In this document, we provide our responses to the comments from 'Anonymous Referee
#1' and 'Anonymous Referee #2' and marked-up manuscript for the paper titled "Airborne In-

Situ Quantification of Methane Emissions from Oil and Gas Production in Romania".
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Our response to referee #1: page 2 - page 8
Our response to referee #2: page 9 - page 15

Marked-up manuscript: page 16 - page 35



We are very much thankful for the constructive comments received from the
anonymous referee, those were useful in improving the manuscript. Please find our replies in
blue and changes applied in the revised manuscript in bold italic blue letter style.

Referee Comments 1 (RC1) for the manuscript titled:

Airborne in-situ quantification of methane emissions from oil and gas production in
Romania

Maazallahi, H., Stavropoulou, F., Sutanto, S. J., Steiner, M., Brunner, D., Mertens, M.,
Jockel, P., Visschedijk, A., Denier van der Gon, H., Dellaert, S., Velandia Salinas, N.,
Schwietzke, S., Zavala-Araiza, D., Ghemulet, S., Pana, A., Ardelean, M., Corbu, M., Calcan,
A., Conley, S. A., Smith, M. L., and Réckmann, T.

Correspondence to:

Hossein Maazallahi (h.maazallahi@ut.ac.ir), Thomas Réckmann (t.roeckmann@uu.nl)

Airborne in-situ quantification of methane emissions from oil and gas production in
Romania presents results from the airborne part of the 2019 ROMEO campaign in Romania. It
takes advantages of the numerous flights around more or less large areas to infer methane
emissions and emissions factors for these regions and extrapolated to the country. The authors
detail the assumptions and limitations of their work clearly and make use of all the data to make
them as robust as possible. I recommend publication after minor corrections.

Comments:

Figurel: please add the name of the clusters on the map, also maybe in the SI a table with the
number of flights for each cluster and regions, dates, would help understand the results later
on.

We have now added the cluster numbers within each respective larger region in Figure
1 and flight dates are added in Table S6.

Section 2.2

Can you elaborate on the quality procedure for the measurements? Though calibration is not
necessary for the biases as you deal with differences to background, were there any check for
time-drift maybe especially with the AERIS instrument which may not be as stable as
PICARRO instrument usually are.

The delay times for the instruments were checked and corrected. Instruments were
calibrated before the campaign, but not regularly during the campaign. Indeed, the Picarro
analyzer is very stable. For the quantification analyses, in-situ measurements from the stable
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Picarro analyzer were used, which is now added (in bold italic) in the manuscript as follows
(See L271):

For the mass balance flights (Fig 2a), the lowest CH4 value of each circle around a
target area retrieved from the Picarro instrument was defined as background mole fraction
and subtracted from downwind measurements to obtain the CH4 enhancement.

As no met data were measured on the raster flight, how did you check the prevailing wind
direction and checked that it didn't change during the flight time?

The wind directions were derived from the model output analyzed for this paper, please
see Supplementary S1. As stated in our paper, the uncertainty in wind speed is one of the key
uncertainties for the quantitative evaluation. Wind direction has less impact on the
measurements for the raster flights relative to the circular flights as the latter were used for the
quantitative analysis. The raster flights were close to the ground, but the distance to the sources
is not always clear. This leads to a large uncertainty for quantitative evaluation, which is why
we evaluated the results only in a statistical manner, not peak-to-peak.

Section 2.3 1 180-186 this passage is not clear and these tracers are not talked about afterwards.
Need to clarify.

The initially used word tracers in Sect. 2.3 refers to the representative points of clusters
and regions were 1 kg hr'' methane was released in the simulations. In the manuscript we
focused on the comparison between the measurements and outputs of the simulations in which
model-based prognostic CHy tracers analyses were not directly included. Here we provide the
information to describe the simulations settings. As this term can bring confusion with the
commonly use of tracer for emission attribution purpose, we have changed it to explanatory
explanation of model-based prognostic CHy tracer The text in Sect. 2.3 is now edited as follows
(See L184-L.192): To be able to geo-attribute emissions to certain emission clusters, we applied 33
individual model-based prognostic CH, tracers in the models which are transported according to the
meteorological conditions. Each of these tracers represents the emissions of a specific area with a
fixed emission rate of 1 g s or 3.6 kg hr”' and released at one individual or multiple release point(s).
Meaning that one tracer represents the emissions of one or two clusters and one or two distant
regions, assuming that they are sufficiently far away. This allows us to separate the signal of each
cluster / region flown over or circled around. During the analysis, these tracers are not further
considered, because, since the attribution by location is usually unambiguous.

Section 2.7.: can you add an equation or a figure to illustrate the integration of the measurement
along the flight path and the way of calculating the emissions from them?

The following text is now added to the manuscript in Sect. 2.7.1 (See L262-1.268):

Equation 1 is used to translate the aircraft measurements into the emission rates
which is described in details by Conley et al. (2017).

0.= a—’;’)+ Iy, - A dldz Eq. 1

Here, Q. is the net emission from source (s) and sink (s), | is the position along the flight
path, N is the a vector normal to surface pointing outward, u, (= u; +v; ), ¢’ is the CHy

enhancement from the mean of each circle’s mixing ratio and (76_1;:) is the total mass trend

within the volume of each box.



How did you identify the up-stream contaminations?

During the circular flights, the up-stream contaminations were excluded from the
measurements-based quantifications using wind direction. Manually speaking, this exclusion
was based on the wind direction, meaning that if the wind direction was toward the inside of a
box and CH4 enhancements were observed at the time during flights, those enhancements were
flagged as contamination from outside, hence excluded. However, this process is automatically
done by defining the vector 7 in the Eq. 1.

Section 3.11314-343: this is not clear, what is weighted and how, why don't you just average
for the sites you measured several times? the passage has to be rephrased, streamlined and
maybe have a basic equation to show what are you weighting and how.

When a site, e.g. site A, is measured several times and others are measured once, the
average of all measurements is biased toward the site A. Here we have similar situation. After
removing the double and triple counts and non-O&G sources, the EF from the regions reaches
5.3 £2.0 kg hr'! site’!. That’s right, we apologize for the wording and unnecessary explanation
of weights for the regions / cluster. This is now removed because the EFs are derived based on
normal averaging. The lines were rephrased as follows (See L327-L370):

The sum of all emissions from the airborneCH 4 emission measurements (SA01-SA18)
from all flights reach 31,700 kg hr' accounting for 4358 active sites measured during all
flights combined (Table 1). This results in EF of 7.3 kg hr'! site’! after a simple division.
However, this EF is biased for two reasons: (I) not all emissions measured (31,700 kg hr')
are from O& G sources and (Il) there are double to triple countings of emissions in total sum,
e.g. R5a and R7 is measured twice or three times. The first point results in overestimation of
EFs from O&G activities and the latter point results in biasing the average EF towards
emission rates of sources which were measured more than once. Therefore, we performed
several analyses to address these two points.

In total, in addition to cluster-focused flights for R7, two regional flights have been
performed per R7 and R5a each, which results in triple countings of emissions for R7 and
double countings of emissions for R5ain the total sum of 31,700 kg hr”'. Hence, we used
average emission rates from the regional measurements targeting the R7 and R5a
individually (§A01 and SA02 for R7 and SA03 and SA04 for R5a, respectively). For the
regions R4, R6 and R8 no regional flights were performed, and cluster-focused
quantifications were performed. We used the sum of emissions from these clusters as the total
emissions for these regions. These corrections result in cumulative emissions of 13,200 +
4,932 kg hr! for these regions, accounting for 2516 active sites which results in EF of 5.3 +
2.0 kg hr' site’.

Acting on the field observations and inventory information, emissions from all
clusters can be assigned to O&G activities except for the R6C6. After deducting reported
emissions for the land(fill within the boundary of R6C6 and adding to the measured emissions
from other clusters, we reach total emission of 6,970 + 2,610 kg hr! for 1,570 sites which
results in EF of is 4.4 + 1.7 kg hr! site’’.

