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Abstract. According to the United States Environmental Protection Agency (US EPA), emissions from oil and gas infrastruc-
ture contribute 30% of all anthropogenic methane (CH,) emissions in the US. Studies in the last decade have shown emissions
from this sector to be substantially larger than bottom-up assessments, including the EPA inventory, highlighting both an in-
creased importance of methane emissions from the oil and gas sector towards their overall climatological impact, and the need
for independent monitoring of these emissions. In this study we present continuous monitoring of regional methane emissions
from two oil and gas basins using tower-based observing networks. Continuous methane measurements were taken at 4 tower
sites in the northeastern Marcellus basin from May 2015 through December 2016, and 5 tower sites in the Delaware basin in
the western Permian from March 2020 through April 2022. These measurements, an atmospheric transport model, and prior
emission fields, are combined using an atmospheric inversion to estimate monthly methane emissions in the two regions. This
study finds the mean overall emission rate from the Delaware basin during the measurement period to be 146-210 Mg CH, h—!
(energy-normalized loss rate of 1.1-1.5%, gas-normalized rate of 2.5-3.5%). Strong temporal variability in the emissions was
present, with the lowest emission rates occurring during the onset of the COVID-19 pandemic. In the Marcellus, this study finds
the overall mean emission rate to be 19-28 Mg CH, h~! (gas-normalized loss rate of 0.30-0.45%), with relative consistency in
the emission rate over time. These totals align with aircraft top-down estimates from the same time periods. In both basins, the
tower network was able to constrain monthly flux estimates within £20% uncertainty in the Delaware and £24% uncertainty
in the Marcellus. The results from this study demonstrate the ability to monitor emissions continuously and detect changes in

the emissions field, even in a basin with relatively small emissions and complex background conditions.

1 Introduction

Methane is a potent greenhouse gas with a global warming potential of 28 over a 100 year period (Forster et al., 2021). Since
pre-industrial times, atmospheric methane mole fractions have increased by nearly a factor of 3, contributing to approximately

a fourth of the increased radiative forcing due to anthropogenic climate change (Dlugokencky et al., 2011; Myhre et al.,
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2013). After a brief period where methane values leveled out from 1999 through 2006, concentrations and growth rates began
increasing again in the last decade (Nisbet et al., 2019), renewing concerns of the impact anthropogenic methane emissions
will have on warming. Rapid mitigation of these sources has been shown to be a crucial step to achieving climate benchmarks
set forth in the Paris Agreement (Saunois et al., 2020; Ocko et al., 2021).

An analysis of pathways to methane mitigation in Ocko et al. (2021) found that the largest economically feasible reductions
in methane emissions can be achieved through mitigation strategies in the oil and gas (O&GQG) sector. In the United States
the largest source of anthropogenic methane emissions is from O&G infrastructure, of which leaks and planned releases of
natural gas account for more than 30% of total US anthropogenic methane emissions (US Environmental Protection Agency,
2020). From the years 2008 to 2020, US O&G production increased substantially, with natural gas production increasing
by 75% and oil production increasing by 125% during the period (US Energy Information Administration, 2021a). Despite
substantial increases to O&G infrastructure and production, the US Environmental Protection Agency’s (US EPA) bottom-up
methane inventory for the O&G sector shows a decadal decline in the overall methane emissions from the sector (Figure S1).
However, independent top-down analyses of methane emissions from individual wellpads (Rella et al., 2015; Robertson et al.,
2017; Caulton et al., 2019; Robertson et al., 2020), basins (Karion et al., 2015; Barkley et al., 2017; Peischl et al., 2018;
Lin et al., 2021), and regions (Barkley et al., 2019b, 2021) have consistently concluded that the EPA’s bottom-up inventory
is underestimating emissions from the O&G sector, often by more than 50% (Alvarez et al., 2018). Recent satellite-driven
inversions have come to similar conclusions (Maasakkers et al., 2021; Zhang et al., 2020; Shen et al., 2022), raising further
concerns about the accuracy of the bottom-up inventory. With the US recently adopting new policies curbed at reducing
methane emissions from the O&G sector (117th Congress, 2022), accurate, precise, and reliable independent monitoring will
be necessary to track compliance with established benchmarks.

In this study we present one possible pathway towards continuous, basinwide emissions monitoring. A tower-based methane
monitoring network was designed and implemented in two different O&G basins with the objective of continuously measuring
and quantifying regional methane emissions from O&G activity in each basin. We present findings from these networks and

discuss advantages and limitations of monitoring regional methane emissions from O&G activity using tower networks.

2 Methods

The objective of this study is to use methane measurements from tower sites in the both the Delaware and northeastern Mar-
cellus basins to solve for emissions from O&G sources in each area. Details for the tower network, prior emissions inventories,

model setup, and data analysis are provided below.
2.1 Tower Network

In the Delaware basin, observations come from a tower network designed to take continuous methane and other trace gas
measurements downwind of the western portion of the Permian basin in the western Texas and southeastern New Mexico.

Picarro cavity ring down spectroscopy (CRDS) instruments were set up at 5 sites surrounding the Delaware basin: Carlsbad
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Caverns National Park (CARL), Maljamar (MALJ), Hobbs (HOBB), Notrees (NOTR), and Fort Stockton (FORT) (Figure 1).
Of the 5 sites, the instruments at MALJ, HOBB, NOTR, and FORT were installed at tower sites with intake heights between
90-130 meters, with the fifth site CARL first deployed on a rooftop (intake height 4 meters AGL) and later a small tower (intake
height 9 meters AGL). Site CARL is on a ridge approximately 300 m above the elevation of the Permian basin. Continuous
methane mole fraction measurements were taken starting March 1, 2020 and are planned to continue through at least June
2023. Daily afternoon average (four hour period starting at 20 UT, 1 pm Central Standard Time) mole fractions are used for
analysis. Further details regarding tower setup and instrument calibration can be found in Monteiro et al. (2022).

In the Marcellus, observations come from a similarly designed tower network designed to measure methane sources from
approximately 4500 high-producing unconventional gas wells in northeastern Pennsylvania (Figure 1). Instruments were set
up at 4 tower sites starting in May 2015 with intake heights between 46-61 m AGL, and measurements took place through the
end of 2016. These tower sites are named after their geographical locations relative to one another: North, East, Central, and
South. Daily afternoon average mole fractions (four hour period starting at 18 UT, 1 pm Eastern Standard Time) are used for
analysis. Further details regarding tower setup and instrument calibration can be found in Miles et al. (2018).

