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Abstract. Reducing methane emissions from the oil and gas production infrastructure is a cost-effective way for
limiting global warming. In 2019, a measurement campaign in southern Romania found emission rates from the
oil and gas sector substantially higher than the nationally reported emissions, with a few high-emitting sources
(“super-emitters”) contributing disproportionately to total emissions. In 2021, our follow-up airborne remote
sensing campaign, covering over 80 % of production sites, revealed a marked decrease in super-emitters. The
observed change in the number of emitters is consistent with an emission reduction by 20 %—60 % from 2019 to
2021. This reduction is likely due to improvements in production infrastructure following the first campaign in
2019. This is further supported by additional site visits, which showed that many of the leaks identified in 2019
had indeed been mitigated. However, our top-down quantification remains higher than the bottom-up emission
reports. Our study highlights the importance of measurement-based emission monitoring of climate change miti-
gation measures and illustrates the value of a multi-scale assessment integrating ground-based observations with
large-scale airborne mapping to capture both the primary mode of emission sources and the rare, but significant,

super-emitters.

1 Introduction

In 2015, the United Nations Climate Change Conference
(UNFCCQC) in Paris agreed to limit global warming well be-
low 2 °C, which requires massive reductions in greenhouse
gas (GHG) emissions (UNFCCC, 2015). Methane (CHy) is a
major contributor to global warming and an attractive near-
term target for climate change mitigation. In 2021, this was
acknowledged in the Global Methane Pledge (GMP) (Euro-
pean Commission and United States of America, 2021). In
particular, CH4 emission reductions related to oil and gas

(O&G) infrastructure are considered ‘“no-regret” solutions,
as they have mainly positive effects and can often be realized
in a cost-effective way (Hopkins et al., 2016; McKain et al.,
2015). In the 27 EU states, CH4 emissions from O&G pro-
duction constitute about one-third of the total reported emis-
sions caused by the energy sector (UNFCCC, 2023a). The
International Energy Agency (IEA) estimates that Romania’s
onshore O&G production sector has the highest share of all
EU countries, contributing 16 % to the total onshore O&G
emissions (IEA, 2021), even after reported emissions have al-
legedly decreased by more than 85 % since 1990 (UNFCCC,
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2023b), However, reported CH4 emissions are highly uncer-
tain as direct CH4 emission measurements to independently
verify these numbers are lacking.

To close this gap, the ROmanian Methane Emissions from
Oil and gas (ROMEO) measurement campaign provided the
first independent estimates of CH4 emission rates from O&G
production in Romania. The campaign took place in Oc-
tober 2019 and covered the southern part of the country
with ground, drone and aircraft in situ measurements (Delre
et al., 2022; Korben et al., 2022; Stavropoulou et al., 2023;
Maazallahi et al., 2025). The national-scale emissions de-
rived from the campaign for oil production sites were al-
ready higher than the total reported emissions for the en-
tire O&G sector in Romania. Furthermore, 10 % of the sites
emitted more than 10kgh~!, accounting for more than 70 %
of the total emissions (Stavropoulou et al., 2023). To ac-
curately determine the total CHy4 emissions, it is therefore
critical to detect and quantify a statistically robust number
of “super-emitters”, i.e., those sources in the high-emitting
tail of the emission distribution that contribute significantly
to the total emissions. For the O&G sector in Romania,
this threshold is about 10kgh~!. Identifying a robust num-
ber of super-emitters is challenging with ground-based sur-
veys due to the large number of production sites and asso-
ciated infrastructure distributed over a vast and sometimes
difficult-to-access area. In 2021, we therefore deployed the
airborne AVIRIS-NG (Airborne Visible InfraRed Imaging
Spectrometer — Next Generation) imaging spectrometer in
southern Romania. AVIRIS-NG provides excellent spatial
coverage with a detection limit (> 10kgh~!) well-suited for
detecting the emissions of super-emitters (e.g., Thorpe et al.,
2013, 2017; Frankenberg et al., 2016; Foote et al., 2020; Bor-
chardt et al., 2021).

In this work, we present the results from the AVIRIS-
NG measurement campaign in 2021. The AVIRIS-NG mea-
surements are used to detect and quantify the largest CHy
sources in the study area. The results were integrated with
the ground-based data from 2019 to more accurately con-
strain the annual CHy4 emissions of the O&G sector in the
country.

2 Data and methods

2.1 AVIRIS-NG campaign in 2021

The AVIRIS-NG flights were conducted on Thursday 29 and
Friday 30 July 2021 over the same region as the ROMEO
campaign in 2019 (Fig. 1). AVIRIS-NG is a push-broom
imaging spectrometer sampling 600 pixels in the across-
flight direction over a 34° field of view (Hamlin et al., 2011).
This results in a ground pixel size of about 5 m for an altitude
of 6000 m above ground. The spectrometer samples a spec-
tral range from 380 to 2510 nm at 5 nm with a resolution of
5-7.5 nm full width at half maximum (FWHM). The spectral
range includes two spectral windows with CH4 absorption
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lines at 1.6 and 2.4 pm. The signal-to-noise ratio (SNR) in
these windows is about 400 for a solar zenith angle of 30°
and surface reflectance of 30 % (Cusworth et al., 2019).

The flights covered an area of approximately 3000 km?
that includes 66 % of known processing facilities and 82 %
of O&G production sites in the region. This translates to 582
processing facilities and 2805 oil and 299 gas production
sites (Table S3 in the Supplement). Weather conditions were
mostly cloud-free with low wind speeds of about 0.5ms™!
in the morning (08:00-10:00 UTC) of the first day that in-
creased to 3.0ms~! by noon and remained high on the sec-
ond day. Some lines were flown twice due to the presences
of scattered clouds during first data collection.

