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27  Abstract

28  Production of oil and gas in Romania, one of the largest producers in the EU, is associated with
29  substantial emissions of methane to the atmosphere and may offer high emission mitigation
30 potential to reach the climate objectives of the EU. However, comprehensive quantification of
31 emissions in this area has been lacking. Here we report top-down emission rate estimates
32 derived from aircraft-based in-situ measurements that were carried out with two aircraft during
33 the ROMEO 2019 campaign, supported by simulations with atmospheric models. Estimates
34 from mass balance flights at individual dense production clusters, and around larger regions,
35 show large variations between the clusters, supporting the important role of individual super
36  emitters, and possibly variable operation practices or maintenance state across the production
37  basin. Estimated annual total emissions from the Southern Romanian O&G infrastructure are
38 227 + 86 kt CHq4 yr?, consistent with previously published estimates from ground-based site-
39 level measurements during the same period. The comparison of individual plumes between
40  measurements and atmospheric model simulations was complicated by unfavorable low wind
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41  conditions. Similar correlations between measured and simulated CH4 enhancements during
42  large-scale raster flights and mass balance flights suggest that the emission factor determined
43  from a limited number of production clusters is representative for the larger regions. We
44  conclude that ground-based and aerial emission rate estimates derived from the ROMEO
45  campaign agree well, and the aircraft observations support the previously suggested large
46  under-reporting of CH4 emissions from the Romanian O&G industry in 2019 to UNFCCC.

47 1. Introduction

48 Methane (CHa) is a potent greenhouse gas with more than 80 times the global warming
49  potential of carbon dioxide (COz) over a 20-year time horizon (Szopa et al., 2021).
50  Approximately 60% of global CH4 emissions are attributed to human activities, with roughly
51  one-third of them resulting from the Oil and Gas (O&G) industry (Saunois et al., 2020).
52 Reducing CH4 emissions from the O&G industry presents an easily accessible and cost-
53  effective mitigation option (Shindell et al., 2021). Given the relatively short lifetime of CHa in
54 the atmosphere (= 10 years), such measures would lead to substantial climate benefits in both
55  the near- and long-term future (Shindell et al., 2021;Collins et al., 2018). Scenarios that are
56  compatible with the goal of the Paris Agreement (UNFCCC, 2015) to limit global warming to
57  2°C, preferentially to 1.5 °C all include substation reductions in CHa, and the current growth
58 in CHa is incompatible with reaching this goal (Nisbet et al., 2020).

59 Improving our understanding of CHs emissions from the O&G industry requires
60 comprehensive and accurate emissions measurements using a combination of approaches.
61  Several studies, mostly in North America, consistently show that national inventories, which
62  rely on multiplying activity data with generic emission factors, tend to underestimate CHa
63  emissions from the O&G industry (Allen et al., 2013;Brandt et al., 2014;Harriss et al.,
64  2015;Johnson et al., 2017;Alvarez et al., 2018;Weller et al., 2020).

65 CHa emissions can be quantified using top-down or bottom-up approaches. Top-down
66  approaches use ambient CHs mole fraction measurements from aircraft, tall towers, weather
67  stations or satellites, combined with models to estimate the total CH4 flux rate at different scales
68 (i.e., site-level to regional or country-level). These approaches ensure that emissions from all
69  sources are captured. Other techniques, such as the use of ethane (C2Hs ) and the isotopic
70  composition of CHa as tracers, can help attribute CH4 emissions to O&G industry or other
71  sectors (Rockmann et al., 2016;Lopez et al., 2017;Mielke-Maday et al., 2019;Maazallahi et al.,
72  2020;Luetal., 2021;Menoud et al., 2021;Gonzalez Moguel et al., 2022;Fernandez et al., 2022).
73  Bottom-up approaches involve direct measurements of emissions usually at the source or
74 component-level which are then extrapolated to larger scales using statistical methods.

75 The emission data reported to the United Nations Framework Convention on Climate
76  Change (UNFCCC) for the year 2021 reveal that Romania ranks among the European Union
77  (EU) countries with the highest annual CH4 emissions from the O&G activities, following
78  closely behind Italy and Poland. The International Energy Agency (IEA) estimates that
79  Romania contributes the highest CH4 emissions from the O&G industry among the EU-27
80  countries (IEA, 2023). In light of the recent provisional agreement of EU methane regulations,
81  which impose new requirements on the O&G industry for measuring, reporting, and mitigating
82  CHsemissions (European-Commission, 2023), there is an urgent need to understand the extent
83  and magnitude of emissions. This is particularly relevant for countries like Romania, where
84  emissions are substantial but understudied, and addressing them is crucial for achieving EU
85  climate objectives.