The study areas are defined as the areas of O&G production surrounded by the tower networks and are shown in the right
panels of Figure 1. Though both of these tower networks are designed to measure emissions from O&G infrastructure, the
characteristics of the O&G production within each of the study areas differ greatly. The Delaware basin study area represents
an area 230 x 210 km? in size with nearly 50,000 active wells, of which approximately 80% are classified as oil wells, and
contains a mixture of old and new gas infrastructure. By contrast, the Marcellus study area is smaller, at 190x110 km?, and
only contains 4,500 wells, all of which produce only gas. The gas wells in the northeast Marcellus are on average the highest
producing gas wells in the US, and the total gas produced in the Marcellus study area is nearly equivalent to the gas produced
in the Delaware basin, despite the former only having 1/10th the number of wells. These two basins lie on the extreme end of

gas and oil production and serve as testbeds for our ability to monitor different types of O&G basins using tower networks.
2.2 Model Setup

Two separate runs of the Weather Research and Forecasting Model with Chemistry (WRF-Chem V3.6.1) were used as an at-
mospheric transport model to create meteorology fields in the regions surrounding the tower networks and to generate influence
functions at each tower site. The WRF model grid configuration used for both regions consist of a gridded 9 km resolution outer
domain with a nested 3 km domain centered around the study area (Figure S2-3). Fifty vertical terrain-following model layers
are used, with 26 model layers below 850 hPa (approximately 1550 m AGL). For the Marcellus model run and the Delaware
model run, the North American Regional Research (NARR) model and the ECMWF Reanalysis 5th Generation (ERAS) were
used respectively to generate initial and boundary conditions for the simulation (Mesinger et al., 2006; Hersbach et al., 2020).
Analysis nudging was applied in the 9 km domains, with observational nudging used in both the 9 km and 3 km domains.
Further details on the setup of the model runs can be found in Barkley et al. (2021).

A Lagrangian Particle Dispersion model was used in combination with the wind fields and turbulent kinetic energy from the

WRF-Chem simulations to generate influence functions for each tower site within the 3 km domains (Uliasz, 1994; Lauvaux
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Figure 1. (top-left) A map of emissions within the inner 3 km domain of the WRF-Chem model run for the Delaware basin setup. (top-right)
Emissions within the study area (the region solved for in the inverse analysis). Towers are marked as green stars on the map with their
abbreviated names. O&G emissions in the figure are based on the Ely/g prior. (bottom-left) A map of emissions within the inner 3 km
domain of the WRF-Chem model run for the Marcellus basin setup. (bottom-right) Emissions within the study area (the region solved for in
the inverse analysis). Towers are marked as green stars on the map with their abbreviated names. O&G emissions in the figure are based on

the Production-based prior

et al., 2012). These influence functions can be combined with a surface emissions map to calculate an expected enhancement
at each of the tower sites. A total of 900 particles were released at each tower site each hour in 20 second intervals and traced
back in time for 72 hours, tracking their interactions with the surface to create a footprint of the area of influence at a tower

relative to a given hour of measurements.
2.3 Prior Emission Inventories

To generate modeled methane enhancements that can be compared to observations from the tower network, a prior methane
emissions inventory is required that represents a reasonable first-guess spatial mapping of emissions in the study area. Although
the EPA 2012 Gridded Methane inventory contains information for O&G emissions, emissions are based on infrastructure in
2012 and O&G production in the Permian have more than tripled from 2012 to 2020 (Maasakkers et al., 2016; US Energy
Information Administration, 2021b), making it too outdated to serve as an accurate prior. Therefore, in the Delaware 3 km

model domain, we use the E ;g emissions map developed in Zhang et al. (2020), based on the extrapolation of site-level
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measurements, to represent our best guess prior for emissions from O&G sources in the Permian basin. For emissions from
0&G sources in Mexico, values derived from Sheng et al. (2018) are used. For the remaining non-O&G anthropogenic sources,
the EPA’s 2012 Gridded Methane Emissions Inventory (Maasakkers et al., 2016) is used for sources within the US, and EDGAR
v4.3.2 is used for sources in Mexico. Overall, 98% of emissions within the smaller study area confined within the 3 km model
domain originate from O&G sources based on the El ;5 prior.

In the Marcellus 3 km domain, an O&G emissions inventory for the region is created based on information from the Penn-
sylvania Department of Environmental Protection (PADEP) Air Emissions Inventory, a bottom-up inventory of emissions
from unconventional (horizontally-drilled) activity in Pennsylvania. To account for emissions from the remaining conventional
(vertically-drilled) O&G activity in the state, we use values from the EPA’s 2012 Gridded Methane Emissions Inventory oil and
gas sectors (Maasakkers et al., 2016), which primarily consist of emissions from conventional activity in the western portion
of the state. To prevent the possibility of double-counting unconventional gas emissions in northeastern PA, emissions from
the EPA’s inventory for the production and gathering sector are zeroed and all O&G emissions from these sectors are assumed
to be coming from unconventional natural gas activity. Of note, there are fewer than 10 producing conventional wells in the
smaller study area confined within the 3 km model domain, so errors associated with emissions from conventional gas activity
would have a marginal impact on results. For anthropogenic emissions from sources other than O&G, the EPA’s 2012 Gridded
Methane inventory is used. Overall, 55% of emissions within the study area originate from O&G sources based on the PADEP
prior, though this percentage is likely low due to likely underestimations of O&G emissions from the bottom-up emissions
inventory.

In addition to the main inventories developed for this study, an alternative O&G prior is used for each region to capture the
sensitivity of the analysis to the emissions information used. In the Delaware basin, the alternative prior used is the posterior
from the satellite-based inversion of the Permian in (Zhang et al., 2020) and will be referred to as the Zhang inventory hence-
forth. To upscale the resolution of the 0.30°x 0.25°posterior to a prior for our 3 km inventory, emissions from the coarser grid
are distributed to the finer grid based on the well count in each of the 3 km grids. Though the total O&G emissions in the study
area are similar between the El;; g and the Zhang inventory, their spatial mappings are very different, with the Zhang inventory
emphasizing higher emissions on the western side of the study area near tower CARL (Figure S6).

