Ms. Ref. No.: EGUSPHERE-2024-3161
Title: Evaluating the feasibility of using downwind methods to quantify point source oil and gas emissions using

continuous monitoring fence-line sensors

The Powerhouse Energy Campus
Colorado State University

430 North College Avenue

Fort Collins, CO 80524

E-mail: Mercy.Mbua@colostate.edu

March 18™ 2025

Dear Reviewer,

We appreciate the time and effort you dedicated to providing feedback on our manuscript. We have closely followed
the suggestions and have revised the manuscript accordingly. We believe the revisions have improved our manuscript
and that it is ready for publication. We have listed the original comments and our response in blue below for our reply
to comments. All figure numbers, tables, and lines refer to the updated manuscript. Data for reviewers’ is available at
Reviewer  URL.: http://datadryad.org/stash/share/7s42bajRb2czaY9hr6Nb TKDAOICWZ pNrtyOo54qXBE.  The

authors would also like to emphasis that the paper aims to inform real-world oil and gas fence-line sensors deployment

on feasible quantification approaches as oil and gas emissions can be complex (multiple sources could be emitting at
the same time). As a result, we have accordingly modified our manuscript and title to “Evaluating the feasibility of
using downwind methods to quantify point source oil and gas emissions using continuous monitoring fence-line

sensors”.

We look forward to hearing from you.

Please find our detailed responses below.

Yours sincerely,

Mercy Mbua (corresponding author)

and co-authors: Stuart N. Riddick, Elijah Kiplimo, Kira B. Shonkwiler, Anna Hodshire and Daniel Zimmerle


https://nam10.safelinks.protection.outlook.com/?url=http%3A%2F%2Fh52wvrds.r.us-west-2.awstrack.me%2FL0%2Fhttp%3A%252F%252Fdatadryad.org%252Fstash%252Fshare%252F7s42bajRb2czaY9hr6NbTKDAolCWZ_pNrty0o54qXBE%2F1%2F010101951c2fe730-b71d1a5f-c9e7-43ee-89b9-6c65085b37ae-000000%2Fonr3iPU38xGr5Y5EnrSKu5uow8o%3D415&data=05%7C02%7CMercy.Mbua%40colostate.edu%7C6069471dc9274192b41a08dd509307b7%7Cafb58802ff7a4bb1ab21367ff2ecfc8b%7C0%7C0%7C638755314612087206%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=R7x09IcV5grDRUo8KrBsjvY8yIQSxDY8LYarj4Iqh6U%3D&reserved=0

This paper makes a valuable contribution towards quantifying emissions from point sources. The problem is important,
and the work is thoughtful. Mbua et al. use controlled release experiments to test three widely used methodologies
and find all three methods are inaccurate and two methods seriously underestimate emissions. In Mbua et al’s
controlled release experiments, using fence line measurements, both eddy covariance and flux gradient methods were
found to underestimate emissions. Gaussian plume methods performed better but with very wide scatter. | note the
points already raised by RC1 and RC2, particularly RC1’s point 4 on closed path measurement leading to
underestimation. More generally, this paper is tackling a major problem. Accurate quantification of emissions
(especially methane) from point sources such as natural gas production facilities is a tough nut to crack, more so if the
“point: source is somewhat disseminated (e.g. a gas production facility with pipes, pumps and valves scattered over
areas up to a hectare, or similarly, a farm complex over a similar area with manure lagoons, biodigesters and animals.
Very large sources (eg >100 kg/hr methane) can be studied from space, and small sources (e.g. single cows) can be
isolated, but quantifying complex aggregated sources in the 1-50 kg/hr range (like gas production facilities) is not
easy. Use of methods similar to Mbua et al’s systems is widespread, and thus these experiments are potentially
important in devising better protocols and better regulation and mitigation of methane emissions from fossil fuel
installations (gas production facilities, venting oil wells, coal mine vents, etc). The work also has wide applicability
for tracking biogenic emissions from landfill and waste, around biodigesters, and on farms with large animal
populations. The scientific methodology and experimental procedures are clearly explained and the work is well
presented. Overall the paper is well written. Controlled release experiments like this are likely to be influential in
designing better quantification methods and in devising regulation protocols. Thus, the paper should be accepted. That
said, | note the comments made by other referees and have some additional minor comments.