Both EFs, 5.3 + 2.0 kg hr'! site”’ and 4.4 + 1.7 kg hr”! site”, overlap with the EF of 5.4
kg hr' (95% CI: 3.6 — 8.4 kg hr') oil production site’! reported from ground-based
measurements by Stavropoulou et al. (2023). However, both EFs from the airborne
measurements fall on the lower side of the EF from the ground based measurement. This
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could be explained as follows: (I) It is assumed in Eq. 1 that all emissions within the flight
boundaries are transported horizontally and captured during the flights. However, during
the ROMEO campaign, the low wind speed condition and high solar radiation could result
in vertical transport, which was not measured during the airborne measurements. It is
possible that the area mass balance quantifications in the flat and arid region R5a in
Southern Romania may be biased slightly low due to partial loss of CH; out of the boundary
layer during the hot and convective conditions, or due to the fact that stable transport
conditions had not yet established over the large regions. (I1) The quantifications reported
by Stavropoulou et al.(2023) were focused on the oil production for which gas production,
which is mostly methane, is not favorable, hence released which we could also observe
through optical gas imaging cameras. This release is favorable to happen at the production
sites to prevent two-phase conditions in the pipelines and collection and processing systems.
These two reasons individually or combined could explain this average difference between
the EFs derived from airborne and ground-based measurements. The difference between the
two EFs derived from the airborne measurements, 5.3 + 2.0 kg hr'! site’ from regional
measurements and 4.4 = 1.7 kg hr' site”’ from the clusters only, could be explained by the
presence of large emitters outside the clusters but within the regional boundaries.



Minor comments:

157: substancial instead of substation

Done.

160: emission meaqurements

Corrected.

188: what of the 2nd phase?

The following sentence is now added to the manuscript (See L92-L95):

The second phase happened in the following year and focused on the gas production
region in the Transylvanian Basin, north of the mountain range.

1104: production asset

Corrected.

1106 remove 'total', replace 'where' by 'though'
Done.

1119: remove the last sentence or add the black symbol
The sentence is now removed.

1144: as above

The sentence is now removed.

1 168: remove () around the citation
Removed.

1173: add space after 2021)

Added.

1282: emission quantifications

Corrected.

1 288 remove 'to’

Removed.

1352: remove 'about'

Removed.

1357 remove () around citation

Paid attention to during the rephrasing of the paragraph.
1370: replace 'slights' by 'flights'?

Replaced.



1381: replace 'estimated at' by 'reached'
Done.

1415: replace Figure 4 by Figure 3
Done.

1565: 'EF of

Corrected.
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We highly appreciate the constructive comments of the anonymous referee, those were
useful to improve the manuscript. Please find our comments in blue and changes applied in the
revised version of the manuscript in bold italic blue letter style.

Referee Comments 1 (RC2) for the manuscript titled:

Airborne in-situ quantification of methane emissions from oil and gas production in
Romania

Maazallahi, H., Stavropoulou, F., Sutanto, S. J., Steiner, M., Brunner, D., Mertens, M.,
Jockel, P., Visschedijk, A., Denier van der Gon, H., Dellaert, S., Velandia Salinas, N.,
Schwietzke, S., Zavala-Araiza, D., Ghemulet, S., Pana, A., Ardelean, M., Corbu, M., Calcan,
A., Conley, S. A., Smith, M. L., and Réckmann, T.

Correspondence to:

Hossein Maazallahi (h.maazallahi@ut.ac.ir), Thomas Réckmann (t.roeckmann@uu.nl)

This is a very interesting manuscript that forms one of the outputs from the ROMEO
project surveys of 2019. The low-wind conditions at the time were very challenging for flight
surveys, but the authors have managed to tease out some important conclusions. The overall
finding is that there is good agreement between aircraft and ground surveys, so it would be
useful to have a concluding statement about why aircraft should be used in ground-accessible
locations for this type of survey going forward, given the relative cost implications and the
meteorological challenges. The comparison with the ground surveys already published was
quite cursory and could be developed further, as all these surveys should be producing an
emission per facility and this is the main output for comparison with the model and inventories.

The following text has been added to the conclusion following the recommendation
regarding the use of airborne measurements for the areas where ground surveys can also be
conducted (See L599-L605):

Airborne measurements for the regions and clusters, where ground-based surveys can be
also applied, can provide important additional insight, such as: (I) the influence of super
emitters is included as a realistic fraction in the total airborne measured emissions while
super emitters may be either missed or accidentally be overrepresented in ground surveys,
(I1) the influence of non-O&G sources on total emission can be studied, and (II1) airborne
quantification can cover large areas in a much shorter time compared to ground-based
quantification.
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Detailed Comments:
Line 51 — There is a new version of the Saunois et al paper for 2024.

Indeed, however the paper is still in the discussion phase, so we refer to the fully peer-
reviewed paper for now.

Line 57 — substation? I think that you mean ‘substantial’
This is now corrected.

Line 78 — I was not aware of such a significant O&G sector in Poland, so I am just double-
checking that this is not a high annual emission for all fossil fuels including coal.

Poland is indeed primarily known for its coal-related emissions, as it ranks first in coal
production within the EU. However, according to IEA data, Poland also ranks 4th in natural
gas production and 6th in oil production among EU countries. These factors contribute to
Poland having the second-highest annual emissions in the EU for the category 1.B.2 Oil and
Natural Gas and Other Emissions from Energy Production as of 2021.

Figure 2 — Can you add wind direction to the figures or include in the captions. It is not easy
to locate 2a on figure 1 without the region 7 bounding box. Also there is no explanation of why
the lowest concentrations measured during the regional surveys are 2.67 ppm? Is this related
to the low wind speeds mentioned during regional surveys, or instrument calibration. If the
latter it would be better to display the data as an excess over baseline.

We recognize the challenge in identifying the locations of the clusters within each larger
region. In response to your comment and the first referee's request, we have now included in
Figure 1 the cluster numbers within each respective larger region for clarity. Explanation of
wind directions was added in the caption of Figure 2.

The instrument was calibrated for the flights. From the raster flight path is Fig. 2 we
can observe that CH4 mixing ratio is the lowest above the mountains and slightly higher in the
southern part which is flat. This shows that the CH4 ratio has spatial dependency here which
could be due to the low wind speeds and hot and convective conditions which leads in local
temporal CH4 accumulation and higher ‘background’ records in raster flights.

Line 181 — the term CHjy4 tracers could be confusing, particularly those that associate tracers
with the release of a different chemical compound from cylinders at a known rate to calculate
CH4 (or other species) emissions from sources.

We agree that it can bring confusion with common use of tracer. Here we changed the
“CHgs tracer” to “model-based prognostic CHy tracers” with further explanation as follows in
Sect. 2.3 (See L184-L192):

To be able to geo-attribute emissions to certain emission clusters, we applied 33 individual
model-based prognostic CH, tracers in the models which are transported according to the
meteorological conditions. Each of these tracers represents the emissions of a specific area with a
fixed emission rate of 1 g s or 3.6 kg hr”' and released at one individual or multiple release point(s).
Meaning that one tracer represents the emissions of one or two clusters and one or two distant
regions, assuming that they are sufficiently far away. This allows us to separate the signal of each
cluster / region flown over or circled around. During the analysis, these tracers are not further
considered, because, since the attribution by location is usually unambiguous.
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Line 201 — Unlike for the other inventories you do not specify which data the TNO-CAMS
inventory provides.

The TNO-CAMS v6.0 and EDGAR v7.0 inventories were both used to derive (partly)
independent estimates of O&G and non-O&G CHs4 emissions in the target areas, and to
calculate the share of O&G emissions in the total emissions in these areas (See L208-L210):

. the Emissions Database for Global Atmospheric Research (EDGAR, 2023) v7.0
inventories were both used to calculate the percentage of O&G emissions to total emissions
in the target areas.

The versions of the TNO-CAMS (v6.0) and EDGAR (v7.0) inventories used are now
added in the manuscript. We extracted data from E-PRTR for year 2019, this is also added in
the manuscript in 3.1.

... which includes a landfill listed in E-PRTR for the year 2019,...

Line 247 — it would be interesting to know why EDGAR has so few O&G emissions in these
ROMEO regions.

Agreed, it is interesting but beyond the scope of this investigation to determine why
EDGAR v7.0 shows relatively low CHs emissions from O&G in these specific pixels. To do
so, one would need access to the detailed data underlying calculations in EDGAR v7.0. Both
inventories (TNO-CAMS v6.0 and EDGAR v7.0) calculate emissions at the national level
because energy statistics are only available at that scale. It is likely that the spatial distribution
proxy used by the EDGAR team does not accurately represent the production clusters in
Romania. Apparently, the emissions in EDGAR v7.0 for the regions are mostly assigned to
non-O&G emissions (see Table S7 in S5). .

Line 258 — ‘lowest value of each circle’ — which instrument data is this referring to? Is the noise
of the Aeris instrument baseline small enough that it does not result in a significant overestimate
of peak height when dealing with peaks of 50-100 ppb?

For clarification, we added ‘retrieved from the Picarro instrument’ to the sentence (See L271).
Line 349 — why do you need to show the confidence limits twice on the same line?
We really don’t need to have both. The sentence is now corrected as follows (See L350-L352):

Both EFs, 5.3 + 2.0 kg hr' site” and 4.4 + 1.7 kg hr! site”, overlap with the EF of
5.4 kg hr'! (95% CI: 3.6 — 8.4 kg hr') oil production site’! reported from ground-based
measurements by Stavropoulou et al. (2023).

