissions from
source regions distributed globally.

RESULTS

Satellite observations of the Permian methane anomaly
Figure 1A shows a map of column-averaged dry-air methane mixing
ratio over the conterminous United States, retrieved from TROPOMI
measurements, with correction for the topography effect (denoted
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as XCH}; see Materials and Methods). The data are averaged from
May 2018 to March 2019. Substantial enhancements of XCH] rela-
tive to the surrounding background, up to ~30 ppbv, are found over
the Permian Basin, indicating strong methane emissions. Other
notable enhancements are observed in California’s central valley,
coastal Southeast, and the Mississippi River Valley, likely associated
with anthropogenic (agriculture, dairy) and natural (wetland) sources.
The elevated methane levels in central California were also seen earlier
in the SCTAMACHY analysis (10).

The methane enhancements over the Permian Basin show a
characteristic two-branch pattern, which aligns with the two major
O/G production sub-basins, the Delaware basin to the west and
the Midland basin to the east (Fig. 1B). The enhancement over the
Delaware basin, where extensive new exploitation has taken place
during the last 5 years (18) (fig. S1), is larger than that over the Midland
basin (Fig. 1B). Intensive O/G production activity in these two sub-
basins is also captured by satellite observations of radiant heat from
gas flaring [Fig. 3A; nighttime observations by the Visible Infrared
Imaging Radiometer Suite (VIIRS)] a nd NO; tropospheric column
densities (Fig. 3B; daytime observations by TROPOMI). Flaring is a
common practice in O/G operations to burn off unwanted or excess
gas, and NO; is a gaseous pollutant released during gas flaring and
other combustion activities in O/G fields (19, 20). On the basis of
measurements by the VIIRS instrument onboard the Suomi National
Polar-orbiting Partnership satellite, we estimate an average flaring rate
of 5.9 + 1.2 billion m® a™* during the period of this study, about 4.6% of the
gross gas production (see text S1). A fourfold increase in flaring intensity
since 2012, observed by the VIIRS instrument, is indicative of the
rapid growth in O/G production across the Permian Basin (fig. S1).

Methane emission quantification

We quantify the methane emission rate from the Permian Basin and
its spatial distribution with atmospheric inverse modeling, which
optimizes spatially resolved methane emission rates by drawing
information from TROPOMI observations and the prior emission
estimate following the Bayesian rule. The inversion seeks to optimize
monthly methane emission rates resolved at 0.25° x 0.3125° horizontal
resolution in a study domain containing the Permian Basin and the
surrounding region (29°-34°N, 100°~106°W). The solution to the

Flaring radiant heat (MW) NO, column (107 mol m™)
3 | c——— ]
1 2 3 4 5 1 2 3 4

°l

Latitude

FN

-104 -102 -100

Longitude

~104 -102 -100-106

Longitude

-106

Fig. 3. Satellite observations of gas flaring radiant heat and NO, tropospheric
column density over the Permian Basin. (A) Gas flaring radiant heat is the annual
average of 2018 measured by the VIIRS satellite instrument, and (B) NO, tropospheric
column density is the 3-month average (June, July, and August of 2018) measured
by the TROPOMI instrument, indicating colocated hot spots over the Delaware
and Midland sub-basins.
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optimization is found analytically with closed-form characterization
of the error statistics (3). An atmospheric transport model (a nested
version of GEOS-Chem over North America with a 0.25° x 0.3125°
horizontal resolution) (21) is used as the forward model to relate
atmospheric methane columns with ground-level emissions in the
study domain and the contributions from outside the domain. The
optimization by the inversion significantly reduces the observation-
model mismatch with decreased root mean square error (prior, 23
ppbv; posterior, 14 ppbv) and increased correlation (R; prior, 0.30;
posterior, 0.62) (fig. S2). See Materials and Methods for more details
about the configurations of the inverse modeling including error
accounting and prior information.