Authors response

Thank you for reviewing our paper. We have accordingly addressed the concerns in the specific comments below.
Comment 1

Abstract. Lines 1-11 are really introduction and might be omitted here, and covered in Section 1 instead. Line 20-21
‘inputto........ method’ — minor English problem? Maybe methods?

Authors response

Thank you for your comment. The first sentences aim at providing context for our study, and why we have to evaluate
quantification accuracy for methane reporting.

Changes to Manuscript

Abstract. The dependable reporting of methane (CH4) emissions from point sources, such as fugitive leaks from oil
and gas infrastructure, is important for profit maximization (retaining more hydrocarbons), evaluating climate impacts,
assessing CH4 fees for regulatory programs, and validating CH4 intensity in differentiated gas programs. Currently,
there are disagreements between emissions reported by different quantification techniques for the same sources. It has
been suggested that downwind CH. quantification methods using CH4 measurements on the fence-line of production
facilities could be used to generate emission estimates from oil and gas operations at the site level, but it is currently
unclear how accurate the quantified emissions are. To investigate downwind methods’ accuracy, this study uses fence-

line simulated data collected during controlled release experiments as input for closed-path eddy covariance,



aerodynamic flux gradient, the Gaussian plume inverse method, and the backward Lagrangian stochastic model in a
range of atmospheric conditions. Generally, results show that flux quantification methods provide more reasonable
estimates compared to point-source specific models especially when multiple releases are happening at the facility
level. The closed-path eddy covariance quantified emissions with a mean relative factor (estimated emission over
actual emission) of 0.7 to 1 for single-release single-point emissions, and within a mean relative of 1 and 2.4 for multi-
release single-point emissions. The aerodynamic flux gradient method quantified emissions within a mean relative
factor of 1.3 to 1.7 for single-release single-point emissions, and between 2.4 and 3.3 for multi-release single-point
emissions. The Gaussian plume inverse model quantified emissions within a mean relative factor of between 2.4 and
2.6 for single-release single-point emissions, but largely overestimated emissions when multiple releases were
happening; mean relative factor between 16 and 25. Similarly to the Gaussian plume inverse method, the backward
Lagrangian stochastic model for point sources using WindTrax quantified within a mean relative factor of between
0.8 to 1 for single-release single-point emissions, but largely overestimated emissions for multi-release single-point
emissions; mean relative factor of 3.9 and 11958. As continuous monitoring of oil and gas sites can involve complex
emissions where plumes are not defined due to multiple sources, this study shows that common downwind point
source dispersion models could largely overestimate emissions. This study recommends more testing of flux

quantification models for oil and gas continuous monitoring quantification.

Comment 2

Lines 1-32 could be rewritten somewhat, maybe to mention the Global Methane Pledge and to introduce the tension
between bottom-up and top-down methodologies.

Authors response

Thank you for your comment. We have rewritten the abstract section based on our results as in Comment 2 above.
The discrepancy between bottom up and top down technologies is included in the introduction.

Comment 3

Line 50 — maybe give some details about very rough emission ranges (e.g. satellite detection of point sources >100
ka/h, low flying aircraft (say 10-100 kg, SUV-mounted instruments (say 1-20 kg/hr). Also maybe mention the scale
of ‘disseminated’ ‘point’ sources — e.g. a complex gas facility on a 100mx100m pad, or a farm barn/lagoon complex
of the same size.

Authors response

Thank you for your comment. Detection limits have been added to the manuscript.