2.2 Methane retrieval algorithm
2.2.1 Matched filter

CHy4 enhancements were retrieved from the AVIRIS-NG ra-
diance cube using the well-established matched filter method
following the implementation by Foote et al. (2020). The
matched filter ¢ is a linear filter that is applied to each radi-
ance spectrum y; to obtain a scalar «;, which is the enhance-
ment in the CHy4 column density above the background (in
units of ppmm). For a linear radiance model, we can write
the product

Ty =q" - (n+ait+e), (1)

where p is the mean radiance spectrum, ¢ is the CHy tar-
get signature, and ¢ is the remaining clutter in the spectrum
including instrument errors and variability in the surface re-
flectance. The solution for the optimal matched filter maxi-
mizes the signal (second term in brackets) and minimizes the
clutter (third term). The CH4 column enhancement is then

(yi—i)"-S71-¢
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where ji and S are the mean vector and the covariance matrix
estimated from the radiance cube.

A suitable target signature ¢ can be obtained by computing
the change in the at-sensor radiance spectrum L, due to an
enhancement in CHy absorption using Lambert—-Beer’s law:

Le(A) = Lo(d)exp(—aes(2)), 3)

where s(1) is the unit absorption spectrum (in (ppmm)~')
and L.(A) and Lo(}) are the radiance spectra with and with-
out a CH4 enhancement. For a small absorption, Eq. (3) can
be approximated by

L(A) ~ Lo(A)+ Lo(M)as(2), “)

which, if Lo(2) is approximated by the mean spectrum g (1),
gives the target signature from Eq. (1) as

) = s(A) - (). 5
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Figure 1. Map with AVIRIS-NG flight lines in 2021 for four regions (A-D) with locations of super-emitters and O&G infrastructure.
Background map from the Copernicus Land Monitoring Service (GioLand/VHR_2018_WM).

The unit absorption spectrum s can be computed from
Eq. (3) as the change in the natural logarithm of at-sensor
radiance spectrum L, due to an enhancement of 1 ppm in the
surface layer:

InLo(A) —InL.(A)
o '

s(h) = (©)

In this study, we used a simplified but fast forward model
that ignores atmospheric scattering to compute the at-sensor
radiances (Lg and L) for a Lambertian surface:

L) = MoEo()»)g . e—’"((“%)fr(k)ﬂmm)’ o

with the cosine of the solar zenith angle w, solar irradi-
ance spectrum Eg (Coddington et al., 2021), surface re-
flectance (p = 1.0) and the geometric air mass factor for a
nadir-viewing instrument m. The CHy optical depth in the
surface layer (i.e., below 1000 m) is given by t;(A). tgg(A) is
the optical depth of all other gases including the part of the
CH4 column above the surface layer. x, is the CH4 enhance-
ment (in ppmv) above the CH4 background concentration x;,
i.e., xo = 0ppm for Lo and x, = 1 ppm for L.

The optical depth profiles are computed for a mid-latitude
summer reference atmosphere using the atmospheric radia-
tive transfer simulator (arts, Version 2.2; Buehler et al.,
2018) with absorption lines from the HITRAN 2012 database
(Rothman et al., 2013). The profiles are scaled to obtain
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column-dry-averaged CO; and CH4 mixing ratios of 416 and
1.90 ppm for 2021, respectively (NOAA, 2022). Surface el-
evation and aircraft altitude for computing the geometric air
mass factor are available from the AVIRIS-NG dataset.

Figure 2 shows an example of the unit absorption spectrum
computed with the above model equation (dashed line) for
the two spectral windows (1480-1800 and 2080-2450 nm)
used for the CHy retrieval. In addition, the range of the unit
absorption spectra computed with the detailed libRadtran ra-
diative transfer model (Emde et al., 2016) is shown for a
scattering atmosphere with varying aerosol optical depths
(AODs) and surface reflectance (RHO).

Application to AVIRIS-NG radiance cubes

We apply the matched filter simultaneously to both spec-
tral windows (i.e., 1480-1800 and 2080-2450 nm) shown in
Fig. 2 to minimize the noise in the retrieved CHy field. We
do not use a wider spectral window to avoid potential under-
estimation of CH4 enhancements as reported by Roger et al.
(2024).

The matched filter needs to be applied to each across-track
line of the AVIRIS-NG independently to avoid stripes in the
retrieved methane fields caused by small radiometric and
spectral calibration differences between these lines, which is
problem common to push-broom imagers. For short lines, we
combined across-track positions to have at least 7500 spectra
for an unbiased estimate of mean and covariance matrix.

Atmos. Chem. Phys., 25, 5371-5385, 2025
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Figure 2. Unit absorption spectrum computed with the non-
scattering model used in this study compared to libRadtran radiative
transfer simulations using different surface reflectance (RHO) and
aerosol optical depths (AODs) in two spectral windows.

The assumption that L( can be approximated by the mean
spectrum g results in a bias in enhancement « that needs be
corrected using a scaling factor. Foote et al. (2020) computed
the correction factor as the deviation of the radiance spectrum
from the mean spectrum:

Ly - St o ViR ®)
)

“0) Ri  (T.§1.¢
Since we apply the matched filter to two spectral windows
that can have different surface reflectance, we extend their
approach by computing a correction factor for each spec-
tral window separately, which removes biases if surface re-
flectance strongly differs in the two bands based on tests with
synthetic spectra. While the correction factor reduces biases
in the CH4 enhancements, it increases retrieval noise for dark
surfaces with a low signal-to-noise ratio (e.g., forests and wa-
ter). Note that the second effect can cause the CHy retrieval
to appear to depend on surface reflectance.