When aggregating monthly spatially resolved posterior emissions
to the basin-level annual average, we find a methane emission flux
0f2.9+0.5Tg a”! from the Permian Basin (30°-34°N, 101°~105°W)
(Fig. 4A; see Materials and Methods for the uncertainty analysis).
This estimate is more than a factor of 2 larger than the bottom-up
estimate based on an extrapolation of EPA greenhouse gas inventory
data (Elgy, 1.2 Tg a’l; see Materials and Methods) (Fig. 4A), sug-
gesting that current methane emissions in the Permian are under-
represented in national bottom-up emission inventories (22). Our
inversion result is in close agreement with a basin-level estimate
based on extrapolation of limited ground-based site-level measure-
ments in the Permian (Elvg, 2.8 Tg a’h (Fig. 4A). It should be noted
that these site-level measurements were primarily conducted in
the New Mexico portion of the Permian Basin and covered only a

A ;
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© total flux
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Fig. 4. Methane emission quantification for the Permian Basin. (A) Annual
methane emissions from the Permian Basin from two prior emission inventories
(Elgy and Elyg), and TROPOMI satellite data-based atmospheric inversion and a
mass balance method. The breakdown for Delaware, Midland, and non-O/G sources
is shown in pink, red, and white for Elgy, Elmg, and atmospheric inversion, respectively.
The estimate for the Permian Basin is compared with total emissions from 11 U.S.
basins reported in literature (7, 24, 25) (table S1). (B) Leakage rates for the Permian
Basin and two sub-basins, in comparison with the average leakage reported for the
entire United States (7).
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small fraction of production sites (see Materials and Methods and
text S2). As a comparison, we also apply a fast mass balance method
following Buchwitz et al. (23) to estimate basin-level emissions, which
yields an annual mean emission rate of 3.2 + 2.0 Tg a~* for the
Permian Basin. This result is consistent with that derived from a full
atmospheric inversion. Despite the large uncertainty of the mass
balance method, this data-driven approach provides an independent
estimate of emissions derived primarily using TROPOMI data (see
text S3 for more discussion).

Removing the non-O/G sources (0.2 Tg a™") from the total flux
obtained via the inversion (2.9 Tg a™!), we estimate the methane
emissions related to O/G activity to be 2.7 Tga™' in the Permian
Basin. Put in the context of national emissions, this value is approx-
imately one quarter of total emissions from all U.S. oil and gas produc-
tion areas in 2015 (10.9 Tga™', including emissions from production,
gathering, and processing, which largely occur in the production
areas) (7). Our estimated emission rate for the Permian is signifi-
cantly higher than those reported in the literature for other major
U.S. O/G-producing basins. Table S1 summarizes methane emission
estimates for 11 U.S. basins (7, 24, 25) from previous aircraft-based studies
[i.e., Haynesville (24, 26), Barnett (24, 27), Northeast Pennsylvania
(26, 28), Southwest Pennsylvania (25), San Juan (12), Fayetteville
(26, 29), Bakken (24, 30), Uinta (31), Weld (32), West Arkoma (26),
Eagle Ford (24), and the Denver Basin (24)]. Our estimate for the
Permian (2.7 Tg a™') is about a factor of 4 higher than the largest
methane emissions from these previously reported O/G basins [i.e.,
Eagle Ford, 0.73 Tg a ' (24)] and is even comparable to the 11-basin
sum (3.7 Tg a™h (Fig. 4A and table S1). This comparison with recent
literature indicates that the Permian Basin is likely the largest observed
methane-emitting O/G basin in the United States and a substantial
contributor to national O/G-related emissions.

Distribution of methane emissions

High-resolution observations from TROPOMI enable us to resolve
methane emissions at an unprecedented spatial and temporal reso-
lution, relative to the previous generation of satellite instruments
such as the Greenhouse gases Observing SATellite (GOSAT) and
SCIAMACHY (9). Figure 5 presents the spatial distribution of
methane emissions in the Permian Basin at about a quarter-degree
resolution derived from our atmospheric inversion. Compared to the
prior inventory Elgy, our inversion finds larger methane emissions
near the center of the Delaware and Midland sub-basins. Sensitivity
inversions further show that this spatial pattern is robust against prior
emissions of varied magnitudes and distributions (fig. S3), demonstrat-
ing that it is primarily informed by satellite observations.