Changes to Manuscript

Lines 52-60

Top-down methods, including using aircraft such as Bridger Photonics LIiDAR (Light Detection and
Ranging; 90% detection limit of ~ 2 kg h™') (Johnson et al., 2021) and satellites such as Carbon Mapper (predicted
90% detection limit of about 100 kg h') (“Carbon Mapper - Science & Technology,” n.d.) can also be used to infer
emissions. However, these survey methods only quantify emissions over a very short period of time (< 10 s) and
observations are typically made during the day which can often coincide with maintenance activities that can bias

emissions and result in overestimation (Riddick et al., 2024a; Zimmerle et al., 2024). Additionally, different top-down



technologies measuring the same source have disagreed in their reported emissions which has called into question the
credibility of these methods (Brown et al., 2023; Conrad et al., 2023). As a result, ensuring accuracy in models and

technologies used in CH, emissions quantification has been a complex issue.

Comment 4
Line 56 — ‘NG acronym may not be understood in a global journal. Better spell it out.

Authors response
Thanks for your comment. NG has been spelled out.

Changes to Manuscript

Comment 5

Line 96 — Fig 1 is good. Maybe add a Gaussian plume panel also?

Thanks for your comment. The figures for the Gaussian plume inverse model and backward Lagrangian models have
been added.

Changes to Manuscript

A Gaussian plume inverse model B Backward Lagrangian stochastic model
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Figure 2. A: An illustration of a plume that follows a Gaussian plume inverse model where emission rate can be
inferred from concentrations at different downwind distances and crosswind distances. B: An illustration of how the
backward Lagrangian stochastic model traces particles to the source.

Comment 6

Line 115 — maybe say how big the METEC facility is and give more details for non-US readers.
Authors response

Thank you for your comment. A description of METEC has been added.

Changes to Manuscript

Section 2.1

Lines 142-146




Controlled release experiments were conducted at the Colorado State University’s Methane Emissions Technology
Evaluation Center (METEC) in Fort Collins, CO (USA, 65 miles north of Denver) between February 8, and March
20, 2024. The METEC center is a simulated oil and gas facility that does controlled testing for emissions leak detection
and quantification technology development, field demonstration, leak detection protocol and best practices
development (METEC, 2025).
Comment 7
Line 181 — masts’ locations? Plural masts on many locations? Text as it is now has many mast on one location.
Authors response
Thank you for your comment. We had two masts 9.4 m apart, one for eddy covariance, backward Lagrangian
stochastic model and the Gaussian plume measurements, and the other for the aerodynamic flux gradient
quantification.
Changes to Manuscript
Lines 163-173

Methane concentration data for closed-path EC, GPIM and bLs methods were collected through an inlet
tubing (3.275 mm inner diameter) at 3 m height, connected to the ABB (Zurich, Switzerland) GLA131 Series
Microportable Greenhouse Gas Analyzer (MGGA) set to sample at 10 Hz. The MGGA is a closed-path greenhouse

gas analyzer with a ~3.2 Ipm pump flowrate, 10 cm cell length, 1 inch cell diameter (~0.23 standard cubic centimeters
per minute (sccm) effective volume), and 0.4 s gas flow response time. The inlet tubing was collocated with an R. M.
Young (Traverse City, MI, USA) 81000 sonic anemometer (R.M. Young Company, 2023) which measured
micrometeorology at 10 Hz (Figure 3-1). The northward, eastward and vertical separation of the inlet tubing from the
sonic anemometer was 0, 0, -10 cm, respectively. For AFG, CH4 concentration data was collected at 2 and 4 m using
two Aeris (Hayward, CA, USA) MIRA Ultra Series analyzers connected to tubing with a 3.275 mm inner diameter
(Figure 3-2). As we had only one sonic anemometer, data from the sonic anemometer collocated with the MGGA

were used for the AFG quantification. The two sampling points are 9.4 m apart.

Comment 8

Line 194 — background. 5 percentile - A steady time-invariant small leak could thus be included in ‘background’ Are
there any measurements of upwind background?

Authors response

Thanks for your comment. We did not have an upwind mast. Background concentrations were recalculated to account
for time variation and residual methane from previous releases.