2.3 Emission quantification

CH4 emissions plumes were identified by visual inspection
of the retrieved CH4 maps. Local CHs enhancements were
classified as plume if they (a) were a cluster of pixels with
plume-like shape, (b) had significant enhancement above the
(local) background variability, and (c) did not correlate spa-
tially with surface reflectance or surface features. Once a
source had been identified, a plume detection algorithm was
used for plume segmentation (Kuhlmann et al., 2019, 2021).
The algorithm uses a threshold to identify pixels where the
local mean of the signals is significantly enhanced above the
background. The threshold was manually adjusted for each
plume to fully cover the visible plume and to avoid false
positives. A center line was fitted through the ridge of the
detected plume to provide natural coordinates of along- and
across-plume directions. The algorithms are part of the open-
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source Python library for data-driven emission quantification
(ddeq; Kuhlmann et al., 2024a).

The CHj4 emissions were determined from the de-
tected plume using the integrated mass enhancement (IME;
Frankenberg et al., 2016; Varon et al., 2018) method imple-
mented in the ddeq library (Kuhlmann et al., 2024a). The
IME method is a mass-balance approach derived from a
Gaussian plume model that computes the emission rate Q
from wind speed U, length L, and the integrated mass en-
hancement M in the emission plume P under the assumption
of steady-state conditions:

U U
Q L 2 e l(l t,BG) ()

where A; is the pixels size and V; and V; pg are enhancement
and background CHy4 columns of the ith pixel (in kgm™2). L
is the length of the plume, which is obtained from the arc
length of the center line from the source to the last detectable
pixel. U is the effective wind speed that would be computed
by weighting the wind profile with the CH4 concentration
profile (Kuhlmann et al., 2024a). Since concentration profiles
are not known in our study but many sources identified are
located at small vent stacks, the wind speeds were taken from
the 10m wind of the ECMWF operational analysis product
at ~ 10 km resolution. The uncertainty due to these assump-
tions is discussed below.

While the matched filter retrieves CH4 enhancements
above the background in the AVIRIS-NG lines, locally the
CHy background can deviate from zero, for example, due to
diffuse CH4 emissions in the area or small systematic er-
rors in the retrieval. Therefore, the local background field
Vi.pg was computed from the pixels surrounding the de-
tected plume using a normalized convolution with a Gaus-
sian kernel (o = 3 pixels), where we masked the convex hull
of the detected plume dilated by a disk kernel with a radius
of 3 pixels. The dilation was used to avoid overestimating
the background by including pixels from the emission plume
that were below the detection limit.

The integration area P contains all pixels of the plume
from the source location up to plume length L. We computed
the integration area as the convex hull of the detected pixel
mask dilated by a disk kernel (radius: 3 pixels), selecting an
integration area larger than the detected plume. This avoids
overestimating the integrated mass M when excluding pix-
els below the detection limit due to random noise inside the
detectable plume. Furthermore, it includes CH4 mass below
the detection limit at the plume edges to avoid underestimat-
ing the mass M. In the along-plume direction, the integration
area was limited to pixels with an along-plume coordinate
between 0 and L to not include pixels upstream of the source
and further downstream than L.

https://doi.org/10.5194/acp-25-5371-2025
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2.4 Estimation of uncertainty

The errors in the estimated emissions are due to errors in
the retrieved CH4 enhancements as well as errors in the
emission quantification method resulting from errors in the
background field, wind speed and plume length as well as
methodological limitations of mass-balance approaches such
as the assumption of steady-state conditions. These errors
can be spatially and temporally correlated, in which case they
would not reduce when, for example, integrating CH,4 pixels
or averaging multiple estimates of the same source. We as-
sume that errors in emission estimates of the same source
are mostly correlated because the error is dominated by the
representation error in the wind speed, i.e., the limited reso-
lution of the analysis product, which should be mainly driven
by local topography. As a consequence, we do not reduce the
uncertainty of estimated emissions for multiple estimates of
the same source but use the mean uncertainty instead.

2.4.1 Uncertainties in matched filter

The single sounding precision of CH4 enhancements was
computed from the AVIRIS-NG SNR by propagation of un-
certainty in the matched filter. A SNR of about 400 results in
a radiance uncertainty of about 12.5uyWm~2nm~'sr~!. The
CHj4 uncertainty depends on radiance levels due to the scal-
ing of the albedo correction resulting in larger values over
dark surfaces and lower values over bright surfaces. The me-
dian uncertainty is about 450 ppmm, in good agreement with
the standard deviation of the retrieved CHy4 field.

Errors in the CH4 enhancements are caused by simplifica-
tions used in the matched filter. We conducted detailed sen-
sitivity tests using synthetic spectra to quantify these errors.
The unit absorption spectrum s was computed by Eq. (7) us-
ing mean values for each line, while surface elevation, solar
and viewing zenith angles, aircraft altitude, and XCH4 back-
ground can vary during data acquisition. Figure 3a—e show
that the variability in these parameters during data acquisi-
tion does not have a strong impact (< 5 %) on the unit ab-
sorption spectrum and consequently the CH4 enhancements.
Note that solar zenith angle (SZA) does not vary significantly
for a line and the range shown here is considering all lines in
the campaign.

For a non-scattering atmosphere, surface reflectance does
not impact the unit absorption spectrum. To analyze the im-
pact of scattering, synthetic spectra were simulated with the
libRadtran model (Emde et al., 2016) for varying surface re-
flectance and two scattering scenarios. The first scenario only
includes molecular scattering setting aerosol optical depth
(AOD) to zero. The second scenario uses libRadtran’s de-
fault aerosol scenario with rural-type aerosols below 2km
and background aerosols above 2 km under spring—summer
conditions and a visibility of 50km. AODs were set to 0.10
in the two spectral windows (1.6 and 2.4 um) to simulate the
high aerosol load (up to 0.15 at 1.6 um at the AERONET
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station in Bucharest) due to the presence of Saharan dust in
the atmosphere (well-mixed below 4-5 km based on CAMS
forecast). Figure 3f shows no significant impact of molecular
scattering alone, while an AOD of 0.10 results in a ratio vary-
ing between 1.10 and 0.95 for a surface reflectance ranging
from 0.02 to 1.0. Since over darker surfaces (< 0.02), CHy
single sounding precision is too high for identifying plumes,
errors due to aerosols are expected to be smaller than &5 %
for the detected plumes during the campaign.