For the Marcellus basin, an alternative prior for the study area is developed by attributing O&G emissions at each grid cell
equivalent to 0.4% of the reported average gas production for 2015-2016, as defined by the central estimate of all published gas
production loss rates in the northeastern Marcellus (Peischl et al., 2015; Barkley et al., 2017; Caulton et al., 2019). Unlike the
Delaware where both priors are similar in magnitude, the alternative O&G prior used for the Marcellus is more than 3 times
larger than the PADEP inventory (Figure S7), which is likely underestimating emissions (Brandt et al., 2014; Alvarez et al.,
2018).

2.4 Calculating the Observed O&G Methane Enhancement

By multiplying the influence functions by an emissions inventory, a methane enhancement is calculated at each tower site

that represents the total enhancement associated with all sources within the model domain (example: 50 ppb). This value is
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fundamentally different than the tower observational dataset, which is measuring the global methane mole fraction (example:
2000 ppb). For the observed and modeled datasets to be comparable, a daily afternoon value that represents the methane mole
fraction entering the model domain must be subtracted from the observations. This value is referred to as the background value.

One of the simplest ways to determine the background value for a given afternoon is to select the mole fraction of a tower
observation that has had minimal interaction with methane sources within the domain. For example, the mole fraction value of
a tower downwind of 0 methane sources within the model domain would be very representative of the methane characteristics
of the air mass that entered the model domain and would serve as a good choice for a background value. Rarely do such
conditions exist where tower measurements are not impacted at all by sources within the model. As such, we use two methods
to determine which tower would best serve as a background tower for a given afternoon.

The first method is to select the tower with the lowest observed afternoon methane mole fraction. The logic is that the lowest
observed methane value would naturally have the smallest influence from local sources within the domain. However, air masses
that enter the model domain are not always homogeneous, and the tower with the lowest observed mole fraction may be lowest
because it is in a portion of the incoming heterogeneous air mass with low methane relative to the other towers. This can result
in a background selection with a low bias.

The second method is to select the tower with the lowest modeled afternoon methane enhancement. The logic is that the
tower with the lowest modeled methane enhancement would, by definition, have the smallest influence from sources within
the model domain. However, due to transport error in the model as well as spatial errors in the prior inventory, the tower with
the lowest modeled enhancement may actually be enhanced by real sources within the domain and have a high measured mole
fraction. This can result in a background selection with a high bias.

For each afternoon, we use both of these methods to select a tower as the background tower. With a background tower
selected, we take its afternoon mole fraction and subtract off the afternoon modeled enhancements at that tower, resulting in a
background value that defines the methane mole fraction that is representative of the air mass that entered the model domain.

This can be represented through the following equation:

ng = YE)gTower - ngTower (1)

where Yyg7ouwer 18 the observed afternoon methane mole fraction at the identified background tower, Xj7ower is the sim-
ulated afternoon methane enhancement at the identified background tower, and Y3 is the calculated background value. If the
two methods to define a background tower select two different towers, a background value is calculated for each, and their
values are averaged together to create a single background value. This background value is subtracted off of the observed
afternoon methane mole fractions of the downwind towers, producing an “observed methane enhancement” that represents
the total observed methane enhancement from sources within the model domain. Finally, modeled enhancements from sources
not related to O&G are subtracted off of the observed methane enhancement at each downwind tower, producing an observed

methane enhancement specific to O&G within the model domain. This process can be written as the following equation:
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YO&G =Y — }/bg - Xother (2)

where Yo ¢ is the observed afternoon methane enhancements from O&G sources inside the study area, Y is the observed
afternoon mole fraction at a downwind tower, and X ;.. are the modeled enhancements at the downwind tower from sources
other than O&G.

At this stage, the observed methane enhancement from O&G (Ypg ) can now be compared directly to the modeled methane
enhancement from O&G, and adjustments to the model O&G emissions can be done to create the best match between observed
and modeled enhancements. A test on the impacts of 6 different background selection techniques on the overall results of this

study can be found in supplemental section S2.
2.5 Inversion Methodology

For each basin, we attempt to solve for a monthly emissions map that best describes the methane observations measured by the
tower network during the period. To do this, a Bayesian inversion is performed to optimize emissions from O&G activity in

the study area (Lauvaux et al., 2012; Sheng et al., 2018; Barkley et al., 2021) by minimizing the following cost function,

1 1
J(z) = §(YO&G —~Hz)"R™ ' (Yogc — Hx) + i(a: —x0) "Bz — x0) 3)

where Yog ¢ is the observed O&G enhancement inside the domain of interest, g and « are the prior and posterior O&G
fluxes, H is the influence function that translates the emissions map (x¢) into an enhancement, and R and B are the observation
and flux error covariance matrices that control the uncertainty in the observations and the model. Minimizing this equation and

solving for the posterior flux map X, the equation can be rewritten as the following:

x =xo+BH' (HBH” + R) " }(Yog.c — Hxo) 4)

Further details on the role of each of these terms in solving for the posterior emissions solution can be found in section 2.2
of Barkley et al. (2021).

The inversion is run in monthly intervals, creating a posterior representative of the observations for each month. An average
of 70 and 40 downwind afternoon tower observations are used per month in the Delaware and Marcellus inversions respectively,
with monthly fluctuations due to variable downtime across towers in the networks (Figure S11). For the Delaware inversion,
the prior flux (x¢) error covariance matrix of the O&G fluxes is assigned to equal 100% of the magnitude of the source. For the
Marcellus inversion, this error is equal to 100% of the O&G fluxes for the Production-based prior, and 350% for the PADEP
inventory. This large increase in the error matrix is necessary due to the small initial values of the O&G fluxes in the PADEP
prior that would otherwise prevent substantial deviations from the prior. Increasing the flux error covariance matrix for the

PADEP prior to 350% matches the magnitude of the error with the Production-based prior, allowing for greater convergence
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between the two inventories. For both the Delaware and Marcellus inventories, the error covariance matrix is set to zero in
all other sources, effectively making any changes from the prior to the posterior the result of changes to the O&G emissions.
Furthermore the region the fluxes can be adjusted is limited to the study area shown in Figure 1. This prevents the inversion
from attempting to adjust emissions from the Midland basin in the Permian and the western Marcellus/Utica in the Marcellus,
both areas that were not intended to be captured based on the design of the tower networks. An e-folding correlation length
scale of 5 km is applied to the off-diagonals of B to observe changes between the prior and posterior fluxes over broader areas.