86 The ROMEO (ROmanian Methane Emissions from Qil and gas) project was designed
87  to provide independent scientific measurement based CH4 emission estimates for the O&G
88  producing regions in Romania (Stavropoulou et al., 2023). The first phase of the ROMEO
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campaign took place in October 2019, covering large production areas in southern Romania
that are mostly associated with oil production. 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 ROMEQO 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 ROMEO 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, productions asset types, status and
age of the facilities were received from the largest operator in the region. This information
covers the majority of the total sites in the survey region, where 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). Both production clusters and regions were targets
for the quantification approaches in the ROMEQO 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.

Regions (Rs) and Clusters (Cs) Boundaries
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117  Figure 1. Regions (grey polygons) and clusters (red polygons) that were targeted during the
118 ROMEO 2019 campaign, circular or raster flights were performed within or around these
119  boundaries. Black symbols are individual sites of the O&G production infrastructure.
120 2.2. Aircraft-based in situ measurements
121 Two aircraft were deployed during the ROMEO 2019 campaign, a BN2 aircraft
122 operated by the National Institute for Aerospace Research "Elie Carafoli" (INCAS) and a two-
123  seater Mooney aircraft operated by Scientific Aviation (SA) Inc. On the Mooney aircraft, in-
124 situ measurements of CHa, C2Hs, carbon dioxide (CO2), wind speed and direction, and relative
125  humidity were continuously logged at 1Hz frequency. CoHs and CO2 were measured with
126 AERIS Pico Mobile LDS and Picarro G2301-f instruments and both instruments measured CH4
127  individually. On the BN2 aircraft, CH4, CO. and carbon monoxide (CO) were measured at
128  about 0.3 Hz frequency using a G2401 analyzer (Picarro Inc).
129 Two sets of flight patterns were performed, mass balance flights circling around target
130 areas (Fig. 2, left) and raster flights scanning the areas at a pre-selected observation density
131  (Fig. 2, right). During the 18 individual mass balance flights with the SA aircraft, the target
132 emission locations were circled at different altitudes to map the extent of the emission plume
133 (s), both vertically and horizontally. The emission rates were then calculated from the
134 measurements of CH4 mole fraction and wind speed and direction in the mass balance approach
135  (see below). The BN2 aircraft was used to map possible emission sources over more extended
136 areas. The lack of wind measurements from this aircraft precludes a direct emission
137  quantification using the mass balance approach. These extended areas were surveyed in raster
138  patterns perpendicular to the prevailing wind (Fig. 2b). In addition to the identification of larger
139  sources, these measurements are also used to derive indirect emission rate estimates by
140  comparison to model simulations (see below).
141
SA Measurements, Region 7, Clusters 3 and 4, 18 Oct. 2019 INCAS Measurements, Region 6, 12 Oct. 2019
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143 Figure 2 — Examples of a mass balance flight (a) and a raster flight (b) during the ROMEO
144 2019 campaign. Black symbols are individual sites of the O&G production infrastructure. The
145  mass balance flight circled around two production clusters located in close proximity and the
146  raster flight covers a larger region. The color scale represents the CH4 mole fraction.
147 2.3. Model simulations
148 In order to support the emission quantification from the aircraft measurements, we
149  simulated atmospheric composition and transport over Romania using two numerical mesoscale
150  atmospheric chemistry and transport models: COSMO-GHG operated by the Swiss Federal
151  Laboratories for Materials Science and Technology (EMPA) and MECO(n) operated by the
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152 German Aerospace Center (DLR). COSMO-GHG is based on the regional numerical weather
153  prediction and climate model COSMO-CLM (Baldauf et al., 2011) and includes the GHG
154  extension (Jahn et al., 2020;Brunner et al., 2019) for the simulation of (nearly) passive trace
155  gases such as CHs. MECO(n) features an on-line coupling of the global chemistry-climate
156  model EMAC with the regional chemistry-climate model COSMO-CLM/MESSy (Kerkweg
157  and Jockel, 2012). The COSMO-GHG simulations were nudged to the hourly wind data from
158 the ERAGS reanalysis product of the European Centre for Medium-Range Weather Forecasts
159 (ECMWEF) (Hershach et al., 2023). In MECO(n) the global model (EMAC) was nudged by
160  Newtonian relaxation towards the operational analysis data from ECMWF (see (Nickl et al.,
161  2020) for more details).