The spatial distribution of methane emissions derived from inver-
sion is closely correlated with that of gross gas production (R = 0.78),
but to a lesser degree with that of oil production (R = 0.53) and that
of the well number density (R = 0.31) (fig. S4). Similarly, when we
sum up the O/G-related emissions for two sub-basins, the ratio of
methane emissions between Delaware and Midland (1.7/1.0 Tg
a~! = 1.7) is closest to the ratio of gas production (1.4), compared to
that of oil production (1.0) and well number density (0.7). Because
unconventional wells tend to have much higher production per well
than conventional wells (33), the dependence of methane emissions
on gross gas production rather than the well number density sug-
gests that unconventional wells and infrastructure associated with
these wells (e.g., gathering stations), which have been developed re-
cently, are likely the major methane emitters in the Permian Basin.

Zhang et al., Sci. Adv. 2020; 6 : eaaz5120 22 April 2020
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Fig. 5. Spatial distribution of methane emission rates in the Permian Basin.
(A) Bottom-up emission inventory Elg, extrapolated from EPA greenhouse gas in-
ventory data (prior). (B) TROPOMI observation—derived emissions using Bayesian
atmospheric inverse modeling (posterior). The prior and posterior basin-total
emissions, indicated on top of the figure, are computed over the area enclosed by
the solid blue boundary, with contributions from two sub-basins, the Delaware (left
of the dashed line) and Midland (right of the dashed line).

In addition to the spatial distribution, our monthly inversion
also provides information about the temporal variation of methane
emissions during the 11 months of observation (fig. S5). Although
the inversion’s ability to resolve the spatial distribution of emissions
varies from month to month because of uneven monthly sampling
of TROPOMI (fig. S5), our inversion ensemble (table S2 and fig. S5)
generally results in consistent monthly basin-level emission esti-
mates (see also uncertainty analysis in Materials and Methods). We
speculate that high emissions in December 2018 may be related to a
very low in-basin gas price toward the end of 2018, resulting from
insufficient gas gathering and transmission capacity in the Permian
Basin (33,34). That said, we do not find an apparent increasing
trend in methane emissions, although natural gas production from
the Permian Basin increased steadily by ~20% during the over-
lapping 11-month period (fig. S6). Further investigation is required
to delineate factors controlling the temporal variations of O/G-related
methane emissions.

DISCUSSION
Using an inverse analysis of TROPOMI satellite observations, we
estimate a total methane flux of 2.9 + 0.5 Tg a”' in the Permian
Basin, with 2.7 Tg a~' coming from O/G-related activity. Methane
losses of this magnitude represent a waste of an important resource;
for instance, this is enough natural gas to supply 7 million house-
holds in the state of Texas (35). Moreover, the 2.7 Tg a~! methane
emitted in Permian results in the same radiative forcing as ~260 Tg
a' CO, over a 20-year time horizon (86 Tg CO,a ™" over a 100-year
time horizon) (global warming potential of 96 for 20 years and
32 for 100 years) (7, 36), about the same as annual CO, emissions from
the entire U.S. residential sector (290 Tg CO, a~tin 2017) (22).
Our estimate (2.7 Tga™') equates to a production-normalized
(73 Tg CHy a ', derived from 127 m® a™' natural gas production
during the study period using 80% methane content by volume)
emission rate (or methane leakage rate) of 3.7 £ 0.7%, which is
~60% higher than the national average of 2.3 + 0.3% (7) (Fig. 4B).
The leakage rate is even higher for the rapidly developing Delaware
sub-basin (4.1%). Comparable high leakage rates have also been re-
ported in other oil production-focused basins such as the Bakken
(24) (table S1), but these basins produce much lower natural gas
than the Permian Basin does. Previous studies summarized in table
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S1 show an inverse relationship between the basin-level leakage rate
and gas production (24); however, the Permian Basin is an outlier with
high oil production, high gas production, and a high leakage rate.