For the observation error covariance matrix R, the model enhancements are first scaled by a constant such that the bias
between the observations and model is 0. From there, a constant value is assigned for all observations unique to each month
equal to the mean absolute error between the observations and the prior modeled enhancement for that month Barkley et al.
(2021). This technique is done under the assumption that the main source of error between the model and observations is related
to errors in transport. Using an R that scales by the mean absolute error results in larger R values during winter months when
plumes are larger due to a shallow boundary layer, and thus errors in the transport can produce larger discrepancies between
observations and the modeled enhancements.

In addition to the inversion settings described above, 6 additional inversions with unique adjustments were performed for
each prior to quantify the sensitivity of the posterior to different choices in the inversion setup. These adjustments include
changing the magnitude of the prior to examine its effects on the posterior’s magnitude, increasing the error covariance matrix
to allow more freedom for the inversion, increasing the correlation length coefficient to force more uniform adjustments to
the posterior, adjusting the definition of afternoon hours to include the late morning, and changing the background approach
to select background tower(s) based purely on wind direction. Descriptions of this sensitivity analysis and its findings can be

found in supplemental section S1.

3 Results and Discussion
3.1 Observed and Modeled Enhancements

Figure 2 shows the monthly observed and modeled methane enhancements from O&G sources inside the Delaware and north-
eastern Marcellus study areas. In the Delaware basin, the average observed enhancement varies from 50 ppb during the summer
months to 130 ppb in the winter months. This seasonal variability in the Delaware can be seen both in the observations and
the model and has two causes unrelated to changes in the emission rate. The main contributor is due to substantial differences
in the regional boundary layer height between the summer and winter months, which varies from an average of 1000 m in
January to 3000 m in July (Figure S9). The height of the boundary layer affects the depth in which any local enhancements will
mix vertically in the atmosphere, and thus has an inverse relationship on the size of the signal observed by the tower network.
A second, more subtle source of the seasonal variability in the enhancement in the Delaware relates to changes in the wind
patterns specific to the region. In the late fall and winter seasons, westerlies are the predominant wind direction, whereas in

the late spring and summer, weaker southerlies and easterlies are more prevalent (Figures S9-S10). This wind shift changes the
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Figure 2. (left) Mean monthly afternoon observed methane enhancements from O&G sources within the Delaware study area compared
to modeled values using the Elys g inventory and the Zhang inventory. (right) Mean monthly afternoon observed methane enhancements
within the northeastern Marcellus study area compared to modeled O&G enhancements from the PADEP inventory and the production-

based inventory.

predominant downwind towers and, as a result of this, the typical surface area of influence associated with these measurements,
which results in changes to the average observed enhancement.

With regards to the model priors in the Permian, the El ), and the Zhang emission maps have similar monthly enhancements
due to having similar overall emission totals, with the largest differences occurring in summer 2020. This difference is driven
by spatial differences in the emissions in the western Delaware basin near tower CARL, which becomes the main downwind
tower during this time due to a prolonged period of easterly winds. The higher emissions in the Zhang inventory near this
western tower site have a negative impact on its skill at predicting the enhancements there, with an overall mean absolute error
of 81 ppb at CARL using the Zhang inventory versus 50 ppb using the El; g prior. These issues along the western portion of
the basin result in the El; performing slightly better overall compared to the Zhang inventory in terms of the mean absolute
error and correlation with the observed enhancements (Table S1). In addition to possible issues on the western portion of the
basin, both inventories appear to underestimate the magnitude of the methane enhancements, particularly in the winter months,
with observed enhancements during this period greatly exceeding values predicted by either inventory. This large difference
could signify genuine increases in the true O&G emissions during the winter months, or potential errors in the transport model

that are dependent on season.
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In the northeast Marcellus, average observed monthly O&G methane enhancements are much smaller than those in the
Delaware, with monthly enhancements ranging between 10-35 ppb and no obvious seasonal trend in the observations and the
model. The lack of a seasonal trend is related to counteracting effects of boundary layer heights ( 600 m AGL in winter versus
1800 m AGL in summer) and average wind speeds (10 m/s in winter versus 5 m/s in summer). The slower winds in summer
have a large impact on the Marcellus network due to the proximity of the sources to the tower, creating scenarios where stagnant
summer winds can lead to greater accumulation of methane in the regional boundary layer in the summer months.

With regards to the performance of the priors in the northeast Marcellus, a clear discrepancy can be observed between the
PADERP prior and the production-based prior, with the former consistently underestimating monthly O&G enhancements by a
factor of 3 or greater, whereas the production-based inventory produces enhancements that are slightly higher than observed
values (Figure 2). This discrepancy is expected, as bottom-up inventories of unconventional wells in the Marcellus region have
been shown to greatly underestimate empirical results (Barkley et al., 2019a; Caulton et al., 2019), whereas the production-
based inventory is based on empirical results using observations from a previous aircraft mass balance campaign of the region
(Barkley et al., 2017). Beyond looking just at the magnitude, there appear to be spatial concerns with the PADEP prior as
well (Figure 1). One of the largest spatial differences between the production-based prior and the PADEP prior is the lack of
emissions around Central tower in the PADEP prior, despite that tower being located in an area surrounded by gas infrastructure
(Figure S7). Not coincidentally, Central tower also has the largest difference between the two inventories in terms of correctly
capturing the observed gas signal, with a correlation of 0.63 using the production-based prior versus a value of 0.40 using the