Further potential sources of errors are the computation
of mean vector ft and covariance matrix S. Since it and S
are computed from a single radiance cube acquired along a
flight line, it is necessary to have a sufficiently large num-
ber of spectra for unbiased estimates. Since the matched fil-
ter is applied for across-track position, the number can be
small for short lines. Sensitivity tests with synthetic spectra
showed that 7500 spectra are sufficient (i.e., < 2 % bias) for
an unbiased estimate of 100 pixels with CH4 enhancements
of 5000 ppm m.

The matched filter assumes that the unit absorption de-
pends linearly on the CH4 enhancement, which is not the
case for optical thick absorbers. The linearization results in
an error in the estimated CH4 enhancements that depends
on surface reflectance and the true enhancement. The bias is
generally small for enhancements measured during the cam-
paign (< 5 %) but can get large for high surface reflectance
(> 0.50) and strong enhancements (> 7000 ppm m), leading
to an underestimation of CH4 enhancements by 10 %—-20 %.
Other trace gases (CO, and H>O) were found to have no sig-
nificant impact on the unit absorption spectrum.

Other sources of errors in CHy retrievals are corre-
lations between the unit absorption spectrum and the
wavelength-dependent surface reflectance. These errors are
non-negligible due to the relative low spectral resolution of
the AVIRIS-NG instrument but are difficult to quantify (e.g.,
Ayasse et al., 2018). To avoid impact of surface features on
the result, visual inspection of the plumes included ensuring
that plumes are not correlated with surface features.

Overall, we estimate that the uncertainty in the matched
filter is less than 5 % for CHy4 fields near identified plumes,
taking into account, for example, the surface reflectance in
the area. We expect the uncertainty for a plume to be spa-
tially correlated. However, the correlation between sources
should be small, and even for multiple observations of the
same source, we expect only a weak correlation because the
plumes were detected in the overlapping region of different
AVIRIS-NG lines with different spatial coverage. For com-
parison, the single sounding precision is about 500 ppm m,
i.e., 10 % for an average plume size of 20 pixels and an en-
hancement of 1000 ppm m.

2.4.2 Uncertainties in the IME approach

The errors in the emission quantification method result from
errors in the CHy retrieval, the background field, wind speed

Atmos. Chem. Phys., 25, 5371-5385, 2025
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Figure 3. Sensitivity of the unit absorption spectrum s to variation in the input parameters computed by varying the parameters of the forward
model (Eq. 7). The sensitivity is compared to a reference using surface elevation of 0.0 m, SZA of 30°, viewing zenith angle (VZA) of 0°,
no atmospheric scattering, XCH4 of 1.90 ppm and aircraft altitude of 6000 m. To test the impact of surface reflectance, s was simulated with
libRadtran radiative transfer model using a Rayleigh atmosphere (AOD = 0.0) and aerosol scenario (AOD = 0.1). A value larger (smaller)
than 1 would result in overestimated (underestimated) CH4 enhancements.

and plume length as well as methodological limitations of
mass-balance approaches such as the assumption of steady-
state conditions and the assumption that the plume is within
the convex hull of the detected pixels. The total uncertainty
is computed from the uncertainty of M, L and U by propa-
gation of uncertainty assuming independent variables, i.e.,

1 UM\?
oo = z\/Uzaf,, + M2} + (—L ) o} (10)

The uncertainty of the plume length o7 was set to 10 %
and to at least half a pixel size (i.e., about 5m), which is a
rough estimate considering how the plume length can vary
when modifying the threshold for the plume detection algo-
rithm.

The uncertainty of the integrated mass o)y was computed
from the uncertainty of the CHy retrieval. For the plumes
identified in the campaign, the mean uncertainty computed
from the single sounding precision is 11 %, ranging from 3 %
to 32 % depending on plume size. The mass M is sensitive to
the size of dilation kernel used for computing the CH4 back-
ground and for defining the integration area P. To quantify
the impact, we varied the size of the kernel from 1 to 5 for
all detected plumes. As a result, IMEs varied between 2 %
for large plumes and 49 % for small plumes. In addition, the
mean and scatter of the local background is 100£111 ppmm.

Atmos. Chem. Phys., 25, 5371-5385, 2025

If the emissions were computed without subtracting the back-
ground, integrated masses would be 10 & 15 % larger.

To account for the uncertainty in the estimated back-
ground, for the impact of surrounding pixels on the IME in
the error budget, we double the variance (r}%,, computed from
the single sounding precision. To account for spatially corre-
lated errors from the matched filter, we add an uncertainty of
5%.

The error in the effective wind speed oy arises from er-
rors in the ECMWF analysis and the effective plume height.
The error in the ECMWF analysis consists of errors related
to the modeling system and errors due to the interpolation
from model resolution (10 km hourly) to source location and
measurement time. To estimate these errors, we compare the
10 m model winds with observations from 29 meteorological
stations in the study area (Meteomanz.com, 2025). The root
mean square deviation (RMSD) is 1.0ms™!, which is con-
sistent with other evaluation studies of 10 m winds reporting
RMSDs of 1.0-2.0ms™! (Vanella et al., 2022; Potisomporn
et al., 2023). We therefore use an uncertainty of 1.0ms™ .
To estimate the uncertainty of the wind direction for visual-
ization, we use the ensemble spread in the ERA-5 reanalysis
(Hersbach et al., 2018).