Overall, the high leakage rate in the Permian Basin appears to be
associated with insufficient infrastructure for natural gas gathering,
processing, and transportation (34, 37), leading to extensive venting
and flaring (Fig. 3), which contributes to high methane emissions.
The greater profitability of oil production contributes to a lack of
investment in natural gas takeaway capacity, which, in turn, has
resulted in excessive supply of associated gas and a very low in-basin
gas price in the Permian (34). In addition, with the rescinding of
U.S. federal requirements on gas capture and fugitive emissions in
2018, current regulations on O/G methane emissions in the Permian
Basin are less stringent at both federal and state levels (see text S4).
All these factors may increase the incentive for operators to vent
and flare their product. On the other hand, the higher-than-average
leakage rate in the Permian Basin implies an opportunity to reduce
methane emissions in this rapidly growing oil and gas-producing
region, through better design, effective management, regulation, and
infrastructure development.

MATERIALS AND METHODS

TROPOMI methane observations

We use daily column-averaged dry air column methane mixing ratio
(XCHy,) data retrieved from TROPOMI measurements (38) between
May 2018 and March 2019. TROPOMI, onboard the polar-orbiting
Sentinel-5 Precursor satellite, is a push-broom imaging spectrometer
that provides near-daily global coverage with a swath width of 2600 km
and a nadir ground pixel size of 7 km x 7 km at approximately 13:30
local overpass time (17). The retrieval algorithm accounts for the
“full physics” of the light path by simultaneously inferring methane
concentrations and physical scattering properties, using the oxygen
A-band in the near infrared (NIR) and the methane absorption band
in the short-wave infrared (SWIR) (39). Only high-quality XCH,4
measurements retrieved under cloud-free conditions are used in this
study (as indicated by the retrieval quality assurance flags in TROPOMI
data product). These measurements are filtered for solar zenith angle
(<70°), low viewing zenith angle (<60°), smooth topography (1 SD
of surface elevation <80 m within 5-km radius), and low aerosol load
(aerosol optical thickness <0.3 in NIR) (40).

The TROPOMI XCH4 product is further corrected for any known
retrieval biases (40). The errors in the TROPOMI XCH, measure-
ments have been assessed against GOSAT XCH, data (38) and were
found to correlate with surface albedo. A global bias correction
linearly dependent on surface albedo was then derived and applied
to the TROPOMI data (40). This bias-corrected TROPOMI XCH,
product is used in this study. Negligible correlation of errors with
other retrieved parameters (e.g., aerosol optical thickness) was found
in the assessment. Validation with independent ground-based mea-
surements from the Total Column Carbon Observing Network shows
that the bias-corrected TROPOMI XCH4 has a bias of —4.3 + 7.4 ppbv,
improved upon the uncorrected XCH,4 product (-12 + 11.5 ppbv)
(40). In addition, we also examine the correlation between bias-corrected
XCHy,4 and other retrieved parameters for the subset of TROPOMI
data over the domain of this study. We find no correlation with
albedo (R* = 0.00) and a negligible correlation with aerosol optical
thickness (R? = 0.07), supporting the idea that the XCH,4 enhance-
ment over the Permian Basin (Fig. 1B) is robust.

Zhang et al., Sci. Adv. 2020; 6 : eaaz5120 22 April 2020

Figure S7A shows the average XCH, over the conterminous
United States and the Permian Basin between May 2018 and March 2019
before the topographical correction. We derive the elevation-corrected
methane column (XCH}) shown in Fig. 1 by applying a third-order
polynomial correction fitted over the U.S. domain following Kort
et al. (10). The mass balance method uses the elevation-corrected
data (XCH;) for emission quantification, while the inversion method
uses XCHy (bias-corrected) directly obtained from the data product,
because the topography effect is taken care of by the atmospheric
transport model.

Atmospheric inverse modeling

We perform an inverse analysis of TROPOMI observations to
derive optimized estimation of monthly methane emissions at
0.25° x 0.3125° horizontal resolution in the Permian Basin. Quanti-
fication of emissions at this combination of relatively high spatial
and temporal resolution, not achievable with previous generations
of satellite observations such as from GOSAT or SCIAMACHY, is
enabled by higher-resolution TROPOMI satellite observations (41).
Figure S7B shows that the Permian Basin is well sampled by TRO-
POMI during the study period, likely because of frequent cloud-free
conditions in the region. A total of ~200,000 TROPOMI XCHj, re-
trievals within the study domain (29°-34°N, 100°-106°W) between
May 2018 and March 2019 are used for the inversion.