Line 352 — ‘from about dedicated measurements’?
It is now corrected.

Line 473 — “190 individual plumes evaluated’. Previously you say that 66 plumes were rejected
due to upwind sources. At which stage of the evaluation were these rejected?

For clarification we added and rephrased the lines in the manuscript as follows (See L494-
L496):
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A total of 256 plumes were identified, 66 of them were rejected, and 190 plumes were
retained for analysis. Fig. 4 shows the plume area comparison of these 190 plumes from the
SA mass balance flights and COSMO-GHG and MECO(3) models, respectively.

Line 368 - ‘possible underestimate of non-O&G emissions in the inventories for R7’. If you
are comparing with inventory estimates at least give the emissions or refer the reader to S5 and
which inventory you are using. As there is such a difference between inventories can you trust
them to give a reliable estimate of the non-O&G sources. 3112 kg/hr for TNO is much closer
to the flight estimates than 73 kg/hr from EDGAR. It seems that 5104 £ 1600 kg/hr (after
upscaling to 100%) is within error of 7038 = 1769 kg/hr.

Indeed, the O&G emissions in the EDGAR inventory are significantly lower when
compared to both the TNO-CAMS inventory and the measurements from the ROMEO
campaign in Romania. However, the non-O&G emissions are comparable between the EDGAR
v7.0 and TNO-CAMS v6.0 inventories. While we do not know the true scale of non-O&G
emissions, we have chosen to use the absolute emissions values from the TNO-CAMS v6.0
inventory.

It is worth mentioning that it is not easy to draw this conclusion for the entire country
or for one sector specifically. In the manuscript, we compare measurement-based emission
quantifications with the inventories. However, generally speaking, we have found that EDGAR
reports higher O&G related emissions for European countries compared to national reported
data such as CAMS-REG and NIR reports (see Table 4 from Kuenen et al. (2022)). This is the
case for countries like Norway and Netherlands. In these instances, the discrepancy arises from
EDGAR using generic emission factors instead of lower country-specific emission factors.
Therefore, we would expect a similar overestimation for Romania, so it is somewhat surprising
that EDGAR reports lower emissions instead of equal or higher relative to other inventories. A
comprehensive comparison is also hindered by the fact that spatial distribution plays an
important role. It is possible that EDGAR locates the majority of emissions outside of the study
domain. This aspect is beyond the scope of the study, as we focus on the region where we
performed measurements.

For clarification we added the following sentence to the manuscript (See L385-L393):

While the measurement-based quantifications for region R7 from the two flights are 7,129
+ 2,097 kg hr'! and 6,947 + 1,440 kg hr, reported emissions for O&G activities in TNO-
CAMS v6.0 and EDGAR v7.0 for this region were 3,112 kg hr'! and 73 kg hr, respectively.
This shows large difference between inventories and particularly a large underestimation in
EDGAR v7.0 by a factor of about 100. The underestimation of O&G emissions from
production areas in the earlier versions of EDGAR inventory has also been noted previously
(Maasakkers et al., 2016; Scarpelli et al., 2020; Sheng et al., 2017). The causes and
discrepancies of the difference observed between the measurements and the inventories
require further investigation, which is beyond the scope of this study.

And mentioned this underestimation in the abstract and conclusion as follows:

[in the abstract; See L47-L49] We also observed large underestimation from O&G emissions
in the Emissions Database for Global Atmospheric Research (EDGAR) v7.0 for our domain
of study.
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[in the conclusion; See L608-L609] These results confirm that O&G methane emissions in
2019 were much higher than reported to UNFCCC and estimated in EDGAR within our study
domain.

Line 381 — ‘estimated emissions estimated at’.

Corrected.

Figure 4 — your dashed lines do not show up as dashes, even at 150% magnification.
Dashed lines in Figure 4 and Figure 5 are now adjusted.

Line 502 — Given that your calculated EF is 5.3 kg/hr per site (and the ground surveys we
slightly higher), could you not have rerun the simulation with 1.5 g/s (5.4 kg/hr) to improve
the comparison?

The transport of defined passive prognostic tracers is "linear," except for numerical
limitations. Scaling the emission rate of such passive prognostic tracers will result in a likewise
scaled mixing ratio, as the prognostic passive tracers are only subject to physical transport
without any sink involved.

We have adopted the concept of "plume area," defined as the integration of methane
enhancement along flight tracks, which is a function of the mixing ratio and flight path and is
in unit of ppm * m. We calculated “plume areas” from measurements and model outputs to
infer how the 1 g s™! fixed emission rate defined in the models differs from the average real-life
O&G emission rate using the linear regression slope in Fig. 4 and Fig. 5.

Since the plume area is only a function of mixing ratio and flight track, and the flight
tracks remain the same for different simulation settings, the "plume area" has a direct linear
proportion to the increase in the fixed emission rate. This increase of the fixed 1 g s-1 emission
rate in the model results in a change in the regression fit in Fig. 4 and Fig. 5, i.e. a shift of the
measurements-models fits toward the 1:1 line.

Because the models are computationally expensive, we chose to utilize the approach
presented in this paper and did not rerun the models to obtain a better fit.
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Supplementary:

Fig S2 — There are farms in R5a and R8 regions. Did ground surveys detect these plumes and
attempt to quantify them? Would be an alternative to a quite crude inventory, when attempting
to subtract non-O&G emissions.

During the ground-surveys the ground-based teams did not focus on the farms and only
targeted the O&G activities. Thus, we don’t have detection and quantification from the ground-
based surveys and could only rely on the numbers from inventories.

Table S6 — How can the 4 bottom-right cells (Sum R7 clusters and 100% fossil) be identical to
Table 1 in the main paper, when they represent O&G in 2 very different inventories?

The absolute non-O&G emissions from the two inventories are only used when
estimating O&G emissions for large regions. For smaller clusters, where we know there are no
significant non-O&G sources, these emissions are not considered. The only exception is cluster
R6C6, where a landfill was identified. This explains why the "Non-O&G emissions" column
is left blank for the clusters in both Table 1 (main text) and Table S6 (Supplementary
Information). Therefore, the four bottom-right cells you referenced are derived using the same
values in both tables, assuming that 100% of the measured emissions are attributed to O&G
activities, with no reliance on inventory data.

Table S7 — It is very concerning that there is such a big discrepancy in O&G emissions for the
regions between the two inventories with TNO between 5 and 65 times higher than EDGAR.
What is the difference in methodology that causes such difference?

This is indeed concerning, but on the other hand, it offers opportunities for prioritizing
improvement. The sectors with the largest discrepancies should be the first to be further
analyzed. In this manuscript, we did not investigate the possible causes of this difference in
depth, as it would require detailed knowledge and access to the activity data and emission
factors underlying EDGAR. This should be addressed in future studies by the inventory
community. Moreover, these inventories are not built bottom-up, from individual activities at
well sites, but at the national scale using national statistics in combination with emission
factors, and then "down-scaled" using spatial proxy data. This means that the discrepancy could
be from the calculated total emissions, but it could also be due to an issue with spatial
allocation. Again, access to the proxy data underlying EDGAR would be needed for a deeper
analysis. Although it is highly advisable to collaborate with the EDGAR team (not involved in
the present study) to address this issue, it would be out of scope for the present study.

From the numbers in Table S7 we can see that the total emissions reported in EDGAR
v7.0 are 60% of the cumulative sum of emissions in TNO-CAMS v6.0. The non-CH4 emissions
from the target region in Southern Romania in EDGAR v7.0 are actually about 40% higher
than in TNO-CAMS v6.0. The O&G emissions reported in EDGAR v7.0 from the target region
is only 3% of the reported O&G emissions from TNO-CAMS v6.0. In addition to different
methodologies in building the inventories, it is possible that the methane emissions in EDGAR
are assigned to wrong activities and/or the spatial proxy used is not a good representation of
the O&G infrastructure in Romania. The latter is almost certainly true, as our study area is an
important O&G region of Romania; even if underestimated the share of the region should be
higher than currently represented in EDGAR v7.0.
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Abstract

Production of oil and gas in Romania, one of the largest producers in the EU, is associated with
substantial emissions of methane to the atmosphere and may offer high emission mitigation
potential to reach the climate objectives of the EU. However, comprehensive quantification of
emissions in this area has been lacking. Here we report top-down emission rate estimates
derived from aircraft-based in-situ measurements that were carried out with two aircraft during
the ROMEO 2019 campaign, supported by simulations with atmospheric models. Estimates
from mass balance flights at individual dense production clusters, and around larger regions,
show large variations between the clusters, supporting the important role of individual super
emitters, and possibly variable operation practices or maintenance state across the production
basin. Estimated annual total emissions from the Southern Romanian QOil and Gas (O&G)
infrastructure are 227 + 86 kt CH4 yr?, consistent with previously published estimates from
ground-based site-level measurements during the same period. The comparison of individual
plumes between measurements and atmospheric model simulations was complicated by
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unfavorable low wind conditions. Similar correlations between measured and simulated CH4
enhancements during large-scale raster flights and mass balance flights suggest that the
emission factor determined from a limited number of production clusters is representative for
the larger regions. We conclude that ground-based and aerial emission rate estimates derived
from the ROMEO campaign agree well, and the aircraft observations support the previously
suggested large under-reporting of CH4 emissions from the Romanian O&G industry in 2019
to United Nations Framework Convention on Climate Change (UNFCCC). We also observed
large underestimation from O&G emissions in the Emissions Database for Global Atmospheric
Research (EDGAR) v7.0 for our domain of study.