In addition, we add 15 % uncertainty to account for the
height dependency of the plume. To calculate this number,
we assumed a logarithmic wind profile for a neutrally strati-

https://doi.org/10.5194/acp-25-5371-2025
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fied surface layer (u(z) = % In(z/z0)) with von Karman con-
stant (x = 0.40), surface roughness (zo = 0.10m) and fric-
tion wind speed u, chosen to match the 10m wind speed
(Jacobson, 2005). For this profile, the effective wind speed
for a plume at 5 and 20 m above the ground would be 15 %
smaller or higher, respectively, than the 10 m wind speed.

2.5 Additional site visits

To further investigate the sources identified by AVIRIS-NG,
a team with an optical gas imaging (OGI) camera carried
out follow-up visits to each identified location in November
2022. The team searched the area where the plume was de-
tected to identify the origin of the emissions. A protocol with
photos and videos was provided for each site.

In 2023, additional site visits were conducted visiting the
largest leaks identified in 2019. The primary goal of these
site visits was to check if the leaks, mostly open ends, were
fixed as stated by the operator.

2.6 Top-down estimates of total emissions from oil and
gas in southern Romania

To improve the top-down estimates of the total emissions
from oil and gas in southern Romania, we merge the datasets
from the ground- and drone-based campaign in 2019 with the
airborne AVIRIS-NG campaign in 2021. We calculate emis-
sions for three source categories: “oil production sites”, “gas
production sites” and “processing facilities”. As we found
that emissions changed between 2019 and 2021, we compute
emissions for 2019 and for four scenarios in 2021 that ac-
count for potential changes in emissions distribution between
the 2 years.

2.6.1 Merging of datasets for calculating annual
emissions

Since AVIRIS-NG only observed super-emitters above its de-
tection limits, we used an approach similar to Sherwin et al.
(2024) to calculate the total emissions per category, day and
region (A-D in Fig. 1) within the AVIRIS-NG flight lines:

E/=(1—2)-Ni- fS5 - EF + Eanc, (11)

where z is the zero mode, i.e., the fraction of sites with zero
emissions; NV is the number of sites in the flight lines; fi‘gif
is the fraction of emissions below the AVIRIS-NG detection
limit; EF is the emission factor, i.e., the arithmetic mean of
the emissions (in kg h~1) of all sites; and Eang is the emis-
sions retrieved from the AVIRIS-NG measurements. Note
that for 2019, EanG is zero and firgi]f is one because no
AVIRIS-NG campaign was flown. To compute annual emis-
sions (in kt), we assume that the observed AVIRIS-NG emis-
sions are constant in time or at least a representative sample
of emissions throughout the year.
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Since f Eg}: depends on the AVIRIS-NG detection limit,
which depends on wind speed, and wind speed varied be-
tween regions and days, it is necessary to calculate emissions
separately by region and day, and we thus obtained emission
estimates for each region with two estimates for region C as
measurements were conducted on both days. Total emissions
within the AVIRIS-NG flight lines are computed by averag-
ing the two estimate for region C and adding up the estimates
per region.

To compute the total emissions in the study area Ep, we
scale the emissions inside the flight lines with the total num-
ber of sites in region Nj:

E,=—" E. (12)

The number of sites in the study area was provided by the
operators (Table S3). The zero mode for oil production sites
was determined as 0.25 £ 0.10 from ground-based measure-
ments in 2019. The uncertainty of the zero mode was esti-
mated from the sensitivity tests conducted by Stavropoulou
et al. (2023). The emission factor EF was computed from
the emission distribution using different scenarios, and the
emission fraction ffBE was computed from the AVIRIS-NG

detection limits and the emission distributions.

2.6.2 AVIRIS-NG detection limits

The AVIRIS-NG detection limit for CH4 plumes depends
on pixel size, wind speed and uncertainty in the retrieved
CH4 maps. In our study, CH4 emission plumes were de-
tected by visual inspection. The smallest plumes identified
were about 10 m wide and 30-50 m long for a pixel size of
about 5 m. These small plumes were generally compact and
did not show visible dispersion in the across-plume direction
(e.g., Fig. S4 in the Supplement). To model such plumes,
we simulated plumes using a Gaussian plume model with
a fixed standard width of 5m and a random uncertainty of
500 ppm m.

Figure S1 shows these plumes for varying source strength
and wind speed. We compute the noise-free peak signal-to-
noise ratio (PSNR) for each plume. Comparing the synthetic
plumes with the plumes identified in the AVIRIS-NG lines,
we estimate that a PSNR of about 2.0 is a good threshold for
the detection limit. For the non-dispersive Gaussian plume
model given above, the detection limit can be computed as a
function of wind speed from

OpL

Cpeak = ———— = 20CH, (13)
pea A 2moy U H4
which gives
kgh™!
OpL = 2v2woyocn, U ~ 30.6 —=—— . U. (14)

ms!
The uncertainty of the detection limit was computed from the
variability in the wind speed in the study area during data ac-
quisition. The wind speed and its variability were computed
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as the mean and standard deviation of the 10 m wind speeds
from the ECMWF analysis in the region during measurement
time (Table S2).

2.6.3 Scenarios for changes in the emission distribution
for oil production sites

For the campaign in 2019, Stavropoulou et al. (2023) deter-
mined emission distributions for oil production sites using
probability density functions that follow log-normal distribu-
tions: a mean distribution and two extremes corresponding to
alower and upper limit of the estimated emissions (95 % CI —
confidence interval). The distributions were fitted as a normal
distribution with mean p and standard width o by taking the
natural logarithm of the CH4 emissions. The emission factor
is calculated as EF = exp(u +0.502) (Stavropoulou et al.,
2023).