162 These two models were used to simulate the evolution of the CH4 mole fraction arising
163  from emissions from active O&G assets, including individual wells and larger facilities in time
164  and space. For setting up the model simulations, each site was assigned an emission rate of 1 g
165  s%(3.6 kg hr't). For COSMO-GHG, the model resolution was 2 x 2 km?, and the meteorological
166  and compositional boundary conditions were provided from global scale modeling results
167  obtained with the ECMWF/CAMS system. The MECO(n=3) set-up comprised four model
168 instances (see (Klausner et al., 2020) for a detailed description of a similar model set-up). The
169  first is the global model instance EMAC with a resolution of T42L90MA (corresponding to
170  around 280 km spatial resolution). In the global model, three COSMO-CLM/MESSy instances
171 were nested on-line with approx. 50 km resolution, approx. 7 km resolution, and the same 2 x
172 2 km domain as applied for COSMO-GHG, respectively. In the applied MECO(3) set-up, we
173  used a parameterized chemistry of methane (Winterstein and Jockel, 2021)with monthly mean
174  OH fields from previous simulations with comprehensive interactive chemistry. In the first,
175  second, and third MECO(3) model instance we prescribed all anthropogenic and natural
176  emissions of methane, in order to achieve realistic boundary conditions of methane for the finest
177  resolved instance. In this instance the emissions were used as described below. The model
178  outputs provide atmospheric CH4 mole fractions fields as well as meteorological parameters at
179  atemporal resolution of 20 min (COSMO-GHG) and 1 hr (MECO(3)). For MECO(3), only the
180  results of the finest instance are considered here for further analysis. To be able to attribute
181  emissions to certain emission clusters, we transported 33 individual “CHj4 tracers” based on 3
182  inventories. 21 of these tracers represent the emissions of individual clusters and regions, and
183  in some cases even represent gas and oil emissions separately. To limit the number of tracers,
184  one tracer represents the emissions of one or two clusters and one or two distant regions,
185  assuming that they are sufficiently far away. This allows us to separate the signal of each cluster
186  flown over or circled around.

187 2.4. Emission inventories

188 To drive the simulations and interpret the data we use information from various
189  emission inventories. (1) The most granular dataset is based on information on the production
190 infrastructure provided by the oil and gas operator. It consists of about 6000 individual
191  production-related locations in the Southern part of Romania. We will refer to this dataset as
192  the “O&G_operator” dataset. In order to convert this to an approximate emission inventory, we
193  divided reported emissions for Romania by the number of emission locations and assigned the
194  result as average emission rate to all of these locations. Coincidentally, this average value is
195 close to 1 g s site’? (3.6 kg hrsite’?), which was used as prior emission rate in the model
196  simulations. (2) The TNO_GHGco inventory (Denier van der Gon et al., 2018) includes
197  emissions from all available sectors at 5 km x 5 km resolution. (3) The European Pollutant
198 Release and Transfer Register/Industrial Emissions Directive (E-PRTR/IED) inventory (E-
199 PRTR, 2023) includes major point sources and was used to identify major farm and landfill
200  methane emitters within the study areas (Figure S2 in the Sl). (4) The TNO - Copernicus



https://doi.org/10.5194/egusphere-2024-2135
Preprint. Discussion started: 9 August 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

201  Atmospheric Monitoring Service European Regional Inventory (TNO-CAMS) (Kuenen et al.,
202  2022) and (5) the Emissions Database for Global Atmospheric Research (EDGAR, 2023)
203  inventories were used to calculate the percentage of O&G emissions to total emissions in the
204 target areas.

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

209 2.5. Analysis of simulated meteorological quantities

210 The meteorological conditions during the ROMEO campaign were not ideal for
211  emission quantification due to the low wind speeds. This complicated the use of a model —
212 measurement comparison for the raster flights, which we had planned to use to derive
213 quantitative emission information. To assess the model performance in terms of meteorological
214  conditions during the individual flight days, we compared the meteorological output of the
215  models with each other, with ERA5 reanalysis data, and with the meteorological information
216  recorded during the Scientific Aviation flights. The rationale is: when the models do not agree
217  on the general meteorological conditions in a target region, we also expect diverging CH4
218  concentration distributions, which would hamper quantitative comparison to the measurements.
219  Onthe other hand, when the meteorological conditions are simulated consistently, there is more
220  confidence that the transport is simulated adequately as well, thus the simulated and observed
221  CHg plumes may be used to derive emission information.