Changes to Manuscript

Lines 269-277

For continuous monitoring sensors, background concentration can be determined from CH, concentrations

measured by a sensor upwind of the emission source, or by sampling when the wind is blowing away from the source.
However, for continuous monitoring sensors, using an upwind sensor has the limitation of missing downwind

background noise resulting from emissions in the preceding emission event where there is residual CH4 in air



especially during stable conditions, and capturing sensors drift in the downwind sensor. In this study, background CH4
was calculated as the average of the lowest 5™ percentile, 5 minutes before each release started. In cases where this
background was greater than the mean CH,4 concentration in the quantifying duration, the minimum CH,4 concentration
for that duration was used as the background. Methane enhancement was then calculated as CH4 concentration minus

the background.

Comment 9

Line 215 — footprint 80%-90% contour contrast. This is interesting: space for a slightly longer comment?

Authors response

After evaluating the approach for footprint calculation for point sources, we used the 90% footprint area. We identified
if the point source was located in the 90% footprint, and using the footprint value, we calculated the emission.
Changes to Manuscript

Lines 254-265

Eddy covariance and AFG footprints were calculated using the Kljun et al. (2015) footprint model. Even

though Rey-Sanchez et al. (2022) reported the Kljun et al. (2015) footprint model to be less accurate compared to the
Kormann and Meixner (2001), Kormann and Meixner (2001) was too complex for our study because it required
multiple sonic anemometers or tracer release experiments to calculate the exponential wind velocity power law, and
the exponential eddy diffusivity power law for site specific data. Our study was limited to a single sonic anemometer,
and this provided enough inputs for the Kljun et al. (2015) footprint model. The default pixel size 2 * 2 m was used
in this study. This study first calculated the area that contributed 90% of the vertical flux; and based on the location
of the point source, the source was determined if it was within the 90% footprint area. Point source emissions of
sources within this region were then calculated based on the approach by Dumortier et al. (2019). This approach
assumes all measured flux is equal to flux resulting from a single point source. In case of the mast being downwind

of more than one source, more sonic anemometers are needed to solve the two unknown point source fluxes.

Comment 10

Line 235 — Line 346 ‘largely underestimated’ — see also Fig 4. | note the comment posted earlier by Brian Lamb.
Maybe that question could be picked up further? Mbua et al’s finding is surprising and immediately makes the reader
worry about eddy covariance quantification in wetlands also!

Authors response

Thanks for your comment. Point source emission was recalculated based on the approach by Dumortier et al (2019)
where emission per source = measured flux / value of the footprint at the cell. The source location was first determined
if it was within the 90% footprint region, and the footprint value extracted.

Changes to Manuscript:

Section 2.4.3

Lines 261-265




Point source emissions of sources within this region were then calculated based on the approach by Dumortier
et al. (2019). This approach assumes all measured flux is equal to flux resulting from a single point source. In case of
the mast being downwind of more than one source, more sonic anemometers are needed to solve the two unknown

point source fluxes.

Comment 11

Lines 388- 401. This is important and perhaps needs also later to be put in the wetland context where atmospheric
stability can also be a problem.

Authors response

Thanks for your comment. This statement was withdrawn and eddy covariance discussed as follows.

Changes to Manuscript

Section 4.1

Eddy covariance was tested using a closed-path analyzer, cavity ring-down spectroscopy, with a 3.2 Ipm
pump flowrate and a 0.4 s gas flow response time. The closed-path EC estimated emissions between a factor of 0.67
and 0.97 for SRSP emissions, and between 1.02 and 2.43 for MRSP emissions at +45° wind sector range (Section
3.1). This was a wider uncertainty in estimated emissions than one reported by Dumortier et al. (2019), who estimated
emissions at between 90 and 113% of true emission (~1.5 kg day) with concentrations between 2 and 3 ppm. Our
study tested closed-path EC at emission rates between 0.005 and 8.5 kg ht.