1. Introduction

Methane (CHas) is a potent greenhouse gas with more than 80 times the global warming
potential of carbon dioxide (COz) over a 20-year time horizon (Szopa et al., 2021).
Approximately, 60% of global CH4 emissions are attributed to human activities, with roughly
one-third of them resulting from the Oil and Gas (O&G) industry (Saunois et al., 2020).
Reducing CH4 emissions from the O&G industry presents an easily accessible and cost-
effective mitigation option (Shindell et al., 2021). Given the relatively short lifetime of CH4 in
the atmosphere (= 10 years), such measures would lead to substantial climate benefits in both
the near- and long-term future (Shindell et al., 2021;Collins et al., 2018). Scenarios that are
compatible with the goal of the Paris Agreement (UNFCCC, 2015) to limit global warming to
2 °C, preferentially to 1.5 °C all include substantial reductions in CHa, and the current growth
in CH4 is incompatible with reaching this goal (Nisbet et al., 2020).

Improving our understanding of CH4 emissions from the O&G industry requires
comprehensive and accurate emissions measurements using a combination of approaches.
Several studies, mostly in North America, consistently show that national inventories, which
rely on multiplying activity data with generic emission factors, tend to underestimate CH4
emissions from the O&G industry (Allen et al., 2013;Brandt et al., 2014;Harriss et al.,
2015;Johnson et al., 2017;Alvarez et al., 2018;Weller et al., 2020).

CH,4 emissions can be quantified using top-down or bottom-up approaches. Top-down
approaches use ambient CH4 mole fraction measurements from aircraft, tall towers, weather
stations or satellites, combined with models to estimate the total CH4 flux rate at different scales
(i.e., site-level to regional or country-level). These approaches ensure that emissions from all
sources are captured. Other techniques, such as the use of ethane (C2He ) and the isotopic
composition of CHg as tracers, can help attribute CHs emissions to O&G industry or other
sectors (Rockmann et al., 2016;Lopez et al., 2017;Mielke-Maday et al., 2019;Maazallahi et al.,
2020;Lu etal., 2021;Menoud et al., 2021;Gonzalez Moguel et al., 2022;Fernandez et al., 2022).
Bottom-up approaches involve direct measurements of emissions usually at the source or
component-level which are then extrapolated to larger scales using statistical methods.

The emission data reported to the United Nations Framework Convention on Climate
Change (UNFCCC) for the year 2021 reveal that Romania ranks among the European Union
(EU) countries with the highest annual CH4 emissions from the O&G activities, following
closely behind Italy and Poland. The International Energy Agency (IEA) estimates that
Romania contributes the highest CHs emissions from the O&G industry among the EU-27
countries (IEA, 2023). In light of the recent provisional agreement of EU methane regulations,
which impose new requirements on the O&G industry for measuring, reporting, and mitigating
CHgs emissions (European-Commission, 2023), there is an urgent need to understand the extent
and magnitude of emissions. This is particularly relevant for countries like Romania, where
emissions are substantial but understudied, and addressing them is crucial for achieving EU
climate objectives.
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The ROMEO (ROmanian Methane Emissions from Oil and gas) project was designed
to provide independent scientific measurement based CH4 emission estimates for the O&G
producing regions in Romania (Stavropoulou et al., 2023). The first phase of the ROMEO
campaign took place in October 2019, covering large production areas in southern Romania
that are mostly associated with oil production. The second phase happened in the following
year and focused on the gas production region in the Transylvanian Basin, north of the
mountain range. Numerous measurement techniques using a variety of instruments were
deployed onboard ground-based and airborne measurement platforms. The data collected by
vehicles and UAVs during the ROMEO campaign have already been evaluated separately in
prior studies (Stavropoulou et al., 2023;Delre et al., 2022;Korben et al., 2022). Additionally,
Menoud et al. (2022) investigated the isotopic signature of CH4 emissions from the sites visited
during the ROMEQO campaign, contributing to insights in the reservoir characteristics.

In this study, we present top-down CHs emission estimates derived from aircraft
measurements of individual facilities, facility clusters, and extended regions during the
ROMEO campaign. The measurements were performed by two research aircraft, and we used
two mesoscale atmospheric chemistry and transport models to simulate atmospheric
composition and transport over Romania.

2. Materials and methods
2.1. Clusters and regions
Information of O&G activities including locations, production asset types, status and
age of the facilities were received from the largest operator in the region. This information
covers the majority of the sites in the survey region, though other smaller operators are also
present. The distribution of O&G production infrastructure in Romania is heterogeneous with
a high density of production sites concentrated above the subsurface fossil fuel reservoirs.
Therefore, we first grouped the installations in 40 clusters (Cs) and regions (Rs) (i.e.,
aggregation of several production clusters) (Fig. 1). Both production clusters and regions were
targets for the quantification approaches in the ROMEO campaign. Clusters are relatively small
areas, usually a few to 20 km?, with a high density of O&G production sites. To derive basin-
scale emission rates from aircraft measurements, the Romanian plain was further divided into
larger regions of roughly 50 x 50 km?, which contain the clusters and are suitable for aircraft
mass balance and raster flights.
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Figure 1. Regions (grey polygons) and clusters (red polygons) that were targeted during the
ROMEO 2019 campaign, circular or raster flights were performed within or around these
boundaries.

2.2. Aircraft-based in situ measurements

Two aircraft were deployed during the ROMEO 2019 campaign, a BN2 aircraft
operated by the National Institute for Aerospace Research "Elie Carafoli" (INCAS) and a two-
seater Mooney aircraft operated by Scientific Aviation (SA) Inc. On the Mooney aircraft, in-
situ measurements of CH4, C2Hs, carbon dioxide (CO3), wind speed and direction, and relative
humidity were continuously logged at 1Hz frequency. CoHe and CO, were measured with
AERIS Pico Mobile LDS and Picarro G2301-f instruments and both instruments measured CH4
individually. On the BN2 aircraft, CH4, CO, and carbon monoxide (CO) were measured at
about 0.3 Hz frequency using a G2401 analyzer (Picarro Inc).

Two sets of flight patterns were performed, mass balance flights circling around target
areas (Fig. 2, left) and raster flights scanning the areas at a pre-selected observation density
(Fig. 2, right). During the 18 individual mass balance flights with the SA aircraft, the target
emission locations were circled at different altitudes to map the extent of the emission plume
(s), both vertically and horizontally. The emission rates were then calculated from the
measurements of CH4 mole fraction and wind speed and direction in the mass balance approach
(see below). The BN2 aircraft was used to map possible emission sources over more extended
areas. The lack of wind measurements from this aircraft precludes a direct emission
quantification using the mass balance approach. These extended areas were surveyed in raster
patterns perpendicular to the prevailing wind (Fig. 2b). In addition to the identification of larger
sources, these measurements are also used to derive indirect emission rate estimates by
comparison to model simulations (see below).
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Figure 2 — Examples of a mass balance flight, south wind from measurements (a) and a raster
flight with east-east-north from simulations (b) during the ROMEO 2019 campaign. The mass
balance flight circled around two production clusters located in close proximity and the raster
flight covers a larger region. The color scale represents the CHs mole fraction.

2.3. Model simulations

In order to support the emission quantification from the aircraft measurements, we
simulated atmospheric composition and transport over Romania using two numerical mesoscale
atmospheric chemistry and transport models: COSMO-GHG operated by the Swiss Federal
Laboratories for Materials Science and Technology (EMPA) and MECO(n) operated by the
German Aerospace Center (DLR). COSMO-GHG is based on the regional numerical weather
prediction and climate model COSMO-CLM (Baldauf et al., 2011) and includes the GHG
extension (Jahn et al., 2020;Brunner et al., 2019) for the simulation of (nearly) passive trace
gases such as CHs. MECO(n) features an on-line coupling of the global chemistry-climate
model EMAC with the regional chemistry-climate model COSMO-CLM/MESSy (Kerkweg
and Jockel, 2012). The COSMO-GHG simulations were nudged to the hourly wind data from
the ERAS reanalysis product of the European Centre for Medium-Range Weather Forecasts
(ECMWEF) (Hersbach et al., 2023). In MECO(n) the global model (EMAC) was nudged by
Newtonian relaxation towards the operational analysis data from ECMWEF (see (Nickl et al.,
2020) for more details).