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

230 2.6. Emission quantification: Mass balance approach

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

238 The mass balance approach returns total CH4 emissions for the target areas. For the
239 intense production clusters, the emissions are in most cases dominated by the O&G production
240  infrastructure. Therefore, we assigned 100% of the emissions in the clusters to O&G
241  production, except for clusters which contained a landfill and/or large farm, as included in the
242  E-PRTR inventory. In particular, only one significant landfill was identified in R6C6, and the
243 emissions reported from this landfill were deducted from the measured flight quantification.
244 For the larger areas, the contributions from other sectors can be substantial. To infer emissions
245  related to O&G operations from the total measured emissions, we estimated the emissions from
246  non-O&G sources in the target areas using the TNO-CAMS inventory and subtracted these
247  from the total measured emissions. We repeated the same process using the EDGAR inventory.
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248  These O&G related emissions were then divided by the number of active O&G infrastructure
249  elements in the target area to derive an emission factor per site for that cluster or region. This
250 includes active production sites, processing sites, compressor stations, and other active sites,
251  which all contribute to the measured emissions. Possible emissions of non-producing sites are
252  notincluded in our estimates, as they are likely smaller (on average) than the ones of producing

253  sites.

254 2.7. Emission quantification: Measurement - model comparison

255 2.7.1. Mass balance flights

256 The simulated CH4 distributions were evaluated along the flight tracks in order to

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

269 2.7.2. Raster flights

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

280 3. Results and discussion
281 3.1. Mass balance quantifications

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

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

300 The emission factors (EF) provided in Table 1 are calculated using the number of total
301 active (e.g. producing, or operating) infrastructure elements within the target regions, because
302  the measurements do not allow us to distinguish between different parts of the infrastructure.
303  The emission factors vary widely among the individual clusters, from 1.0 to 20 kg hr? site™.
304  This is partly due to the inhomogeneous distribution of the emissions, where few sites are
305  responsible for a large share of the emissions. A contributing factor is that each quantification
306 yields an emission estimate for the specific moment in time of the measurement. The variability
307 in our cluster-specific emission factors may partly represent the episodic tendency of O&G
308  super-emitters. However, given the generally large number of infrastructure elements within
309 the target regions, the reported numbers should still reflect representative averages for the
310  clusters and regions, also over longer periods. Note that the timing of our measurements is
311  random, and the total facility sample size (N=4358, including duplicates, see below) is large.
312  To address the challenge of emissions' variability and inhomogeneity, we employ a weighted
313  averaging approach based on facility numbers.

314 Table 1 shows that over all mass balance flights around production clusters and larger
315  regions, a total of roughly 31,700 kg hr* of CH. emissions were quantified. Dividing this by
316  the number of active facilities in the target regions (4358) would lead to an emission factor of
317  7.3kghr!site. However, this number is biased high for two reasons: i) not all of the measured
318  emissions originate from the O&G production facilities, in particular for the large regions, and
319 i) there is some “double” or even “triple counting” of sites. Specifically, the emission from the
320 larger regions R5a and R7 were quantified twice, and the sites in the quantified clusters of R7
321  contribute to the emissions from the clusters and the regional flights. Note that the activity
322 factors are also counted several two or three times in this case, so the calculations are still valid,
323 but sites that are quantified multiple times have more weight in calculation of the EF.

324 To exclude double or triple counting emissions from the same facilities, we estimate an
325  EF based solely on the larger region quantifications for R5a and R7. In the case of regions R4,
326  R8 and R6 where no regional quantification was performed or regional quantifications were
327  unsuccessful, we aggregate the emissions from the individual production clusters. When we
328  remove the double counting and account for emissions from other sources as explained above,
329 the total emissions quantified over these mass balance flights are 13,216 + 4932 kg hr'!, which
330 results in a facility-weighted emission factor of 5.3 + 2.0 kg hr? site?. We note that these
331  estimates from the mass balance flights represent a large fraction of the O&G infrastructure in
332  the Southern Romanian region (2516 total sites, Table 1) and are thus statistically representative
333  of the area.

334 By design, regions with more sites contribute more to facility-weighted emission factors
335 than regions with less sites. In our case, region R5a has nearly twice as many facilities as the
336  next most densely populated region and thus carries the largest weight in the calculations. We
337  recall that the weather conditions during the ROMEO campaign were not ideal for large scale
338  mass balance quantifications. It is possible that the area mass balance quantifications in the flat
339  and arid region R5a in Southern Romania may be biased slightly low due to partial loss of CH4
340  out of the boundary layer during the hot and convective conditions, or due to the fact that stable
341  transport conditions had not yet established over the large regions (e.g. not all emissions in the
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342  region had time to leave through the downwind edge where the measurements took place). In
343  addition, the results from the region R5a flights were affected by upwind emissions.