Our study’s results were when the data was filtered for frequencies greater than 8 Hz, hence, largely reducing
the sampled emissions. The 10 Hz sampling frequency set for this instrument was not a true 10 Hz and this could have
been due to the 0.4 gas flow response time that delayed analysis of the drawn air sample in the cavity, or the 3 Ipm
pump flow rate for a 3 m tubing that might have varied the effective sample turnover rate. The rest of the data were
flagged as low quality by Mauder and Foken (2004) (0-1-2 system), which flags based on steady state and well-
developed turbulence. This could have been due to low turbulence as experiments were carried out in winter, and
instrumentation limitations (low pump flow rate and asynchronous configuration of the gas analyzer and
meteorological instrument).

Continuous monitoring requires deployment of multiple sensors which create limitations of cost and requires
instrumentation with a wide measurement range as concentrations for oil and gas emissions can range between 0 to
250 ppm, as in this study (Supplementary Information Section 1). The currently available EC instruments have a
narrow measurement range (L1-COR LI-7700 open path CH,4 analyzer has a measurement range of 0 to 25 ppm at -25
°C and 0 to 40 ppm at 25°C; PICARRO G2311-f, a closed-path analyzer has an operating range of 0 to 20 ppm). Also,
the instrumentation should be environmentally robust and not lab-grade (be able to run smoothly in adverse weather
conditions). Given these parameters, market available EC instruments that can currently be deployed in oil and gas
are limited. The instrument used in this study is a field instrument (ABB MGGA GLA131 Series has a measurement
range of 0 to 100 ppm for CH4 but can be extended to 0 to 1%).

Comment 12



Line 434 — daytime insolation - in facilities working all night as well as all day, nocturnal factors like low inversion
height and fogs may also be a factor, especially if the facility is installing automated systems.

Authors response

Thanks for your comment. We recalculated the Gaussian plume inverse model based on sonic measurements as
opposed to Pasquil Gifford classification system hence, the daytime insolation is no longer considered. This means
that dispersion parameters can be generated at all times.

Changes to Manuscript

Supplementary Information Sectio 2a

oy (m) = horizontal dispersion coefficient calculated as ov(x/U) : ov is the standard deviation of v wind speed from
the sonic anemometer, x is the downwind distance from the point source and U is the mean wind speed

oz (m) = vertical dispersion coefficient calculated as ow(x/U) : ow is the standard deviation of w wind speed from the
sonic anemometer, X is the downwind distance from the point source and U is the mean wind speed

Comment 13

Line 465 — maybe a paragraph here in ‘future fixes’ — how to make EC work better perhaps, and especially how to
make Gaussian methods better. For example, by using drones it may be possible to map plumes much more accurately.
Also perhaps a digression somewhere to mention wetlands (e.g. L386) in more detail.

Authors response

Based on our results, the discussion and conclusion was changed as below.

Changes to Manuscript

4.1 Eddy Covariance

Eddy covariance was tested using a closed-path analyzer, cavity ring-down spectroscopy, with a 3.2 Ipm
pump flowrate and a 0.4 s gas flow response time. The closed-path EC estimated emissions between a factor of 0.67
and 0.97 for SRSP emissions, and between 1.02 and 2.43 for MRSP emissions at +45° wind sector range (Section
3.1). This was a wider uncertainty in estimated emissions than one reported by Dumortier et al. (2019), who estimated
emissions at between 90 and 113% of true emission (~1.5 kg day*) with concentrations between 2 and 3 ppm. Our
study tested closed-path EC at emission rates between 0.005 and 8.5 kg ht.

Our study’s results were when the data was filtered for frequencies greater than 8 Hz, hence, largely reducing
the sampled emissions. The 10 Hz sampling frequency set for this instrument was not a true 10 Hz and this could have
been due to the 0.4 gas flow response time that delayed analysis of the drawn air sample in the cavity, or the 3 Ipm
pump flow rate for a 3 m tubing that might have varied the effective sample turnover rate. The rest of the data were
flagged as low quality by Mauder and Foken (2004) (0-1-2 system), which flags based on steady state and well-
developed turbulence. This could have been due to low turbulence as experiments were carried out in winter, and
instrumentation limitations (low pump flow rate and asynchronous configuration of the gas analyzer and
meteorological instrument).