These two models were used to simulate the evolution of the CH4 mole fraction arising
from emissions from active O&G assets, including individual wells and larger facilities in time
and space. For setting up the model simulations, each site was assigned an emission rate of 1 g
s1(3.6 kg hrt). For COSMO-GHG, the model resolution was 2 x 2 km?, and the meteorological
and compositional boundary conditions were provided from global scale modeling results
obtained with the ECMWF/CAMS system. The MECO(n=3) set-up comprised four model
instances (see {Klausner et al. (2020) for a detailed description of a similar model set-up). The
first is the global model instance EMAC with a resolution of T42L90MA (corresponding to
around 280 km spatial resolution). In the global model, three COSMO-CLM/MESSYy instances
were nested on-line with approx. 50 km resolution, approx. 7 km resolution, and the same 2 x
2 km domain as applied for COSMO-GHG, respectively. In the applied MECO(3) set-up, we
used a parameterized chemistry of methane (Winterstein and Jockel, 2021) with monthly mean
OH fields from previous simulations with comprehensive interactive chemistry. In the first,
second, and third MECO(3) model instance, we prescribed all anthropogenic and natural
emissions of methane, in order to achieve realistic boundary conditions of methane for the finest
resolved instance. In this instance the emissions were used as described below. The model
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outputs provide atmospheric CH4 mole fractions fields as well as meteorological parameters at
a temporal resolution of 20 min (COSMO-GHG) and 1 hr (MECO(3)). For MECO(3), only the
results of the finest instance are considered here for further analysis. To be able to geo-attribute
emissions to certain emission clusters, we applied 33 individual model-based prognostic CH4
tracers in the models which are transported according to the meteorological conditions. Each of
these tracers represents the emissions of a specific area with a fixed emission rate of 1 g s™ or
3.6 kg hr't and released at one individual or multiple release point(s). Meaning that one tracer
represents the emissions of one or two clusters and one or two distant regions, assuming that
they are sufficiently far away. This allows us to separate the signal of each cluster / region flown
over or circled around. During the analysis, these tracers are not further considered, because,
since the attribution by location is usually unambiguous.

2.4. Emission inventories

To drive the simulations and interpret the data we use information from various
emission inventories. (I) The most granular dataset is based on information on the production
infrastructure provided by the oil and gas operator. It consists of about 6000 individual
production-related locations in the Southern part of Romania. We will refer to this dataset as
the “O&G_operator” dataset. In order to convert this to an approximate emission inventory, we
divided reported emissions for Romania by the number of emission locations and assigned the
result as average emission rate to all of these locations. Coincidentally, this average value is
close to 1 g s site™? (3.6 kg hrtsite), which was used as prior emission rate in the model
simulations. (1) The TNO_GHGco inventory (Denier van der Gon et al., 2018) includes
emissions from all available sectors at 5 km x 5 km resolution. (111) The European Pollutant
Release and Transfer Register/Industrial Emissions Directive (E-PRTR/IED) inventory (E-
PRTR, 2023) includes major point sources and was used to identify major farm and landfill
methane emitters within the study areas (Figure S2 in the Sl). (IV) The TNO - Copernicus
Atmospheric Monitoring Service European Regional Inventory (TNO-CAMS) v6.0 (Kuenen et
al., 2022) and (V) the Emissions Database for Global Atmospheric Research (EDGAR, 2023)
v7.0 inventories were both used to calculate the percentage of O&G emissions to total emissions
in the target areas.

In summary, based on TNO-CAMS no coal mine locations, a potentially large source
of CHa, were identified within the mass balance flight boundaries. The presence of major
wetlands was investigated based on the findings of Saarnio et al. (2009) and no wetlands were
observed within the measured areas.

2.5. Analysis of simulated meteorological quantities

The meteorological conditions during the ROMEO campaign were not ideal for
emission quantification due to the low wind speeds. This complicated the use of a model —
measurement comparison for the raster flights, which we had planned to use to derive
quantitative emission information. To assess the model performance in terms of meteorological
conditions during the individual flight days, we compared the meteorological output of the
models with each other, with ERAS reanalysis data, and with the meteorological information
recorded during the Scientific Aviation flights. The rationale is: when the models do not agree
on the general meteorological conditions in a target region, we also expect diverging CH4
concentration distributions, which would hamper quantitative comparison to the measurements.
On the other hand, when the meteorological conditions are simulated consistently, there is more
confidence that the transport is simulated adequately as well, thus the simulated and observed
CHas plumes may be used to derive emission information.

For each flight date, the following parameters were investigated in each flight region:
temperature, cloud fraction, wind speed and direction, specific humidity, and relative humidity.
Based on selected threshold values, the meteorological parameters for each model and each
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flight day were characterized as good, acceptable, or poor. Furthermore, we evaluate three
quantitative indices, the Nash - Sutcliffe Efficiency (NSE), the Kling-Gupta Efficiency (KGE),
and the Mean Absolute Relative Error (MARE) between simulation results and ERA5
reanalysis data. The results of this comprehensive analysis are presented in the Supplementary
Information (SI) S.1.

2.6. Emission quantification: Mass balance approach

CHa emission rates from 11 production site clusters (or combinations of clusters), three
larger regions in the Romanian Basin, and two groups of individual sites were quantified from
aircraft-based measurements using the mass balance approach. This approach is based on the
Gaussian theorem in which the difference of the total fluxes into and out of an enclosed area
must be balanced by a source or sink in the area (Conley et al., 2017). CH4 enhancements were
identified using background values determined either from the upwind flight legs or from the
edges of detected plumes.

The mass balance approach returns total CH4 emissions for the target areas. For the
intense production clusters, the emissions are in most cases dominated by the O&G production
infrastructure. Therefore, we assigned 100% of the emissions in the clusters to O&G
production, except for clusters which contained a landfill and/or large farm, as included in the
E-PRTR inventory. In particular, only one significant landfill was identified in R6C6, and the
emissions reported from this landfill were deducted from the measured flight quantification.
For the larger areas, the contributions from other sectors can be substantial. To infer emissions
related to O&G operations from the total measured emissions, we estimated the emissions from
non-O&G sources in the target areas using the TNO-CAMS inventory and subtracted these
from the total measured emissions. We repeated the same process using the EDGAR v7.0
inventory. These O&G related emissions were then divided by the number of active O&G
infrastructure elements in the target area to derive an emission factor per site for that cluster or
region. This includes active production sites, processing sites, compressor stations, and other
active sites, which all contribute to the measured emissions. Possible emissions of non-
producing sites are not included in our estimates, as they are likely smaller (on average) than
the ones of producing sites.

2.7. Emission quantification: Measurement - model comparison

2.7.1. Mass balance flights

Equation 1 was used to translate the aircraft measurements into the emission rates which
is described in detail by Conley et al. (2017).

Qc= <"’6—T> + [T 6 ¢y, A dldz Eq. 1

Here, Qc is the net emission from source (S) and sink (s), | is the position along the flight
path, 7 is the a vector normal to surface pointing outward, un (= Ui + vj ), ¢’ is the CHa

: . . om, .
enhancement from the mean of each circle’s mixing ratio and (a—T) is the total mass trend
within the volume of each box.

The simulated CH4 distributions were evaluated along the flight tracks in order to
facilitate direct comparison with the observations. For the mass balance flights (Fig 2a), the
lowest CHs value of each circle around a target area retrieved from the Picarro instrument was
defined as background mole fraction and subtracted from downwind measurements to obtain
the CH4 enhancement. To compare model and measurement results, we integrated the CH4
enhancement above background along the flight track for each circle, both for the measurements
and for the simulated CH4 mole fractions along the flight tracks. These integrals are referred to
as plume areas. Circles that were identified as influenced by up-stream contamination were
excluded from the analysis. The simulated plume areas were then plotted versus the measured
plume areas, and the slope of the orthogonal linear regression line returns a measurement-based
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scaling factor to the prior emission rate estimate that was in the simulations (1 g s* site’?). This
scaling factor was then assigned to the active O&G facilities in the target cluster or region and
provides a measurement-based estimate of the emission factor.