344 For flights around dense production clusters with 100% O&G contribution, the
345  weighted average emissions factor is 4.4 + 1.7 kg hr! site™X. This aligns with the estimate from
346  the large regions within the uncertainty ranges (EF of 5.3 + 2.0 kg hr? site’?, Table 1),
347  considering the differences in the number of facilities included in each estimate (N=1570 for
348  the clusters and N=2516 for the large regions). These estimates also agree within the errors with
349  the 5.4 (3.6 — 8.4) kg hr! il production site (95% CI: 3.6 — 8.4) reported from the ground-
350  based measurements by Stavropoulou et al. (2023) for oil production sites. The estimate derived
351  from the cluster flights encompasses a total of 1570 facilities, compared to up-scaling from
352  about dedicated measurements at 178 oil production sites in Stavropoulou et al. (2023). The
353  emissions quantified with the aircraft include all facilities in a certain region or cluster, not only
354  the production facilities. Other facilities include facilities that may emit more than an individual
355  well (e.g. oil parks) but also facilities that emit less (e.g. injection or disposal facilities). If the
356  co-produced gas from oil production sites is already vented at the production sites as reported
357 in (Stavropoulou et al., 2023), then the production sites may indeed be larger emitters than the
358 average, because most of the gas already escapes at the production site.

359 As the campaign airport was located close to the city of Ploiesti in region R7, the
360  majority of cluster quantifications were carried out in R7 for logistical reasons and many of the
361  dense production clusters in R7 were quantified. This allows us to compare the sum of the
362  emission rates determined from cluster quantifications to the emission factors from regional
363  quantifications. The cluster flights in region R7 quantified a total of 377 O&G sites, which is
364  75% of the 500 sites that were quantified in the regional flights. The quantified emissions from
365 the cluster flights (3828 + 1199 kg hrl) amount to 54% of the total emissions quantified in the
366  regional flights, after subtracting non-O&G emissions (about 7038 + 1769 kg hr! from two
367  independent flights, Table 1). This indicates a possible underestimate of non-O&G emissions
368 in the inventories for R7, which includes the large city of Ploiesti. Alternatively, some super-
369  emitters may exist outside the quantified clusters, which would increase the regional estimate.
370  Nevertheless, the region and cluster slights show a reasonable level of consistency in region
371  R7. The emission factors further support this alignment, with the weighted sum of the clusters
372 being equal to 10.2 + 3.2 kg hr site™ compared to about 14.1 + 3.6 kg hr! site™* for the regional
373  flights.

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

379 When we use the derived emission factor of 5.3 + 2.0 kg hr site™! and scale this up to
380 the entire production basin in Southern Romania with more than 4900 active sites, annual
381  estimated emissions estimated at 227 + 86 kt CH. yrl. If the derived EF also applies to the
382 infrastructure in other parts of Romania the inferred country-scale emission rate from about
383 7400 active sites in 2019 is 344 + 130 kt CHa4 yr’. Reported emissions to the UNFCCC for
384  Romania in the category 1.B: Fugitives include 53 kt CHa yr! for activity 1.B.2.b Natural Gas,
385  38.2 kt CH4 yr? for 1.B.2.c Venting and Flaring (oil, gas, combined oil and gas) and 10.4 kt yr
386 ! for1.B.2.a Oil (UNFCCC, 2023b). This adds up to 101.6 kt CH4 yr, about 3 times less than
387  our estimate. Our estimate does not include emissions from infrastructure operated by other
388  operators, for example the large gas production region in the Transylvanian Basin. An intensive
389  ground-based study has been carried out there and the results are in preparation for publication
390  (Jagoda et al., in preparation, 2024).
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391 For comparison, we repeated the analysis using the EDGAR inventory to estimate non-
392 O&G sources for the large regions (see Sl, Table S6). After removing double counting and
393  adjusting for emissions from other sources as described previously, the total emissions
394  measured attributed to O&G production are 12,732 + 4932 kg hr. This is slightly lower than
395  the total emissions estimated using the TNO-CAMS inventory 13,216 + 4932 kg hr'!, indicating
396  alarger fraction of non-O&G sources in the EDGAR inventory. The inferred O&G emissions,
397  taking into account the non-O&G emissions from the EDGAR inventory result in a facility-
398  weighted emission factor of 5.1 + 2.0 kg hr? site’?, consistent with the 5.3 + 2.0 kg hr? site?
399  when using TNO-CAMS for the non-O&G sectors. It is important to note that the inventory
400  estimates for the non-O&G sectors do not differ strongly between EDGAR and TNO-CAMS
401 in the regions where we apply the corrections. However, this is not the case for all regions in
402 the southern Romanian production basin. Table S7 in the Supplement shows that the
403  discrepancies between the two inventories can become large. Specifically, in EDGAR, the non-
404  O&G emissions are higher than those in TNO-CAMS, nearly double in some cases. Moreover,
405 O&G emissions are very low in EDGAR, whereas they contribute to almost half of the
406  emissions in TNO-CAMS. Because of this more balanced contribution from all sources, we use
407  the estimates from TNO-CAMS for our central emission factor estimate and for the upscaling.