Let x be the state vector that we seek to optimize through inver-
sion, including a gridded ensemble of methane emissions and an
additional element representing the regional model bias in XCHj.
The regional model bias term (a monthly scalar uniform over the
inversion domain) is necessary to account for spatially uniform
biases caused by imperfect lateral boundary condition and emission
errors outside the study domain. The inversion solves for an optimal
estimate of x by minimizing the following cost function

J@)=(x-xa) S (x —x2)+ (7 - Kx) 'Sy - Kx) (1)

where TROPOMI XCHj, observations are assembled in y, x is the
prior estimate of x, S, is the prior error covariance matrix, So is
the observational error covariance matrix, and K is the Jacobian
matrix describing the sensitivity of XCH,4 to emissions and the
regional model bias (dy/dx).

Minimization of Eq. 1 at V, J(x) = 0 yields the posterior estima-

tion (¥), the posterior error covariance matrix (§), and the averaging
kernel matrix (A) (42)

R = xa+SAKT(KSAKT +S0) (v - Kxn) 2)
§ = (K'sK+s.)" (3)
A =1,-8s} (4)

Here, I, is an identity matrix where #n is the dimension of the
state vector x. The trace of A, often called as the degrees of freedom
for signal (DOEFS), quantifies the number of pieces of information
constraining the n-dimensional state vector.

To solve for Egs. 2 to 4, the prior estimate (x ) for gridded methane
emissions is required. Using different sources of information, we create
two gridded emission inventories for the study region: one based on
bottom-up information (Elgy) and the other based on extrapolation
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of ground-based site-level measurements (Elyg) (see below for
descriptions of the inventories). Both emission inventories are time
invariant. We use Elpy as the prior estimate in the base inversion,
while we use El g in a sensitivity inversion to evaluate the impact of the
prior estimate (PI_EIyg; see table S2). We perform further evalua-
tions using prior emissions constructed by disaggregating the total
O/G-related emission flux from Elgy with varied spatial proxies
(i.e., well count, PI_EIyer, natural gas production, PI_El,, and oil
production, PI_El;) (table S2 and fig. S3).

The difference between the Elgy and Elyg (Fig. 5A and fig. S3A)
measures the uncertainty of our prior knowledge, and we thus specify
prior errors (Sa) for emissions as the absolute difference between
Elpy and Ely. We also specify the prior error for the regional model
XCH, bias as 10 ppbv. To test the sensitivity to prior errors, we perturb
Sa in two sensitivity inversions by doubling (PE x 2) or halving
(PE x 0.5) prior errors (table S2). Sp is constructed with the residual
error method (43), which results in an error averaged at ~11 ppbv.
Both S and S, are taken to be diagonal matrices. We also perform
a sensitivity inversion to test the impact of error correlations with
off-diagonal terms specified following Cusworth et al. (44) (OE_
Cor; see table S2).

A nested version of the GEOS-Chem chemical transport model
(12.1.0) is used as the forward model in the inversion to link XCHy,
to surface emissions. To account for the vertical sensitivity of the
satellite instrument, we compute simulated XCH,4 by applying
TROPOMI averaging kernels to simulated methane vertical profiles.
We construct the Jacobian matrix K, column by column, with sim-
ulations perturbing each state vector element independently. The
simulations are performed over North America and adjacent oceans
driven by GEOS-FP-assimilated meteorological data from the NASA
Global Modeling and Assimilation Office on a 0.25° x 0.3125° hor-
izontal grid and 47 vertical layers (~30 layers in the troposphere)
(21). The boundary conditions for the nested-grid simulation are
from a 4° x 5° global simulation from May 2018 to March 2019
driven by GEOS-FP meteorological fields. Note that methane emissions
and sinks used in this simulation are optimized with previous-year
(2010-2017) GOSAT satellite data following Maasakkers et al. (3).
Such generated boundary conditions may be biased (i.e., unable to
capture the growth of global methane concentrations; see fig. S9),
and we account for it by introducing a monthly regional model bias
term in the inversion. The retrieved regional model biases may vary
with the extent of the inversion domain. To test this sensitivity, we
also perform an inversion with a larger spatial domain (27°-36°N,
98°-108°W) (Bg_Large; see table S2).