Since the number of super-emitters identified with
AVIRIS-NG was lower in 2021 than expected from these
distributions (see results), we considered four scenarios of
how the distribution may have changed between 2019 and
2021: Scenario 1 uses the mean distribution from 2019 and
Scenario 2 uses the distribution from 2019 that corresponds
to the lower limit of estimated emissions. Scenarios 1 and
2 assume that the emission distribution is still valid below
the AVIRIS-NG detection limit, meaning any emission re-
duction results from fewer than expected AVIRIS-NG detec-
tions. Scenarios 3 and 4 assume that emissions also changed
below the AVIRIS-NG detection limit. To account for this
we reduce the standard width o for Scenario 3 and mean
for Scenario 4 of the 2019 distribution such that the number
of expected emitters above the detection limit matches the
six emitters found with AVIRIS-NG. Scenario 3 reduces the
width of the emission distribution, meaning there are fewer
low- and high-emitting sources. Scenario 4 shifts the whole
emission distribution assuming all emissions were reduced
equally instead of addressing only the largest sources. The
emission distributions for the four scenarios are shown Fig. 4.

2.6.4 Emissions from gas production sites and
processing facilities

Stavropoulou et al. (2023) only provided the emission distri-
bution and the emission factors for oil production sites but
did not provide an estimate for gas production sites and pro-
cessing facilities, as the sample size was smaller. To estimate
the emissions from gas production sites and processing facil-
ities, we assume that the emission distributions for the four
scenarios are also applicable for other source categories. In
practice, this means that the fraction of emissions below the
detection limit fSDis is the same for all source categories.
The emission factors for gas production sites and processing
facilities were calculated as the arithmetic mean of emissions
measured during the 2019 campaign. These measurements
are taken from Table S16 in Stavropoulou et al. (2023), ex-
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cluding the estimates using the BDL (below detection limit)
method.

The emission factors are 11.2+4.0kgh™! for 31 gas pro-
duction sites and 13.0 £ 3.0 for 60kgh™! processing facili-
ties. The 1o uncertainty was estimated using bootstrapping.
These emission factors were used for Scenario 1, while for
the other scenarios, the emission factors were scaled con-
sidering the change in the emission factor for oil production
sites for the four scenarios (i.e., 5.4, 3.6, 2.3 and 1.2kg h_l).

2.6.5 Estimation of uncertainty

Monte Carlo simulations were used to compute the median
and the 95 % confidence intervals (CIs) for the annual emis-
sions estimated by Eq. (11). For each region and day, we cre-
ated an ensemble with 5000 members using normally dis-
tributed errors for zero mode, the emission factors and the
AVIRIS-NG measurements. The fraction of emissions below
the AVIRIS-NG detection limit was computed from an en-
semble of detection limits considering the spatial and tempo-
ral variability in wind speed in the region. To calculate the
AVIRIS-NG emissions and their uncertainties, we sum the
mean estimates per source assuming uncorrelated errors, as
the uncertainty is dominated by the uncertainty in the wind
speed, for which no bias was found. The uncertainty in the
change in the emission distribution is accounted for by the
four scenarios.

2.7 Bottom-up estimates of total emissions from oil and
gas in the entirety of Romania

Bottom-up reports of oil and gas from energy produc-
tion in the entirety of Romania were taken from the UN-
FCCC submission (Table 1.B.2 in UNFCCC, 2023b). We as-
sumed emission categories in Table 1.B.2.a with a descrip-
tion “oil produced” to represent emissions from oil produc-
tion sites and categories in Table 1.B.2.b with a description
“gas produced” to represent emissions from gas production
sites. Emissions from venting and flaring correspond to Ta-
ble 1.B.2.c.

The IEA’s estimates for Romanian emissions in 2021 are
the sum of categories including “Onshore Oil”, “Onshore
Gas” and “Gas pipelines and LNG [liquefied natural gas] fa-
cilities” (IEA, 2021). We group fugitive emissions from on-
shore oil and gas to oil and gas production sites, respectively.
All other emissions are included in “venting and flaring”.

3 Results

3.1 Methane super-emitters identified with AVIRIS-NG

In total, we identified 35 emission plumes at 25 locations,
with some sources being observed up to three times due to
overlapping flight lines. Maps and photos for all sources are
provided in the Supplement. The sources were located at oil
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Figure 4. The emission distribution of oil production sites for the four scenarios. The AVIRIS-NG detection limit is shown in gray based on
varying wind speed during the campaign. Panel (b) presents a zoomed-in view for the long tail of the distribution.

production sites (6 sources); at processing facilities (7); and,
unexpectedly, in the open field (12), i.e., not directly linked
to O&G infrastructure visible in aerial images. Closer inspec-
tion of the sites during the site visits and from images using
Google Street View and Google Earth suggests that at least
six of the open-field sources are linked to O&G processing
facilities in the proximity.

Figure 5 and Table S1 show the estimated emission rates
for all 25 sources. The source strengths ranged from 16 to
501 kgh~! with a median of 80kgh™! (Fig. 1b). The to-
tal measured emissions were 2975kgh~! with 16 % from
oil production sites, 30 % from the processing facilities and
54 % from sources located in the open field. The OGI team
successfully identified emissions from 14 sources (5 at oil
production sites, 6 at processing facilities and 3 in the open
field linked to facilities), indicating that these sites contin-
ued to emit over a period of at least 1 more year. The mean
uncertainty of the estimated emission rate is 84 %, ranging
from 40 % to 241 %. Our total uncertainty in the estimated
emissions is dominated by the uncertainty in the wind speed,
which has a mean uncertainty of 76 % (32 %—-239 %). The
mean uncertainty in the integrated mass, i.e., the uncertainty
in the CHy retrieval, is 25 % (9 %—64 %).