2.7.2. Raster flights

For the raster flights (Fig. 2b), the lowest CH4 mole fraction along the flight track across
a target region was defined as background and the CH4 enhancements above this background
were integrated. The simulations were treated in the same way. The slopes of the orthogonal
linear regressions between integrated enhancements from flight measurements and simulations
were then compared to the scaling factors determined from the mass balance flights (2.7.1) to
investigate whether the model — observation slopes are consistent between individual plumes
and the raster flights over larger regions. The rationale is that even if the quantitative modeling
is challenging under the encountered meteorological conditions, if the slopes derived from the
mass balance and raster flights are comparable, then the emission factors derived from the mass
balance flights should be also representative for the larger regions covered by the raster flights.

3. Results and discussion
3.1. Mass balance quantifications

Table 1 shows the results of the emissions quantifications obtained from mass balance
calculations using the measurements of the SA aircraft. Methane emission rates range between
tens of kg hr* from an individual facility or smaller cluster up to more than 8000 kg hr for the
larger region R7 which includes the city of Ploiesti (Fig. 1). These emissions are representative
of the sum of all sources in each target area. Especially the larger regions include emissions
from other sectors, particularly agriculture and waste. On the other hand, the CH4 in the dense
production clusters originate te nearly 100% from O&G activities.

Different inventories (E-PRTR, TNO-CAMS v6.0, and EDGAR v7.0) were consulted
to obtain information about the non-O&G contributions; however, these inventories are
generally not designed to distribute emissions across sectors on such small scales. TNO-CAMS
and EDGAR have a coarse spatial resolution and do not include production clusters, so they are
not suitable to assess the emissions distribution across sectors in such clusters. With the
exception of R6C6, which includes a landfill listed in E-PRTR for the year 2019, for all other
production clusters, E-PRTR does not indicate any major farms or landfills. The ground teams
did not observe significant non-O&G sources in the smaller production clusters. Therefore, we
ascribe 100% of the total emissions in clusters to O&G production. For the large regions R7
and R5a, we use the estimated absolute non-O&G emissions from TNO-CAMS and subtract
them from the measured emissions to correct for non-O&G related emissions.

The emission factors (EF) provided in Table 1 are calculated using the number of total
active (e.g. producing, or operating) infrastructure elements within the target regions, because
the measurements do not allow us to distinguish between different parts of the infrastructure.
The emission factors vary widely among the individual clusters, from 1.0 to 20 kg hr?! site™.
This is partly due to the inhomogeneous distribution of the emissions, where few sites are
responsible for a large share of the emissions. A contributing factor is that each quantification
yields an emission estimate for the specific moment in time of the measurement. The variability
in our cluster-specific emission factors may partly represent the episodic tendency of O&G
super-emitters. However, given the generally large number of infrastructure elements within
the target regions, the reported numbers should still reflect representative averages for the
clusters and regions, also over longer periods. Note that the timing of our measurements is
random, and the total facility sample size (N=4358, including duplicates, see below) is large.
To address the challenge of emissions' variability and inhomogeneity, we employ a weighted
averaging approach based on facility numbers.
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The sum of all emissions from the airborne CH4 emission measurements (SA01-SA18)
from all flights reach 31,700 kg hr accounting for 4358 active sites measured during all flights
combined (Table 1). This results in EF of 7.3 kg hr? site! after a simple division. However,
this EF is biased for two reasons: (1) not all emissions measured (31,700 kg hr?) are from O&G
sources and (1) there are double to triple countings of emissions in total sum, e.g. R5a and R7
is measured twice or three times. The first point results in overestimation of EFs from O&G
activities and the latter point results in biasing the average EF towards emission rates of sources
which were measured more than once. Therefore, we performed several analyses to address
these two points.

In total, in addition to cluster-focused flights for R7, two regional flights have been
performed per R7 and R5a each, which results in triple countings of emissions for R7 and
double countings of emissions for R5ain the total sum of 31,700 kg hrt. Hence, we used average
emission rates from the regional measurements targeting the R7 and R5a individually (SA01
and SA02 for R7 and SA03 and SA04 for R5a, respectively). For the regions R4, R6 and R8 no
regional flights were performed, and cluster-focused quantifications were performed. We used
the sum of emissions from these clusters as the total emissions for these regions. These
corrections result in cumulative emissions of 13,200 + 4,932 kg hr? for these regions,
accounting for 2516 active sites which results in EF of 5.3 + 2.0 kg hr* site.

Acting on the field observations and inventory information, emissions from all clusters
can be assigned to O&G activities except for the R6C6. After deducting reported emissions for
the landfill within the boundary of R6C6 and adding to the measured emissions from other
clusters, we reach total emission of 6,970 + 2,610 kg hr for 1,570 sites which results in EF of
is 4.4 + 1.7 kg hrtsite™.

Both EFs, 5.3 + 2.0 kg hr! site? and 4.4 + 1.7 kg hr! site™®, overlap with the EF of 5.4
kg hr! (95% CI: 3.6 — 8.4 kg hr?) oil production site reported from ground-based
measurements by Stavropoulou et al. (2023). However, both EFs from the airborne
measurements fall on the lower side of the EF from the ground based measurement. This could
be explained as follows: (1) It is assumed in Eq. 1 that all emissions within the flight boundaries
are transported horizontally and captured during the flights. However, during the ROMEO
campaign, the low wind speed condition and high solar radiation could result in vertical
transport, which was not measured during the airborne measurements. It is possible that the
area mass balance quantifications in the flat and arid region R5a in Southern Romania may be
biased slightly low due to partial loss of CH4 out of the boundary layer during the hot and
convective conditions, or due to the fact that stable transport conditions had not yet established
over the large regions. (I1) The quantifications reported by Stavropoulou et al.(2023) were
focused on the oil production for which gas production, which is mostly methane, is not
favorable, hence released which we could also observe through optical gas imaging cameras.
This release is favorable to happen at the production sites to prevent two-phase conditions in
the pipelines and collection and processing systems. These two reasons individually or
combined could explain this average difference between the EFs derived from airborne and
ground-based measurements. The difference between the two EFs derived from the airborne
measurements, 5.3 + 2.0 kg hr! site from regional measurements and 4.4 + 1.7 kg hr! site
from the clusters only, could be explained by the presence of large emitters outside the clusters
but within the regional boundaries.

As the campaign airport was located close to the city of Ploiesti in region R7, the
majority of cluster quantifications were carried out in R7 for logistical reasons and many of the
dense production clusters in R7 were quantified. This allows us to compare the sum of the
emission rates determined from cluster quantifications to the emission factors from regional
quantifications. The cluster flights in region R7 quantified a total of 377 O&G sites, which is
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75% of the 500 sites that were quantified in the regional flights. The quantified emissions from
the cluster flights (3,828 + 1,199 kg hrt) amount to 54% of the total emissions quantified in the
regional flights, after subtracting non-O&G emissions (about 7,038 + 1,769 kg hr* from two
independent flights, Table 1). This indicates a possible underestimate of non-O&G emissions
in the inventories for R7, which includes the large city of Ploiesti. Alternatively, some super-
emitters may exist outside the quantified clusters, which would increase the regional estimate.
Nevertheless, the region and cluster flights show a reasonable level of consistency in region R7.
The emission factors further support this alignment, with the weighted sum of the clusters being
equal to 10.2 + 3.2 kg hr! site™ compared to about 14.1 + 3.6 kg hr site? for the regional
flights. While the measurement-based quantifications for region R7 from the two flights are
7,129 + 2,097 kg hr and 6,947 + 1,440 kg hr, reported emissions for O&G activities in TNO-
CAMS v6.0 and EDGAR v7.0 for this region were 3,112 kg hr'* and 73 kg hr, respectively.
This shows large difference between inventories and particularly a large underestimation in
EDGAR v7.0 by a factor of about 100. The underestimation of O&G emissions from production
areas in the earlier versions of EDGAR inventory has also been noted previously (Maasakkers
et al., 2016; Scarpelli et al., 2020; Sheng et al., 2017). The causes and discrepancies of the
difference observed between the measurements and the inventories require further
investigation, which is beyond the scope of this study.

The aircraft-based quantifications indicate that per-site emission factors from region R7
are higher than from the other regions. At the same time, R7 was best covered in terms of mass
balance determinations, so it is the most reliable estimate. From the site-level quantifications
carried out on the ground, it was not apparent that per-site emission rates varied between
different regions (Stavropoulou et al., 2023;Delre et al., 2022;Korben et al., 2022).