Inversion uncertainty

The posterior error covariance matrix (S, Eq. 2) and averaging kernel
matrix (A, Eq. 3) evaluate the uncertainty of an inversion solution
given inversion parameters (e.g., Sa, So, forward model). Figure S5
shows monthly posterior errors for basin-level emissions (derived
from §) and corresponding DOFS (trace of A) from our base inver-
sion. Overall, the posterior errors for basin-level emissions are <5%
of the estimated emission flux, and the DOFS are between 5 and 30
for the monthly inversion, indicating that the TROPOMI data are
able to constrain basin-level methane emissions and partially resolve
the spatial distribution on a monthly basis. The monthly variations
in the posterior error and DOFS are mainly driven by uneven data
coverage from TROPOMI sampling. For example, poor data coverage
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in November 2018 results in a large posterior error and a small
DOFS (fig. S5).

We also perform an ensemble of sensitivity inversions by per-
turbing the configurations and parameters in the base inversion
(table S2), aiming to characterize the uncertainties resulting from
assumptions made in the inversion not captured by the analytical
posterior error. Our results show that all these sensitivity inversions
lead to consistent basin-level emission estimates. Annual mean fluxes
from sensitivity inversions are within 0.5 Tga of that from our base
inversion (table S2), with general agreement in monthly variations
as well (fig. S5). Because the uncertainty resulting from sensitivity
inversions are significantly larger than that deduced from posterior
error covariance matrix (fig. S5), we report the uncertainty of our
basin-level emission estimate (0.5 Tg a™') as half of the range from
the inversion ensemble (2.4 to 3.4 Tg ah).

Furthermore, to assess the uncertainty due to model transport,
we compare hourly GEOS-FP 10-m wind speed against measurements
at the Midland Airport (MAF) in the Permian Basin during the period
of May 2018 and March 2019. Airport wind measurements are not
assimilated in the GEOS-FP reanalysis (45), so these observations are
independent. We find that the GEOS-FP 10-m wind speed compares
well with the airport measurements in both daytime and nighttime
(fig. S8), with mean biases of less than 6% in the mean wind speed.
We conclude that errors in the model wind fields are unlikely to be
a major source of error in the inversion.

We introduced a regional model bias term in monthly inversions
to correct for regional background biases in simulated methane
concentrations, which result mainly from imperfect boundary con-
ditions. To check our estimate for this regional bias term, we sample
the model simulation to compare with independent observations,
i.e., surface measurements at the Mauna Loa Observatory (MLO; a
Pacific free tropospheric site upwind of the North American conti-
nent) (46), tower measurements at Moody, Texas (WKT) (47), and
aircraft measurements offshore Corpus Christi, Texas (TGC) (48).
The latter two sites are geographically much closer to the Permian
Basin (~400 km from WKT and ~700 km from TGC) than MLO,
but can be affected by local emissions that are not optimized in our
inversion. Our results show that the model simulation, when cor-
rected with monthly regional model biases (derived from monthly
inversions over the Permian Basin), is able to capture the observed
monthly variation in methane concentrations, notably the sharp in-
crease from August to October 2018 in MLO and WKT observations
(fig. S9), supporting that it is necessary to optimize the regional
model bias in the inversion. Better agreement is observed at MLO
and TGC compared to WKT (fig. S9), likely because WKT is located
closer to local sources that are not fully optimized in the inversion.
Opverall, most of the differences between the prior simulation and
TROPOMI observations can be explained by the regional model
biases, except for the mismatch in the vicinity of the Permian Basin
(fig. S2). We further perform a sensitivity inversion with a varied
spatial domain (Bg_Large). Compared to the base inversion, Bg Large
results in a lower regional methane background (by 3 ppbv on average)
and a higher methane emission flux (3.4 Tg a™!) (table S2 and fig. S5),
reflecting the error correlation between regional methane biases and
methane emissions.