PADEP prior.
3.2 Inversion Results: Delaware Basin

Figure 3 shows the resulting emission rates of the monthly inversion performed for the Delaware basin, using the mean and
range of the monthly emission rate solutions from the inversions performed in the sensitivity analysis. Both priors produce
similar results in both the magnitude and trends of the emissions, with the largest emission rates of 220 Mg CH, h~! occurring
in March and April 2020 when the tower network was established, followed by a sharp and persistent decline in the emis-
sion rate down to 130 Mg CH, h™! through late summer, then an increase again into winter where it stabilizes through the
remainder of 2021 at approximately 160 Mg CH4 h—!, with signs of increasing back to pre-pandemic levels in 2021. The root
cause of nearly 50% decrease in emissions from March 2020 to September 2020 is unclear but may be related to the tower
network measurements coinciding with the onset of the COVID-19 pandemic in late March 2020, when major changes in O&G
production and activity were taking place (US Energy Information Administration, 2021a; Lyon et al., 2021). In particular, the
timing of the decrease in emissions from April 2020 to September 2020, followed by the gradual rebound, aligns well with
data on rig counts in the Permian (US Energy Information Administration, 2021b; Baker Hughes, 2022) (Figure S20). The
drop in emissions correlating with decreasing rig counts may indicate that processes associated with new well drilling/com-
pletions/operations may have a disproportionate role on the overall basinwide emissions. Additional evidence from 2 aircraft
mass balances performed in the Delaware in January and early March 2020 supports the possibility that emissions at the start

of 2020 were higher than at any other time during the study period before experiencing a drop in emissions in April and beyond

10
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Figure 3. (left) Prior and posterior monthly O&G methane emission totals for the Delaware basin based on the Els g prior (blue) and Zhang
inventory (red) from this study. (right) Prior and posterior monthly O&G methane emission totals for the Marcellus basin based on the
production-based prior (blue) and the PADEP prior (red). In both charts, the shaded area represents the minimum and maximum emission
rate for each month based on the range of results by adjusting the inversion as described in the sensitivity analysis in supplemental section

S1, with the darkest grey area showing where the range of emission solutions overlap between the two priors.

(Lyon et al., 2021). In addition to possible changes throughout the study period caused by the COVID-19 pandemic, a second

event occurred in mid-February 2021, when multiple winter storms and below average temperatures led to the disruptions in

275 O&G production across the Permian basin. It is during this month where calculated emission rates are higher than any other

period after April 2020. However, calculated emissions had been increasing prior to the multiple winter storm events in Febru-

ary, making it difficult to assess whether the peak in the emission rate in February 2021 was related to disruptions in the gas

supply chain or rather a continuation of previous trends heading into the winter months. Regardless of the reason, the increase

in emissions is short-lived, and emissions steady out through October 2021, after which they appear to climb again through the

280 remainder of the study period. The increasing emissions occur at a time when both monthly oil and gas production totals are
increasing in the Permian and may be related to that change in production (US Energy Information Administration, 2021a).

The range of emission solutions from the sensitivity analysis for each month individually averages + 35 Mg CH4 h~!

(Figure 3). This range corresponds with a uncertainty range of +£20% of the mean emission rate. While it is difficult to assign

a formal confidence interval to this range, we adopt this range as a level of confidence in our ability to quantify changes in

285 emissions in this basin.
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Although results from this study and from Lyon et al. (2021) both originate from the same observational dataset, there are
some key differences in methodology that result in discrepancies between calculated monthly emissions from the two analyses
(Figure S16). In Lyon et al. (2021), emissions were solved using a scaling factor methodology based on the forward model
run enhancements for a smaller, 100x100 km? area, compared to this study which uses an inverse methodology based on
enhancements derived from influence functions to solve for a much larger domain. The scaling factor methodology forces a
single, daily emission rate solution for the entire study region whereas the inverse methodology is able to account for more
complex spatial nuances in the emission field and the error structures of the observations. In addition to differences in the
optimization method in which emissions were solved, emissions in the Lyon et al. (2021) study were calculated by averaging
afternoon concentrations between 16:00-22:59 UTC compared to the 20:00-23:59 UTC in this paper. For this paper the later
afternoon times were chosen based on the timing in the transport model runs in which atmospheric boundary layer depth had
stabilized at its afternoon peak, whereas between 16:00-22:59 UTC, boundary layer growth is actively occurring, increasing
from an average of 850 m at 16 UTC to 2250 m at 22 UTC (Figure S8). Because the size of local methane enhancements
inversely scale with the depth of the boundary layer, this 2.5x growth in the boundary layer can create two issues. First, lower
boundary layer heights in the late morning would result in larger enhancements in the late morning compared to the afternoon,
weighting the overall afternoon observed and modeled enhancement towards whatever enhancements were present during the
earlier time period. Second, any errors in the timing of the boundary layer growth would become a substantial source of error
in the emissions calculation. For example, the average boundary layer growth between 16-17 UTC is 42%, so a one hour error
in the timing of that growth would produce a 42% error on the expected size of the enhancement. Furthermore, along with the
differences in selected afternoon hours, the background value methodology selected in Lyon et al. (2021) is less sophisticated
than this study, selecting the background only by choosing the tower with the lowest afternoon methane mole fraction. As
discussed in section 2.4, this background strategy will produce a low bias in the true background calculation, resulting in
larger downwind enhancements and thus a larger emissions solution. The updates applied to the methodology in this paper are
developed beyond the initial Lyon et al. (2021) work, and the resulting emissions from this study should be seen as superseding
the values from the previous tower analysis.

By averaging the mean monthly solutions from the various inversions performed in the sensitivity analysis, we can create
a spatial map of emissions that represents the averaged posterior emissions map for the Delaware basin (Figure 4). Though
the El;x prior and posterior are close in their overall emission rate (175 Mg CH, h=! vs 171 Mg CH4 h™1), certain changes
occur consistently in the monthly posterior maps. In particular, methane emissions from the central Delaware basin, which
contains much of the newer O&G activity, are reduced by about 20% compared to the prior. This decrease is cancelled out by a
moderate increase in the emissions along the southeast portion of the domain, along with small increases along the perimeter of
the domain. This spatial mapping does not agree with the posterior map from Zhang et al. (2020), which substantially increases
emissions along western portion of the domain near the tower CARL. These higher emissions led to large discrepancies and
poor correlations with observations at CARL, particularly during the summer months when it is the predominant downwind
tower. Performing the tower-based inversion on the Zhang inventory removes the large sources along the western side of the

study area, and produces a posterior solution more similar to the El; g inventory (Figure S14). While these spatial inconsis-
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Figure 4. Prior, posterior, and difference between the Els g prior and posterior maps in the Delaware study area, averaged across all months

based on the mean solution from the inversion sensitivity analysis.

tencies may indicate disagreement in the true spatial mapping of the emissions, it must be noted that the time period of these
studies do not overlap (May 2018-March 2019 vs March 2020-October 2021), and so the discrepancies in the spatial mapping
could be due to actual changes in the location of emissions over time.