When we use the derived emission factor of 5.3 + 2.0 kg hr* site’! and scale this up to
the entire production basin in Southern Romania with more than 4,900 active sites, annual
estimated emissions reached at 227 + 86 kt CHa4 yr. If the derived EF also applies to the
infrastructure in other parts of Romania the inferred country-scale emission rate from about
7,400 active sites in 2019 is 344 + 130 kt CH4 yrt. Reported emissions to the UNFCCC for
Romania in the category 1.B: Fugitives include 53 kt CHg4 yr* for activity 1.B.2.b Natural Gas,
38.2 kt CH4 yr! for 1.B.2.c Venting and Flaring (oil, gas, combined oil and gas) and 10.4 kt yr
! for 1.B.2.a Oil (UNFCCC, 2023b). This adds up to 101.6 kt CH4 yr?, about 3 times less than
our estimate. Our estimate does not include emissions from infrastructure operated by other
operators, for example the large gas production region in the Transylvanian Basin. An intensive
ground-based study has been carried out there and the results are in preparation for publication
(Jagoda et al., in preparation, 2024).

For comparison, we repeated the analysis using the EDGAR v7.0 inventory to estimate
non-O&G sources for the large regions (see Sl, Table S6). After removing double counting and
adjusting for emissions from other sources as described previously, the total emissions
measured attributed to O&G production are 12,732 + 4,932 kg hr. This is slightly lower than
the total emissions estimated using the TNO-CAMS v6.0 inventory 13,200 + 4,932 kg hr?,
indicating a larger fraction of non-O&G sources in the EDGAR v7.0 inventory. The inferred
0&G emissions, taking into account the non-O&G emissions from the EDGAR inventory result
in a facility-weighted emission factor of 5.1 + 2.0 kg hr?* site™?, consistent with the 5.3 + 2.0 kg
hrt site when using TNO-CAMS v6.0 for the non-O&G sectors. It is important to note that
the inventory estimates for the non-O&G sectors do not differ strongly between EDGAR v7.0
and TNO-CAMS v6.0 in the regions where we apply the corrections. However, this is not the
case for all regions in the southern Romanian production basin. Table S7 in the Supplement
shows that the discrepancies between the two inventories can become large. Specifically, in
EDGAR v7.0, the non-O&G emissions are higher than those in TNO-CAMS v6.0, nearly
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double in some cases. Moreover, O&G emissions are very low in EDGAR, whereas they
contribute to almost half of the emissions in TNO-CAMS v6.0. Because of this more balanced
contribution from all sources, we use the estimates from TNO-CAMS v6.0 for our central
emission factor estimate and for the upscaling.

Table 1 - Measured emission rates (ER) and estimates of the O&G related fraction of total CHa
emissions in target regions and clusters. “Non-O&G emissions (kg hr)” are extracted from
the TNO-CAMS v6.0 inventory for the target regions and are used to derive ERs from the O&G
industry in the area (“O&G emissions”). The last column shows the emission factor (kg CHa

hr! site’?). Numbers in bold are used for upscaling to the national scale (see text for details).

_ Target Total Measured | Non-0&G | - O&G e
Flight ID region/cluster # facilities | # wells Em|5ﬁ|91ns (kg emlssplns emlssm_)lns (kg " sited)
rt) (kg hrt) (kg hrt)
SA01 R7 496 337 8517 + 2097 1388 7129 + 2097 144 +42
SA02 R7 504 343 8335 £ 1440 1388 6947 £ 1440 | 13.8+2.9
SA03 R5a 827 654 4556 + 2570 772 3784 + 2570 46+3.1
SA04 R5a-small 818 642 2920 + 935 374 2516 + 935 31+11
SAO05 R6C2C3C4 471 379 1729 + 912 - 1729 + 912 3.7+19
SA06 R7C3C4 124 92 1481 + 287 - 1481 + 287 11.9+£23
SA07 R7C2 71 44 1395 + 546 - 1395 + 546 19.6£7.7
SA08 R7VentArea 67 41 602 + 209 - 602 + 209 9.0+3.1
SA09 R4C5 390 347 477 £ 106 - 477 £ 106 1.2+0.3
SA10 R6C6 29 16 469 £ 170 1307 339+ 170 11.7+£5.9
SAll R7Vent 37 20 266 + 113 - 266 + 113 72+31
SA12 R7C5 59 45 259 + 47 - 259 + 47 44+£08
SA13 R4C2C3 247 186 246 + 89 - 246 + 89 1.0+04
SAl4 R6C5 27 21 131+£85 - 131+£85 49+31
SAl6 R8C1 29 19 90 +49 - 90 +49 3.1+17
SA17 R7C8 48 43 78+ 101 - 78 +£101 16+21
SA18 R7C1Facility 8 5 13+9 - 13+9 16+11
Weighted mean, everything 4358 3303 31667 + 10039 *F 225%?%1 6.3+22
No double counting 2516 1956 * %, Tt 1%%%i 53+2.0
Sum of clusters in R7 377 270 3828 + 1199 10.2+3.2
Only clusters with 100% fossil 1570 1238 6970 + 2610 44+17

* considering the absolute non-O&G emissions from the TNO-CAMS inventory for the large regions and 100% O&G
contribution for the clusters

1 accounting for landfill within R6C6

11 excluding cluster quantifications in R7
3.2. Qualitative information from measurement - simulation comparisons

3.2.1. Example comparison of meteorology and CHa4 for a mass balance flight

Figure 3 shows an example- of a comparison between measurements along the SA mass
balance flight from October 17, 2019, with results from the COSMO-GHG and MECO(3)
models. The top two panels show simulated and measured CH4 mole fractions along the flight
track and the bottom two panel shows the vertical CH4 profiles in the simulations along the
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flight track above the changing orography (black). During this flight, 4 different clusters and
combinations of clusters were circled multiple times at different altitude; the flight altitude is
included in the bottom panels as dashed black line. The repeating orographic patterns guide the
eye in following the circular flight patterns around the clusters and are numbered in white. The
colored contours illustrate the vertical CH4 profiles along the flight track. The measured plume
in the first, largest, cluster is captured relatively well by the simulation for some of the cycles,
but during some cycles the flight track is partly above the boundary layer in the models and the
peak is not fully captured. During cycles 4 and 5, the observations suggest that the aircraft was
flying above the boundary layer also in reality, but one sharp, narrow peak was still observed
after the highest orographic peak in the measurements, which is missing in the simulation. For
the second cluster that was cycled 12 times, the COSMO-GHG model captures the plumes
better than the MECO(3) model. For both models, the simulated and measured CH4 mole
fractions show a consistent transition out of the boundary layer in cycles 7-9, indicating a good
representation of the boundary layer height in the models. For the third cluster, the models are
missing the large, sharp peaks, indicating missing emissions in this cluster. In addition, the
MECO(3) model simulates higher plumes when the flight track was in the model boundary
layer, but lower plumes when the flight track was outside the boundary layer. For the last
cluster, the simulated and measured elevations are small and relatively consistent for COSMO-
GHG, but the MECO(3) model simulates some larger plumes spanning more than one cycle,
indicating larger scale upwind contamination, which was also documented in the observations.
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Figure 3 — Measurements and simulation results of (a&b) CHa mole fraction along the flight
track, and (c&d) the vertical CH4 profile along the flight track as simulated by the COSMO
model (a&c) and the MECO(3) model. Model background fields are shown as dashed lines in
a&b. Panel c&d also include the flight track as black dashed line, and the black contour at the
bottom shows the orography in this mountainous terrain; the repeating patterns illustrate
individual cycles around the clusters R6C2C3C4, R6C5, R6C6 and R6C7, cycles are numbered
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in white. The flight around cluster R6C7 did not allow successful emission guantification
because of an upwind influence and is therefore not included in Table 1.

A similar analysis was performed for each flight with the goal to identify plumes where either
the simulation results or the measurements indicated that the respective circle was flown outside
the simulated or actual boundary layer. In this case, the respective plume was not retained for
the measurement — simulation comparison. In total, 10 out of 200 individual plumes were
rejected this way. In addition, 66 circles around clusters that were influenced by signals from
upwind sources were excluded.

3.2.2. Model performance in terms of meteorology

As mentioned above, the low winds during the campaign period presented difficult
meteorological conditions for emissions quantification. We performed a thorough
meteorological analysis to identify days when the meteorological conditions agree well between
the two models and the measurements. The results are shown in the Supplementary Information
S.1, which illustrate that it was not possible to identify days when the meteorological conditions
agree well between the two models and the measurements. Therefore, it was decided not to
focus on individual days or flights. Rather, in the following, we compare the measured and
simulated plume areas statistically across all available flights. This is done to investigate
whether correlation of measured and simulated CHs enhancements from the raster flights,
which cover a wider region, is similar to the one for the individual plumes quantified during the
mass balance flights. The analysis, which is described in the section below, can also possibly
identify regional differences and be used to derive approximate scaling factors for the raster
flights in comparison with the mass balance flights.