In addition, we note that the inversion cannot fully explain the
methane enhancement extending outside the Delaware Basin in
the northwest direction (near 33°N, 105°W), although the inversion
overall substantially improves the agreement between observations
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and model simulations (fig. S2). While our investigations do not
attribute an obvious source of emissions causing the northwestern
enhancement (whether oil/gas or other sources), the basin-level
O/G emission estimates presented here are robust if this enhance-
ment is caused by non-O/G sources, but are conservative if it is
caused by O/G sources.

Emission inventory based on bottom-up information

We create a bottom-up methane emission estimate (Ely) for the study
domain starting from the gridded version of the EPA anthropogenic
greenhouse gas emission inventory for 2012 (49). Maasakkers et al.
(49) developed a procedure to spatially and temporally allocate the
national sectorial methane emissions reported in the U.S. Inventory
of Greenhouse Gas Emissions and Sinks (GHGI) by U.S. EPA on a
0.1° x 0.1° grid, using various databases at the state, county, local,
and point-source level. The emission inventory includes methane emis-
sions from agriculture, coal mining, natural gas systems, petroleum
(oil) systems, waste, and other minor anthropogenic sources.

To reflect the intensifying exploitation activity in recent years in
the Permian Basin, we then make an extrapolation of the methane
emissions from the oil and gas production sector, using 2018 Enverus
Drillinginfo data on well count, well completion, and production
(50). To account for the changes in the national average emission
factors, we further scale the subsectorial production emissions
using the ratio between the latest GHGI (22) and a previous GHGI
that Maasakkers et al. (49) was based on (51) for 2013 emissions.
The updates result in total methane emissions of 1.2 Tg a™" in the
Permian Basin (blue box in Fig. 5A), with 1.0 Tg a™' coming from
O/G-related emissions and the remainder mainly from agriculture.
We use this updated gridded emission inventory (Elgy) as the prior
emission estimate for the inversion. The resulting emissions inventory
dataset (EIgy inventory) is publicly available for our study region
encompassing the entire Permian Basin (https://doi.org/10.7910/
DVN/NWQGHU).

Emission inventory based on site-level emission measurements
An alternative prior estimation of methane emissions is obtained by
extrapolating ground-based methane emission measurements from
a limited sample of oil and gas production sites in the Permian Basin
(primarily in the New Mexico portion of the basin) during July and
August 2018 (52). The measurements found a wide range of site-level
emission rates, which appear to be associated with the complexity
of infrastructure, and were classified into emission rates for simple
(with only wellheads and/or pump jacks) versus complex sites (also
with storage tanks and/or compressors). Extrapolating these site-
level emission rates to the entire Permian gave a basin-level methane
emission rate of 2.3 Tga~' from O/G production. Additional emis-
sions from compressor stations and processing plants are estimated to
be 0.22 and 0.14 Tga ™', respectively, using activity data from Enverus
Drillinginfo’s midstream infrastructure dataset, facility-level emission
factors from literature (53, 54), and blowdown event emission factors
from GHGI (22). We then disaggregate the basin-level O/G-related
emissions to a 0.1° x 0.1° grid by the spatial distribution of gas pro-
duction (Fig. 2D). To complete the inventory, non-O/G anthropogenic
methane emissions (0.2 Tg a™!) are taken from Elgy. This emission
inventory (Elyg), based primarily on extrapolation of limited site-
level measurements, provides an alternative prior estimate for the
inversion and is used to test the sensitivity of the results to the
choice of prior information (fig. S3). See text S2 for detailed infor-
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mation regarding the site-level measurements and the extrapolation
procedure. The resulting emissions inventory dataset (Elyg in-
ventory) is publicly available for our study region encompassing
the entire Permian Basin (https://doi.org/10.7910/DVN/NWQGHU).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/17/eaaz5120/DC1
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