Based on the range of results from the sensitivity analysis in this study, the total average O&G methane emissions in the
study area across the various inversions ranges from 146-210 Mg CH4 h™!, corresponding with a loss rate between 2.5-3.5%
of gas production during the study period, with a best estimate of 2.9%. Though this number is higher than the national average
of 2.3% reported in Alvarez et al. (2018), it is important to consider that the Permian basin is a major source of oil production,
and the loss rate of methane in the region is associated with both the production of natural gas and oil (Allen et al., 2021).
Converting the oil produced during the time period to an energy-equivalent amount of natural gas and including it in the loss
rate results in a energy-normalized loss rate of 1.1-1.5%. The spatial mapping of the energy-normalized loss rate has extreme
variability based on location and correlates strongly with the age and average production of the wells (Figure S18-19). In the
northwestern and far eastern areas of the study area where the median age of the wells are more than 20 years old, average
energy-normalized loss rates typically exceed 5%, whereas in the center of the study area where the most recent development
has taken place, energy-normalized loss rates average less than 1%. Much of the spatial differences are likely driven by the

average energy production per well. Low producing and marginal wells have been previously shown to have large emission

13



340

345

350

355

360

365

https://doi.org/10.5194/acp-2022-709 Atmospheric
Preprint. Discussion started: 8 December 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

Discussions
By

rates relative to their production (Omara et al., 2018, 2022), and the areas with older wells in the Delaware basin have much
lower production rates compared to newer activity.

One statistical oddity with the posterior solution for the Delaware basin is the existence of a low bias in the mean model
enhancement relative to the observations. The E Iy, prior starts out with an average modeled enhancement that is 21 ppb
lower than the observations. Intuitively, one would expect the posterior solution to increase the emissions to minimize this bias.
However, while the posterior solution does reduce the mean absolute error and improve the model-obs correlation, it does not
improve the bias (Table S2). This suggests that the inversion does not find that emissions within the basin are responsible for
the low bias in the model data. This is further corroborated by the sensitivity test in which the prior emissions are increased
by 50%. Despite the increased prior eliminating the model-obs bias, the posterior solution returns it to a bias of 11 ppb. One
possibility could be associated with a biased background selection. If the chosen background value is biased low, all observed
downwind enhancements would be increased by this bias, artificially inflating all mean observed enhancements by the bias.
These errors would not be fully correctable by the inversion, as the bias would be present in situations where the footprint of
the downwind tower does not overlap with O&G sources in the study area and thus cannot be corrected, leaving the bias to be
present in the posterior solution. By selecting the background tower based solely on wind direction (the alternative background
approach used in the sensitivity test), the bias in the prior is reduced to 7 ppb, potentially indicating that the default background
method used in this study is the source of the bias. However, basing the background on the wind direction produces a mean
absolute error and model-obs correlation that is substantially worse compared to using the default background methodology
(Table S2). Regardless of the background method selected, the mean posterior emission totals using either approach are within
10% of each other (Table S7).

3.3 Assessing Errors Related to the Intermittent Characteristic of Emissions in the Delaware Basin

Recent literature has found that large emitters from O&G infrastructure are constantly shifting spatially on timescales much
shorter than our monthly inversion time step (Cusworth et al., 2021), and that large point source emissions can contribute
upwards of half of total emissions within a basin (Cusworth et al., 2022; Zavala-Araiza et al., 2015a; Frankenberg et al., 2016;
Rutherford et al., 2021). To better understand the errors that could occur from an ever-changing emission field, an observing
system simulation experiment (OSSE) was designed to simulate these intermittent sources on our inversion results. Airborne
surveys in the Permian basin detected and quantified over 4000 intermittent point source emissions from 2019-2021 (Cusworth
et al., 2021, 2022). From this list of emissions, the values of 170 emitters are selected and are placed on a daily emissions
map distributed randomly in space weighted towards grids with higher emissions from the El ;. The number of intermittent
emissions selected for each daily map (170) creates a scenario in which the average total emissions from intermittent sources
is equivalent to one-half of the total El;;r emissions in the study area, based on the concept that up to half of a basin’s
emissions may originate from large point source emitters (Frankenberg et al., 2016; Cusworth et al., 2022; Zavala-Araiza
et al., 2015b; Lyon et al., 2015). This intermittent emissions map is then added to the El;; 5 emissions map with its emissions
magnitudes halved. The end result is a randomized daily emission map where, on average, half of the emissions (88 Mg CHy

h~1) are associated with constant sources from the El ;g prior and half are associated with random, sporadic emissions with
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characteristics observed in field studies. A random map is generated for each day of the year and is multiplied by the influence
functions from this study, resulting in a modeled simulation of O&G enhancements in the study area based on these randomized
maps. These enhancements are then redefined as the "observed O&G enhancements”, and the inversion is performed using the
full EI;; g emissions map as the prior to solve for these simulated observations and see whether the inversion is still capable of
achieving the correct monthly emission rates. This experiment is performed 100 times, with randomly generated daily emission
maps for each iteration.

Figure S17 and Table S6 show the results of the OSSE for the Delaware basin. Despite half of the emissions shifting
locations daily, the inversion was still able to come within 10% of the correct monthly total emission rate greater than 95%
percent of the time. Additionally, there was little variation in the error across months, indicating that the changing seasonal
meteorology in the basin have little influence on the tower network’s ability to ascertain the correct total emission rate from
these transient sources. The mean absolute error between the psuedo-observed O&G enhancements and the model posterior
0&G enhancements ranged between 4-7 ppb. This error is substantially smaller than the error observed in the real world
experiment (41 ppb, Table S6), indicating that the intermittent nature of O&G emissions is only a small source of error in
solving for monthly emissions, and that errors associated with other aspects, such as incorrect model meteorology and errors
in the assigned background airmass value, likely play a larger role in the inversion’s ability to accurately simulate the observed
mole fractions in the basin. For this reason, until errors associated with these major sources can be reduced below the natural
variability caused by intermittent emitters, detection and quantification of these short-lived events will be difficult to achieve