3.3. Measurement - model comparison of plume areas for mass balance flights

We first evaluate individual plume-level data from the mass balance flights, because for
these flights we have measured emission rates from the mass balance approach. Thus, we can
compare the measured and simulated plume areas and derive a correction factor for the emission
rates assumed in the model that would bring the measured and simulated plumes to agreement.
A total of 256 plumes were identified, 66 of them were rejected, and 190 plumes were retained
for analysis. Fig. 4 shows plume area comparison of these 190 plumes from the SA mass
balance flights and COSMO-GHG and MECO(3) models, respectively.

For mass balance flights around production clusters, each circle around a cluster results
in one or few down-wind plumes (which are integrated in our analysis), but for mass balance
flights targeting larger regions, numerous well-separated plumes can generally be quantified
from a single circle. The high scatter in the comparison between simulated and measured plume
areas can be ascribed to a number of factors, for example: i) large variability in actual emissions
from different source areas (here: production clusters), including the important role of super
emitters, ii) difficult meteorological conditions with low wind leading to variable plume
representations, both in the real atmosphere and in the model, iii) over- or underestimates
associated with the dynamics of the planetary boundary layer, and iv) variable measurement
distance from the emission points. The scatter in the comparison of plume areas with MECO(3)
results is even larger than for the COSMO-GHG model. This is ascribed to the fact that the
meteorological fields in COSMO-GHG are nudged to observations, whereas MECO(3) nudges
only the global model instance, implying more degrees of freedom within the nested instances
to develop their own (sub-synoptic) meteorological situation which might deviate from the data
used for nudging. Indeed, the meteorological evaluation (See Supplementary Information S.1)
shows that the meteorological fields in COSMO-GHG (directly nudged) are closer to the
observed meteorological parameters than for MECO(3), as expected.
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Figure 4 - Comparisons between plume areas calculated from measurements and simulations
with COSMO-GHG (left) and MECO(3) (right). Blue dashed lines show linear fits to all data
and red dashed lines linear fits to the plumes from the clusters only, without the points from
the larger regions. Plots zooming in on the region of plume areas up to 2,000 ppm * m are
shown Figure S1 in the SI.

Nevertheless, despite the variability, it is evident that most of the points fall well below
the 1:1 line, which means that the simulated plume areas along the flight track that were
generated with an assumed emission factor of 1 g s site?, thus 3.6 kg hr? site, generally
underestimate the measured plume areas. The further the points fall below the 1:1 line, the
higher the implied mismatch in the emission rate that was assumed in the model. A linear fit to
all the measured and simulated plumes has a slope of 0.44 for COSMO-GHG, and 0.78 for
MECO(3). When we exclude the points from the larger regions, where the measured plumes
are often further away from the source regions, the slopes change slightly to 0.56 for COSMO-
GHG, and to 0.62 for MECO(3). This suggests that the assumed emission rate in the model is
on average underestimated by about a factor of 2. However, quantitative interpretation is
problematic in this approach, since the slope of the linear fit is largely determined by a relatively
small number of plumes with large plume areas. Furthermore, the sampling is biased towards
clusters where more circles were flown (i.e., circles at more altitude levels), and does not
consider the number of facilities per cluster. In addition, there may be systematic biases in the
models, e.g. due to model resolution or meteorological conditions (as discussed above), that
lead to smaller plume areas in the models compared to the measurements. For the present
purpose, we will compare the slope of observed and simulated plume areas from the mass
balance flights determined here with the slope of observed and simulated CH4 enhancements
from the raster flights in section 3.4.2 to investigate whether the enhancements observed during
the raster flights qualitatively agree with the ones from the mass balance flights.

3.4. Measurement - model comparison of plume areas for raster flights
Figure 5 shows the comparison of the integrated enhancement above background along
the flight tracks for CHs mole fractions measured during the raster flights and simulated with
the two models. The scatter for these integrated enhancements is smaller than for the individual
plume areas shown in Fig 4., which likely reflects the fact that the integrated enhancements are
the sum of numerous plumes, and high and low values average out for the integrated
enhancements.

Similar to the plume area comparison from the mass balance flights (Fig. 4), most of the
points fall below the 1: 1 line, again indicating that the emission rate of 3.6 kg hr* site assumed
in the models is insufficient to explain the observed concentrations. The slopes of the
orthogonal linear regressions of 0.43 and 0.33 for the two different models are even lower than
for the mass balance flights above, indicating a possible underestimate by up to a factor of 3 in
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the assumed emission rate. Still, the slopes are in a similar range as the slopes from the mass
balance flights in Fig. 4. It is important to note that these slopes were now derived from the
simulated fields under similar conditions as the ones for the individual plumes from the clusters.
Thus, whereas various factors could cause systematic under- or overestimates in simulated
versus measured CH4 enhancements, the similar slopes obtained for the two types of flights
suggest that the emission characteristics of the plumes observed during the mass balance and
raster flights are compatible. Thus, the emission factors derived for a limited number of clusters
in section 3.3 are likely representative for the larger areas covered in the mass balance flights,
and thus for a large fraction of the Southern Romanian O&G production infrastructure. We
conclude that the CH4 enhancements observed on the BN2 aircraft during the raster flights
generally support the emission factors derived in section 3.1 from the mass balance approach.
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Figure 5 - Comparison between integrated CH4 enhancements from measurements during
raster flights on the BN2 aircraft, and simulations along the flight tracks with COSMOS-
GHG (left) and MECO(3) (right). Different colors represent different regions. Linear fits to
the data are shown as blue dashed lines and the 1: 1 line is shown as black dashed line.

4. Conclusions

Airborne measurements of methane performed from two aircraft during the ROMEO
2019 campaign were evaluated to obtain emission rate estimates representative for production
clusters and larger regions in the O&G production basin in Southern Romania. Emissions
determined from a mass balance approach yield a wide range of instantaneous emission factor
estimates between different clusters, supporting the heterogeneity of emissions across
individual sites, regions and time. Assessment of the O&G emissions from flights around larger
regions is difficult because of the unknown contribution of emissions from other sectors. From
mass balance estimates covering a total of 2,516 sites, using the TNO-CAMS inventory to
derive emissions from non-O&G sources for the large regions, and assuming 100% of the
observed emissions in the smaller clusters to originate from O&G production, we derive total
emissions of 13,200 + 4,932 kg hr! for the covered regions in Southern Romania. This results
in a facility-weighted emission factor of 5.3 + 2.0 kg hr! site’?, consistent with the previously
published estimate from ground-based quantifications of 5.4 kg hr? oil production site® (range
3.6 — 8.4 kg hrt site?, (Stavropoulou et al., 2023). The facility-weighted average for 1,570
facilities in dense production clusters, where we are certain that the dominant contribution is
from the O&G infrastructure is 4.4 + 1.7 kg hr?! site!, aligning with the estimate from larger
regions. Using the ef-EF of 5.3 kg hr! site’® to scale up to the national scale results in an annual
emission rate estimate of 344 + 130 ktons CHa yr™, which is about three times higher than the
UNFCCC reported national emissions from the O&G industry for Romania. Mole fraction
measurements carried out in raster flight tracks over wider areas lacked meteorological
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measurements and therefore could not be used to derive direct estimates of emission rates. To
support the evaluation, simulations with two numerical atmospheric models were carried out
and the simulated CHs4 fields were compared with the measurements. Due to the difficult
meteorological conditions, direct quantitative evaluation remains challenging, but the
comparison of observed and simulated enhancements consistently suggests that the prior
emission rate of 3.6 kg hr! site! used in the models is too low. In addition, the correlation of
measured and simulated CH4 enhancements for the raster flights over larger areas is consistent
with the correlations observed in mass balance flights around well-defined production clusters,
indicating the validity of the derived emission factors for a large part of the southern Romanian
O&G production region. Airborne measurements for the regions and clusters, where ground-
based surveys can be also applied, can provide important additional insight, such as: (1) the
influence of super emitters is included as a realistic fraction in the total airborne measured
emissions while super emitters may be either missed or accidentally be overrepresented in
ground surveys, (I1) the influence of non-O&G sources on total emission can be studied, and
(1) airborne quantification can cover large areas in a much shorter time compared to ground-
based quantification. We conclude that the top-down emission estimates derived here from
airborne surveys over larger regions support the previously published emission rate estimates
derived from ground-based bottom-up quantifications during the ROMEO 2019 campaign.
These results confirm that O&G methane emissions in 2019 were much higher than reported to
UNFCCC and estimated in EDGAR within our study domain.

Data availability. In-situ measurements and outputs of model simulations along flight tracks
are available from Maazallahi et al. (2024a).

Code availability. MATLAB® codes for investigation of in-situ measurements from circular-
pattern and raster flights and outputs of model simulations are available from Maazallahi et al.
(2024b).
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