Continuous monitoring requires deployment of multiple sensors which create limitations of cost and requires
instrumentation with a wide measurement range as concentrations for oil and gas emissions can range between 0 to

250 ppm, as in this study (Supplementary Information Section 1). The currently available EC instruments have a



narrow measurement range (LI-COR LI-7700 open path CH, analyzer has a measurement range of 0 to 25 ppm at -25
°C and 0 to 40 ppm at 25°C; PICARRO G2311-f, a closed-path analyzer has an operating range of 0 to 20 ppm). Also,
the instrumentation should be environmentally robust and not lab-grade (be able to run smoothly in adverse weather
conditions). Given these parameters, market available EC instruments that can currently be deployed in oil and gas
are limited. The instrument used in this study is a field instrument (ABB MGGA GLA131 Series has a measurement
range of 0 to 100 ppm for CH4 but can be extended to 0 to 1%).

4.2 Aerodynamic Flux Gradient

Overall, the AFG method quantified emissions within an MRF of 1.3 to 1.7 for SRSP emissions and between
an MRF of 2.4 and 3.3 for MRSP emissions (Section 3.2). The uncertainties in AFG were higher than EC especially
for MRSP emissions but lower than the GPIM and bLs methods. The differences between AFG and EC could have
been due to different instrumentation and analytical approaches that limited the exact comparison of the methods i.e.
EC data was filtered for frequencies less than 8 Hz, and AFG instrumentations required both analyzers to be running,
periods when one analyzer was down, were not tested. To our knowledge, this is the first study to test AFG for point
source gquantification and results are promising.

Compared to the EC method that requires a very fast analyzer which may be difficult to deploy in oil and
gas, the AFG requires at least 2 analyzers sampling at 1 Hz frequency, which is currently possible with the range of
sensors available in the market. The main advantage of flux gradient methods (EC and AFG) tested in this study is
that they do not require background control as background CH. concentration is a highly variable parameter that
cannot be controlled in open air especially when multiple emissions are happening. The AFG method relies on
differences in CH4 concentrations between two heights and this study shows that in complex sites where there are
multiple sources, the method quantifies better than the point-source GPIM and bLs methods. The main limitation of
the AFG and EC methods for point-source quantification is that when the measurement point is downwind of more
than one source in a wind sector range, more than one sonic anemometers are required to estimate the flux of each

source for footprint calculation based on Dumortier et al. (2019)’s calculations.

4.3 Gaussian Plume Inverse Method

The GPIM method quantified emissions within an MRF of 2.4 and 2.6 for SRSP and between 15.7 and 25
for MRSP emissions (Section 3.3). The GPIM method is a point-source specific quantification approach and works
best in open areas, free of obstacles, and when the background concentration is well defined. For multiple emissions,
in aerodynamically complex environments, even though the sensor is downwind of a single source based on average
wind direction, quantification is complexed by interference from other neighboring sources. The GPIM has previously
been reported to quantify emissions within 40.7 and 60% error for a single point-source, (Riddick et al., 2022b).
However, GPIM correct quantification has been suggested to be better for longer distances where the plume is well
mixed. This is typically a challenge for fence-line sensors that have to be deployed within the facility boundaries
where large downwind distances may not be practical.
4.3 Backward Lagrangian Stochastic Model
The bLs method quantified emissions within an MRF of 0.8 to 1.05 for SRSP emissions and between 3.85 and 11958.8
MRF for MRSP emissions (Section 3.4). Similarly to the GPIM method, the bLs method used in this study is a point-



source specific quantification method that simulates transport of molecules in open area and where the background
concentration is defined. In this case, as with the SRSP test scenario, the bLs approach quantified within 20%
uncertainty. However, for MRSP emissions, the bLs largely overestimated emissions and this could have been due to
the interference of neighboring sources, that even though the measurement point is downwind of a single source,
actual plumes are not distinct and model-simulated plumes may not be representative. The point-source bLs approach
in WindTrax is also not designed for more than one downwind source.