with a tower network.
3.4 Inversion Results: Marcellus Basin

Monthly posterior emission rates from the northeastern Marcellus inversion can be seen in Figure 3. Posterior emission results
from both priors show similar temporal trends, but different overall magnitudes, with monthly emission rates close to 14 Mg
CH,4 h™! using the PADEP prior versus 22 Mg CH4 h™—! using the production-based prior. The difference in magnitude between
these solutions is due to the differences in their starting values; the PADEP prior initiates at a value 3.5 times lower than the
production-based prior. The restriction this prior has on the posterior solution can be observed in the sensitivity analysis.
Multiplying the production-based prior by 0.5x and 1.5x and rerunning the inversion produces a solution that moves towards
a centralized value between the two prior ranges, whereas increasing the PADEP prior by 1.5x and running the inversion
still results in a posterior solution that is greater in magnitude than its starting value. The inability of the PADEP prior to
reach a point of convergence with the production-based prior, the massive underestimation of the observed enhancement when
using the PADEP prior (Figure 2), and the numerous prior studies that have found emission rates to be much greater than the
PADEP inventory (Barkley et al. (2017, 2019a); Caulton et al. (2019); Peischl et al. (2015) suggest that the PADEP inventory
is inadequate as a prior for the northeastern Marcellus inversion. For this reason, we choose to focus on the mean and range of
solutions from the production-based prior for analysis, and disregard the lower values from the PADEP posterior solutions.
Unlike the Delaware inversion, where longer term trends were present, deviations from the mean rate in the Marcellus

appear more stochastic and short-lived. The lack of long-term trends in the timeseries may be reflective of the characteristics
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Figure 5. Prior, posterior, and difference between the production-based prior and posterior maps in the northeastern Marcellus study area,

based on the mean solution from the inversion sensitivity analysis.

of the basin during the period. The northeastern Marcellus is entirely a gas basin, with limited flaring typical of oil fields
(Elvidge et al., 2013; SkyTruth, 2022; US Energy Information Administration, 2022). Furthermore, the timeframe in which
measurements took place in the Marcellus was stable in terms of overall gas production and well development, with no month
experiencing greater than a 5% variation from the monthly mean over the two year period and overall well counts remaining
constant with time. The monthly range of the posterior solutions from the sensitivity analysis for the Production-based prior
averages =5 Mg CH, h~! (Figure 3). This range corresponds with a uncertainty range of +25% of the mean emission rate.
While it is difficult to assign a formal confidence interval to this range, we adopt this range as a level of confidence in our
ability to quantify changes in emissions in this basin.

Based on the range of results from the sensitivity analysis using the the production-based prior (Table S4), the total average
0&G methane emissions in the northeastern Marcellus study area across the various inversions ranges from 19 to 28 Mg CH,4
h~1!, with a best estimate of 22 Mg CH4 h—! (Table S4). This range corresponds to a regional emission rate of 0.30-0.45% of
gas production. The gas loss rate and energy-normalized loss rate in the northeastern Marcellus are equivalent due to a lack
of oil production in the region. The loss rate from this study agrees with values observed from top-down aircraft campaigns
performed over the study area in 2013 (0.18-0.41%) (Peischl et al., 2015) and 2015 (0.27%-0.45%) (Barkley et al., 2017),
but is notably less than values from a major well-sampling study in the region (0.45-0.64%) (Caulton et al., 2019). A satellite
inversion that included emission estimates for the northeast Marcellus from May 2018-February 2020 estimated total emissions
in the region to be 3.2 Mg CH, h~! (Shen et al., 2022), well below the 22 Mg CH, h~! from this study. The discrepancy may
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be related to the magnitude of the prior inventory used in Shen et al. (2022) which assumed regional O&G emissions to be only
1.7 Mg CHy h™1, less than even the PADEP’s bottom-up estimate of regional emissions (7 Mg CH4 h™1), possibly restricting
the satellite inversion’s ability to properly estimate emissions in the northeast Marcellus. The best estimate of 22 Mg CH,
h~! from this study represents a threefold increase over values projected by the PADEP prior and demonstrates a significant
underestimation of methane emissions from unconventional gas activity in the Pennsylvania Air Quality reports. From the
spatial map in Figure 5, emissions relative to production are lowest in the eastern portion of the domain, and see a slight

increase relative to the prior in the southwestern quadrant.
3.5 Challenges Unique to the Delaware and Marcellus Basins

Although the Delaware and Marcellus tower networks were both designed to measure methane emissions from O&G activity,
each region has unique circumstances that create different challenges for methane monitoring and emission calculations. The
most obvious difference between the two regions is the size of the mole fraction enhancements. The area encompassed by
the tower network in the Delaware basin has 8 times more O&G emissions contained within it compared to the northeast
Marcellus basin (171 vs 22 Mg CH4 h™1). Though the emissions in the Delaware cover a larger area and the tower network
is a farther distance from the sources, the average observed O&G enhancement at the Delaware downwind tower sites is still
3 times larger than the signal observed from the Marcellus tower network (80 vs 25 ppb). Generally, a larger signal should
result in a more constrained solution, as noise and biases produced by other sources of uncertainty would have less influence
on the overall result. However, in the sensitivity analysis performed for this study, both the Delaware and Marcellus basins
had similar uncertainty ranges that were approximately 20% and 25% of their total emissions respectively. Furthermore, the
statistical performances of the posterior mole fraction solutions in each basin are similar, both with model/obs correlations
around 0.6-0.7 and mean absolute errors equal to 50% of the average O&G enhancement. Despite the discrepancies in the size
of the mole fraction enhancements, the tower network and inversion appeared to perform similarly in both basins.

One reason the larger signal in the Delaware may not have translated into a more constrained solution could be related to
the magnitude of uncertainty in the background between the two domains. For background selection in both the Delaware and
Marecellus studies, 35% of days had situations where two different towers could be selected as the background tower based on
the methodology described in section 2.4. In the Marcellus domain, the mean difference between the two possible background
towers was 14 ppb, while in the Delaware this mean difference was 45 ppb, indicating that background errors may be much
larger with the Delaware tower network. Part of the reason for this is likely related to the size of the study areas covered by the
two networks. The study area encompassed by the Delaware tower network is three times the size of the Marcellus study area,
making it less likely that a tower measurement at one end of the domain would be fully representative of the same airmass as
a tower on the other end of the domain.