408 Table 1 - Measured emission rates (ER) and estimates of the O&G related fraction of total CH4
409  emissions in target regions and clusters. “Non-O&G emissions (kg hr)” are extracted from
410 the TNO-CAMS inventory for the target regions and are used to derive ERs from the O&G
411  industry in the area (“O&G emissions ”). The last column shows the emission factor (kg CHa
412 hrtsitel). Numbers in bold are used for upscaling to the national scale (see text for details).

Flight ID LS # facilities | # wells leorﬁls:f;?ss Lzlr(ed ’:r?lr:sgf:g emci)ii%ns =3
9 region/cluster hrl) g (kg hrY) (kg hrY) (kg ht site’?)

SAOL R7 496 337 | 851742007 1388 | 712942007 | 14442
SA02 R7 504 343 | 83351440 1388 | 6947 +1440 | 138+29
SA03 R5a 827 654 | 4556+ 2570 772 | 3784+2570 | 46+3.1
SA04 R5a-small 818 642 2920 + 935 374 2516+935 | 3111
SAO5 R6C2C3C4 471 379 1729 + 912 - 1720£912 | 3719
SA06 R7C3C4 124 92 1481 + 287 - 14814287 | 11.9+23
SA07 R7C2 71 44 1395 £ 546 - 1395+ 546 | 196+7.7
SA08 R7VentArea 67 41 602 + 209 - 602+£209 | 9.0+31
SA09 R4CS 390 347 477 £ 106 - 477106 | 12+03
SAL0 R6C6 29 16 469 + 170 130% 339+170 | 11.7+59
SALL R7Vent 37 20 266 + 113 - 266+113 | 7.2+3.1
SAL2 R7C5 59 45 259 + 47 - 259 + 47 44+08
SAL3 R4C2C3 247 186 246 + 89 - 246 + 89 1.0+0.4
SAL4 R6C5 27 21 131 +85 - 13185 49431
SAL6 R8C1 29 19 90 + 49 - 90 + 49 31417
SAL7 R7C8 48 43 78+ 101 - 78 £ 101 16+2.1
SA18 R7C1Facility 8 5 13£9 - 13£9 16+11

Weighted mean, everything 4358 3303 | 31667+ 10039 x g 63422

10
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No double counting 2516 1956 * 1, tt 13216 + 53+20
4932

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

+ accounting for landfill within R6C6

11 excluding cluster quantifications in R7

413 3.2. Qualitative information from measurement - simulation comparisons
414 3.2.1. Example comparison of meteorology and CH4 for a mass balance flight
415 Figure 4 shows an example of a comparison between measurements along the SA mass

416  balance flight from October 17, 2019, with results from the COSMO-GHG and MECO(3)
417  models. The top two panels show simulated and measured CHa mole fractions along the flight
418  track and the bottom two panel shows the vertical CH4 profiles in the simulations along the
419  flight track above the changing orography (black). During this flight, 4 different clusters and
420  combinations of clusters were circled multiple times at different altitude; the flight altitude is
421  included in the bottom panels as dashed black line. The repeating orographic patterns guide the
422  eye in following the circular flight patterns around the clusters and are numbered in white. The
423  colored contours illustrate the vertical CH4 profiles along the flight track. The measured plume
424 in the first, largest, cluster is captured relatively well by the simulation for some of the cycles,
425  but during some cycles the flight track is partly above the boundary layer in the models and the
426  peak is not fully captured. During cycles 4 and 5, the observations suggest that the aircraft was
427  flying above the boundary layer also in reality, but one sharp, narrow peak was still observed
428  after the highest orographic peak in the measurements, which is missing in the simulation. For
429  the second cluster that was cycled 12 times, the COSMO-GHG model captures the plumes
430  better than the MECO(3) model. For both models, the simulated and measured CH4 mole
431 fractions show a consistent transition out of the boundary layer in cycles 7-9, indicating a good
432  representation of the boundary layer height in the models. For the third cluster, the models are
433  missing the large, sharp peaks, indicating missing emissions in this cluster. In addition, the
434  MECO(3) model simulates higher plumes when the flight track was in the model boundary
435  layer, but lower plumes when the flight track was outside the boundary layer. For the last
436  cluster, the simulated and measured elevations are small and relatively consistent for COSMO-
437  GHG, but the MECO(3) model simulates some larger plumes spanning more than one cycle,
438 indicating larger scale upwind contamination, which was also documented in the observations.