Figure 6 shows four examples for sources identified in the
campaign. For each source, we show an aerial image, the
AVIRIS-NG CH4 map with inferred emissions and a site
photograph. Figure 6a shows a CHs plume at an oil pro-
duction site in the northeastern part of the study area. The
plume shape (gray dots) is consistent with the westerly wind
from the ECMWF analysis product indicated by the arrow.
The emission rate was 81 4 35kgh™!. The plume was also
observed 1 h earlier in an overlapping flight line with a con-
sistent emission rate (69 445 kgh_l). The site was visited
by the OGI team on 22 November 2022. They confirmed the
presence of a large CHy leak originating from an open-ended
line as indicated in the photo. An emission plume at an oil
processing facility is shown in Fig. 6b. The estimated source
strength was 90 +48kgh~!. The OGI team identified emis-
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Figure 5. Methane super-emitter identified during the airborne
campaign with emission rates of the sources with uncertainty (1o)
and the number of detections. The asterisk marks sources that were
also detected by follow-up site visits in 2022.

sions from a vent on the roof of the building on 22 Novem-
ber 2022. Source B10 is located about 100 m north of an oil
processing facility in the open field (Fig. 6¢). The emissions
were quantified at 215 +90kgh~!. Investigation by the OGI
team on 22 November 2021 showed strong emissions origi-
nating from a vent stack installed in the field.

Finally, Source C2 is also located in the open field about
50 m west of a processing facility. The plume was detected on
both 29 and 30 July 2021. The site was visited on 24 Novem-
ber 2022, but no source was found. We used the history of
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Figure 6. Four examples of CHy plumes at (a) an oil production site, (b) a processing facility and (c, d) from vent stacks in the open field
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Google Street View and Google Earth aerial images to recon-
struct the evolution of this facility. On images taken between
July 2012 and May 2021, a vent stack in the open field can
be seen, which was no longer present in July 2022. Aerial
images from February 2021 show heavy construction work
on the site, including the installation of a gas flare, which
was completed by November 2021. It is likely that the vent
stack was dismantled during the same months but after the
AVIRIS-NG flight in July. Consequently, the source could
not be located during the site visit in November 2022.

3.2 Number of super-emitters in 2019 and 2021

AVIRIS-NG can only measure emissions above its detection
limit, which varied between 15 and 107 kgh~! during data
acquisition due to varying wind speeds on the campaign days
(Eq. 14). Table S6 compares the number of super-emitters
expected at oil production sites in each region with the ac-

Atmos. Chem. Phys., 25, 5371-5385, 2025

tual number of AVIRIS-NG detections, considering the spa-
tial coverage of the flight campaign. For the mean distri-
bution obtained for 2019 (Scenario 1), we would expect to
find between 30 and 190 (95 % CI) oil production sites with
emissions above the AVIRIS-NG detection limits. However,
AVIRIS-NG only detected emissions at six oil production
sites, which is also a smaller number than the 15 to 142
emitters expected from the distribution corresponding to the
lower limit of estimated emissions in 2019 (Scenario 2). The
number of high-emitting oil production sites was thus signif-
icantly lower in 2021, which suggests that the emission dis-
tribution changed between 2019 and 2021. For Scenarios 3
and 4, we adjusted the emission distribution to match the ex-
pected number of super-emitters with the detection in 2021.
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3.3 Total emission in 2019 and 2021

Figure 7a shows our estimates of total emission of CH4 from
oil and gas in 2019 and 2021 in southern Romania. Detailed
numbers with intermediate steps are shown in the Supple-
ment.

For 2019, Stavropoulou et al. (2023) estimated emissions
of 120kt (79-180kt) from oil production sites. In addition,
we estimated 28 kt (8—52 kt) from gas production sites and
75 kt (38—119 kt) from processing facilities in 2019. In 2019,
the total emissions from O&G infrastructure were therefore
224 kt (157-295 kt for 95 % CI). This estimate from ground-
and drone-based measurements agrees well with the indepen-
dent estimate from airborne in situ measurements, which is
about 227 + 87 kt for 2019 (Maazallahi et al., 2025).

We estimate that emissions in the study area were 20 %—
60 % lower in 2021 compared to 2019 with estimates of
175kt (142-209kt) in Scenario 1 and 76kt (58-94kt) in
Scenario 4. Depending on the scenario, super-emitters from
AVIRIS-NG account for only 5 %—14 % of total emissions
at O&G production sites but are a major contributor at pro-
cessing facilities (28 %—56 %). Consequently, emission re-
ductions are greater at O&G production sites (35 %—75 %)
than at processing facilities (10 %—50 %).

To quantify the 95 % ClIs associated with the expected
number of super-emitters and the measurement-based emis-
sion estimates, we conducted extensive Monte Carlo simu-
lations, accounting for the uncertainty in the AVIRIS-NG
measurements, the AVIRIS-NG detection limits, the emis-
sion factors and the fraction of non-emitting sites. The re-
sults of this analysis show that the observed differences be-
tween 2019 and 2021 are greater than what can be attributed
to the measurement and methodology uncertainties (95 %
CI), leading us to conclude that the emission reductions from
2019 to 2021 were significant.

Despite these reductions, the actual methane emissions
from oil and gas in the study area in 2021 still exceed the
reported emissions for the entirety of Romania (Fig. 7b).
The national inventory report of Romania states that emis-
sions from O&G production were 71 kt in 2019 (not shown)
and 66 kt in 2021 split between oil production (14 %), gas
production (32 %), and venting and flaring (54 % in 2021)
(Table 1.B.2 in UNFCCC Submission 2023 v2). Figure 7b
also shows emissions estimated by the IEA, which include
onshore oil and gas, pipelines, and LNG facilities. They are
14 kt higher than the emissions reported to the UNFCCC but
still at the lower end of the emissions determined from the
measurement campaigns in the study area alone.