Another difference between the basins that could be an added source of complexity in capturing the signal consistently may
relate to the complexity of the emissions within the basins themselves. The northeastern Marcellus basin is exclusively a gas
producing basin. The infrastructure in the region was built almost entirely since the mid-2000s, the gas production per well is

the highest in the US, and flaring is minimal compared to basins basins with significant production of oil and condensate (US
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Energy Information Administration, 2021a; SkyTruth, 2022; Elvidge et al., 2013). By comparison, the Delaware basin is an
oil-rich basin composed of both older and newer infrastructure, and in which flaring is commonplace (SkyTruth, 2022; Elvidge
et al., 2013). These factors, combined with measurements occurring during the COVID-19 pandemic, may all be sources for
sub-monthly temporal variability of the true emissions in the Delaware dataset that are not present in the Marcellus dataset,
which would add further error between the observed and modeled methane enhancements.

The expected size of the enhancement, the complexity of the background, and the complexity of the basin, are all important
to consider when developing a tower network around an O&G basin. This study was successful at constraining methane
emissions in both the Delaware and Marcellus basins, but it may be that a tower network surrounding an area with the signal
size of the Marcellus and the complexities of the Delaware would struggle to differentiate the mean signal from the noise. For
more difficult areas, having multiple upwind tower sites and a denser and less spatially dispersed tower network should reduce
noise in the background and aid in reducing uncertainty in the posterior emissions estimates.

One final source of shared complexity in solving for emissions from these basins comes from errors in the transport. Errors
associated with transport will scale with the magnitudes of the mole fraction enhancements. A modeled plume with a 20% error
in the ABL depth will produce an error in simulated mole fraction enhancement that is 20% the magnitude of the true enhance-
ment Barkley et al. (2019a). Likewise, a plume that is measured by a tower site but missed in the model due to wind direction
errors will produce an error equivalent to the magnitude of the missed mole fraction enhancement in the plume. For this reason,
having a larger enhancement, such as is the case with the Delaware basin, will not necessarily produce a more constrained result
if model transport errors are the dominant source of uncertainty in the model solution. This effect may explain why in both the
Marcellus and the Delaware, the mean absolute error of the posterior solution is equal to approximately 50% the magnitude
of the average downwind enhancement (40, 80 ppb for the Delaware basin and 11, 25 for the Marcellus). As demonstrated in
the OSSE (Section 3.3), errors of these magnitudes can make it impossible to capture more subtle aspects of basin emissions,
such as the presence of intermittent sources. For this study, customized nested domains and FDDA-observational nudging were
utilized to reduce transport errors. However, both basins in this study lie in regions with complex terrain and sharp elevation
changes in excess of 500 meters. A tower network in a basin with simpler meteorology and less complex transport could have

improved statistical results relative to those from this study and produce a more tightly-constrained posterior solution.

4 Conclusion

Using methane observations collected from a tower network in the Delaware and Marcellus basins, analysis was performed
to learn about emissions from O&G activity in each basin. From the inversion performed for the Delaware tower network,
we conclude that emissions in the Delaware basin between March 2020-April 2022 averaged 146-210 Mg CH4 h™1!, or about
1.1-1.5% of the energy-normalized production (2.5-3.5% of gas production). Temporal variability was observed during the
study period, with the largest emissions occurring just before and at the onset of the COVID-19 pandemic in the US as well as
in the winter months. In the northeastern Marcellus, methane emissions between May 2015-December 2016 averaged 19-28

Mg CH4 h~!, or about 0.30-0.45% of gas production. Temporal variability in the Marcellus was less apparent than in the
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Delaware during the study period, possibly due to the stability of gas production at the time and simplicity of the sources. On
a monthly timescale, the tower network was able to constrain emissions to £35 Mg CH, h™! in the Delaware (£20% of the
basin emissions) and +6 Mg CH, h™! in the Marcellus (+25% of the basin emissions).

The overall emission rates found by the tower network analysis in this study compare closely with other top-down aircraft
and satellite-based methodologies covering the same regions (Peischl et al., 2015; Barkley et al., 2017; Lyon et al., 2021;
Zhang et al., 2020). The alignment of the tower network results using over a year of data, with aircraft mass balance results
in particular illustrates that the "snapshot" approach by aircraft studies may be adequate so long as emissions are stable over
time (such as in the Marcellus), or flights are performed frequently enough to capture long-term trends in temporal variability
(such as in the Delaware basin). This study also provides another example of government-developed bottom-up inventories
underestimating methane emissions from the O&G sector. In this case, the PADEP inventory of methane emissions from
unconventional gas infrastructure underestimates results from the tower network by a factor of 3 (7 vs 19-28 Mg CH, h—1).
Bottom-up inventories can be reconciled with top-down results, as can be observed in the Delaware where the E'1, g inventory,
developed by extrapolating site-level measurements, lies directly in the center of this study’s estimate of the Delaware basin
(176 vs 146-210 Mg CH,4 h~1). Developing methods to correct existing bottom-up inventories should be prioritized now that
legislation has been finalized to financially penalize methane emissions from the O&G sector, aiding industry in optimizing
emission reduction strategies (117th Congress, 2022) based on more accurate emission factors.

Tower-based observational networks can provide robust, long-term emissions quantification for O&G basins with a level of
precision and accuracy that is difficult to achieve with current satellite technologies. In the northeast Marcellus, the tightly-
designed tower network is able to continually monitor and quantify methane emissions in a region that would be difficult to
capture from satellite due to the small regional signal and frequent cloud cover. Further expansion of the tower networks across
other US basins would create an opportunity for continuous monitoring of basinwide O&G methane emissions, providing near
realtime information on temporal changes in individual basins and serve as a constant check to total emission estimates from
bottom-up methodologies. Some basins, of course, may not be accessible for instrumentation with in situ tower networks,
while others, like the Permian, may have more favorable conditions for satellite-based measurements, such as frequent clear
sky conditions and large signals. Vigorous co-development of satellite-based and tower-based top-down monitoring is most

likely to provide the most robust understanding of global O&G methane emissions.

Data availability. Hourly averaged tower observations for the Delaware basin can be found at
https://www.datacommons.psu.edu/commonswizard/MetadataDisplay.aspx ?Dataset=6195 (doi:10.26208/98y5-t941)
Hourly averaged tower observations for the Marcellus basin can be found at
https://www.datacommons.psu.edu/commonswizard/MetadataDisplay.aspx ?Dataset=6134 (doi:10.18113/D3SG6N)

Influence function data available upon request
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