11
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440  Figure 3 — Measurements and simulation results of (a&b) CHz mole fraction along the flight

441  track, and (c&d) the vertical CH4 profile along the flight track as simulated by the COSMO
442  model (a&c) and the MECO(3) model. Model background fields are shown as dashed lines in
443  a&b. Panel c&d also include the flight track as black dashed line, and the black contour at the
444  bottom shows the orography in this mountainous terrain; the repeating patterns illustrate
445  individual cycles around the clusters R6C2C3C4, R6C5, R6C6 and R6C7, cycles are numbered
446  in white. The flight around cluster R6C7 did not allow successful emission quantification
447  because of an upwind influence and is therefore not included in Table 1.

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

454 3.2.2. Model performance in terms of meteorology

455 As mentioned above, the low winds during the campaign period presented difficult
456  meteorological conditions for emissions quantification. We performed a thorough
457  meteorological analysis to identify days when the meteorological conditions agree well between
458  the two models and the measurements. The results are shown in S.1 in the S, which illustrate
459  that it was not possible to identify days when the meteorological conditions agree well between
460  the two models and the measurements. Therefore, it was decided not to focus on individual days
461  or flights. Rather, in the following we compare the measured and simulated plume areas
462  statistically across all available flights. This is done to investigate whether correlation of
463  measured and simulated CH4 enhancements from the raster flights, which cover a wider region,

12
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464  is similar to the one for the individual plumes quantified during the mass balance flights. The
465  analysis, which is described in the section below, can also possibly identify regional differences
466  and be used to derive approximate scaling factors for the raster flights in comparison with the
467  mass balance flights.

468 3.3. Measurement - model comparison of plume areas for mass balance flights

469 We first evaluate individual plume-level data from the mass balance flights, because for
470  these flights we have measured emission rates from the mass balance approach. Thus, we can
471  compare the measured and simulated plume areas and derive a correction factor for the emission
472  rates assumed in the model that would bring the measured and simulated plumes to agreement.
473  Fig. 4 shows the comparison of the observed and simulated plume areas for 190 individual
474  plumes evaluated from the SA mass balance flights and COSMO-GHG and MECO(3) models,
475  respectively.

476 For mass balance flights around production clusters, each circle around a cluster results
477  in one or few down-wind plumes (which are integrated in our analysis), but for mass balance
478  flights targeting larger regions, numerous well-separated plumes can generally be quantified
479  fromasingle circle. The high scatter in the comparison between simulated and measured plume
480 areas can be ascribed to a number of factors, for example: i) large variability in actual emissions
481  from different source areas (here: production clusters), including the important role of super
482  emitters, ii) difficult meteorological conditions with low wind leading to variable plume
483  representations, both in the real atmosphere and in the model, iii) over- or underestimates
484  associated with the dynamics of the planetary boundary layer, and iv) variable measurement
485  distance from the emission points. The scatter in the comparison of plume areas with MECO(3)
486  results is even larger than for the COSMO-GHG model. This is ascribed to the fact that the
487  meteorological fields in COSMO-GHG are nudged to observations, whereas MECO(3) nudges
488  only the global model instance, implying more degrees of freedom within the nested instances
489  to develop their own (sub-synoptic) meteorological situation which might deviate from the data
490  used for nudging. Indeed, the meteorological evaluation (See S.1 in the SI) shows that the
491  meteorological fields in COSMO-GHG (directly nudged) are closer to the observed
492  meteorological parameters than for MECO(3), as expected.

493
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495  Figure 4 - Comparisons between plume areas calculated from measurements and simulations
496  with COSMO-GHG (left) and MECO(3) (right). Blue dashed lines show linear fits to all data
497  and red dashed lines linear fits to the plumes from the clusters only, without the points from
498  the larger regions. Plots zooming in on the region of plume areas up to 2000 ppm * m are
499  shown Figure S1 in the SI.
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500 Nevertheless, despite the variability, it is evident that most of the points fall well below
501 the 1:1 line, which means that the simulated plume areas along the flight track that were
502  generated with an assumed emission factor of 1 g s?site™, thus 3.6 kg hr? site’!, generally
503  underestimate the measured plume areas. The further the points fall below the 1:1 line, the
504  higher the implied mismatch in the emission rate that was assumed in the model. A linear fit to
505 all the measured and simulated plumes has a slope of 0.44 for COSMO-GHG, and 0.78 for
506 MECO(3). When we exclude the points from the larger regions, where the measured plumes
507 are often further away from the source regions, the slopes change slightly to 0.56 for COSMO-
508 GHG, and to 0.62 for MECO(3). This suggests that the assumed emission rate in the model is
509 on average underestimated by about a factor of 2. However, quantitative interpretation is
510  problematic in this approach, since the slope of the linear fit is largely determined by a relatively
511  small number of plumes with large plume areas. Furthermore, the sampling is biased towards
512  clusters where more circles were flown (i.e., circles at more altitude levels), and does not
513  consider the number of facilities per cluster. In addition, there may be systematic biases in the
514  models, e.g. due to model resolution or meteorological conditions (as discussed above), that
515 lead to smaller plume areas in the models compared to the measurements. For the present
516  purpose, we will compare the slope of observed and simulated plume areas from the mass
517  balance flights determined here with the slope of observed and simulated CH4 enhancements
518  from the raster flights in section 3.4.2 to investigate whether the enhancements observed during
519 the raster flights qualitatively agree with the ones from the mass balance flights.

520 3.4. Measurement - model comparison of plume areas for raster flights

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

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

548 4. Conclusions

549 Airborne measurements of methane performed from two aircraft during the ROMEO
550 2019 campaign were evaluated to obtain emission rate estimates representative for production
551  clusters and larger regions in the O&G production basin in Southern Romania. Emissions
552  determined from a mass balance approach yield a wide range of instantaneous emission factor
553  estimates between different clusters, supporting the heterogeneity of emissions across
554  individual sites, regions and time. Assessment of the O&G emissions from flights around larger
555  regions is difficult because of the unknown contribution of emissions from other sectors. From
556  mass balance estimates covering a total of 2516 sites, using the TNO-CAMS inventory to derive
557  emissions from non-O&G sources for the large regions, and assuming 100% of the observed
558  emissions in the smaller clusters to originate from O&G production, we derive total emissions
559  of 13,216 + 4932 kg hr! for the covered regions in Southern Romania. This results in a facility-
560  weighted emission factor of 5.3 + 2.0 kg hr? site, consistent with the previously published
561  estimate from ground-based quantifications of 5.4 kg hr? oil production site? (range 3.6 — 8.4
562 kg hr! site™, (Stavropoulou et al., 2023). The facility-weighted average for 1570 facilities in
563  dense production clusters, where we are certain that the dominant contribution is from the O&G
564 infrastructure is 4.4 + 1.7 kg hr? site’?, aligning with the estimate from larger regions. Using
565  the of EF 5.3 kg hr site™ to scale up to the national scale results in an annual emission rate
566  estimate of 344 + 130 ktons CHa4 yrt, which is about three times higher than the UNFCCC
567  reported national emissions from the O&G industry for Romania. Mole fraction measurements
568 carried out in raster flight tracks over wider areas lacked meteorological measurements and
569  therefore could not be used to derive direct estimates of emission rates. To support the
570  evaluation, simulations with two numerical atmospheric models were carried out and the
571  simulated CHs4 fields were compared with the measurements. Due to the difficult
572  meteorological conditions, direct quantitative evaluation remains challenging, but the
573  comparison of observed and simulated enhancements consistently suggests that the prior
574  emission rate of 3.6 kg hr? site’? used in the models is too low. In addition, the correlation of
575  measured and simulated CH4 enhancements for the raster flights over larger areas is consistent
576  with the correlations observed in mass balance flights around well-defined production clusters,
577 indicating the validity of the derived emission factors for a large part of the southern Romanian
578  O&G production region. We conclude that the top-down emission estimates derived here from
579  airborne surveys over larger regions support the previously published emission rate estimates
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580  derived from ground-based bottom-up quantifications during the ROMEO 2019 campaign.
581  These results confirm that O&G methane emissions in 2019 were much higher than reported to
582 UNFCCC.

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

585  Code availability. MATLAB® codes for investigation of in-situ measurements from circular-
586  pattern and raster flights and outputs of model simulations are available from Maazallahi et al.
587  (2024b).
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