4 Discussions
The quantification of CH4 emissions from oil and gas is chal-

lenging for both bottom-up and top-down approaches due to
the limited amount of information available.
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The quantification of emissions using the IME method can
result in systematic uncertainties from the assumptions made
in the implementation. The two largest uncertainties are the
effective wind speed and the background field. The effective
plume height will generally be higher than the source loca-
tion due to plume rise and vertical mixing. In this study, we
assume a plume height between 5 and 20 m because 11 out
of 25 super-emitters were elevated, mainly, at vent stacks,
which are about 5m high. The remaining source locations
are closer to the ground (five) or unknown (nine). To estimate
the background, we decided to subtract the background field
to obtain the local enhancement. The motivation here is that
the matched filter retrieves the CH4 enhancement above the
AVIRIS-NG line. It is possible that near potential sources, lo-
cal background concentrations are increased. However, these
diffuse emissions cannot be accounted for using the IME
method. If we do not subtract the local background, AVIRIS-
NG emissions would be 10 =+ 15 % higher, which is within
the uncertainty budget assigned to AVIRIS-NG in this study.

The strongest evidence for a change in emissions from
2019 to 2021 is the lower number of super-emitters detected
by AVIRIS-NG at oil production sites. The number depends
on the AVIRIS-NG detection limit. Figure S2 shows the
sources identified with AVIRIS-NG as a function of wind
speed together with the detection limit and its uncertainty
from the variability in wind speed. The emission rates are
mostly at or above the detection limit. An exception are
sources that were already identified in another flight line at
lower wind speed (i.e., B7b, C2b and C5c). We therefore con-
clude that the detection limit is a robust estimate. Another
reason for the lower number of super-emitters might be sea-
sonal variability in emissions because the campaigns in 2019
and 2021 were conducted in July and October, respectively.
Data to determine the influence of seasonal effects are unfor-
tunately not available. However, Varon et al. (2023) estimate
week-to-week variability for CH4 emissions in the Permian
Basin to be about 25 %, which, if we assume similar variabil-
ity in Romania, would be too small to explain the difference
between 2019 and 2021 in Romania.

The most likely explanation for the reductions from 2019
to 2021 is that operators implemented improvements in the
production infrastructure after the 2019 campaign. The op-
erators were informed about the locations of the highest-
emitting sites and the likely origin of the emissions (mainly
open-ended lines) already in 2020, well before the flights in
2021. During the 2-year gap between the campaigns, oper-
ators therefore had the opportunity to implement emission
mitigation measures. In fact, the operators have communi-
cated to us that the infrastructure has been upgraded and
leaks have been significantly reduced. The additional site vis-
its in 2023 also found that several open-ended lines detected
in 2019 had indeed been sealed.

The four scenarios employed to modify the emission dis-
tribution reflect different possible effects of emission miti-
gation: the most pessimistic is Scenario 1, which assumes
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to a processing facility.

that only the emissions from the largest sources were curbed,
while those below the detection limit of AVIRIS-NG re-
mained unaffected. The most optimistic is Scenario 4, which
assumes that all emissions were reduced equally. This is
quite unlikely given the considerable effort of controlling
all production sites rather than addressing only the largest
leaks. Unfortunately, direct emission measurements below
the AVIRIS-NG detection limits are lacking in 2021 to con-
strain these scenarios, but they encompass the full range of
potential mitigation efforts and were supported by site visits
in subsequent years.

The situation at the processing facilities is complex. The
number of super-emitters observed in 2021 is lower than ex-
pected from the measurements conducted in 2019. However,
the uncertainty in this estimate is large due to the limited
sample size. We have strong evidence that at least one super-
emitter (C2) was closed after the AVIRIS-NG flights, and it
is possible that others were addressed already before then.
A complication is the possibility that mitigation measures
at the production sites (e.g., sealing of open-ended lines)
might increase the emissions from venting in the surround-
ings, which, according to our study, was the largest source
of emissions at and near processing facilities. In 2021, we
identified six “open-field” sources that we assigned to nearby
processing facilities. Four of these were identified during the
2022 survey as vent stacks, which were already visible in
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Google imagery 10 years earlier (A1, A3, C2 and B10). Due
to the lack of information regarding the location and num-
ber of these stacks in the dataset provided by the operator,
these sources were not visited during the ground-based cam-
paign in 2019. Since venting is generally associated with
high emissions, the emission factors estimated from the 2019
measurements might be biased low. Additional measurement
campaigns would be necessary to better constrain emissions
in Romania. While we see some evidence for mitigation at
processing facilities, the estimated emissions remain highly
uncertain.

Our top-down estimates in the study area still exceed
emissions reported to the UNFCCC for the entirety of Ro-
mania. In particular, we find that reported emissions from
oil production (Fig. 7b) are substantially lower than our
measurement-based estimates. In contrast, reported emis-
sions from gas production are higher than top-down esti-
mates, likely because most gas production occurs outside our
study area in northern Romania. In the reported emission,
CH4 emissions from venting and flaring are mainly due to oil
production. These emissions can occur at oil production sites
or at processing facilities. If all venting and flaring would
occur at production sites, the reported emissions would be
consistent with our measurement-based estimates (Scenarios
3 and 4). However, while the ground-based survey in 2019
found venting primarily at production sites, the small number
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of super-emitters at production sites and the high emissions
from vent stacks in 2021 indicate that venting shifted towards
processing facilities. In this case, top-down estimates at oil
production sites would be substantially greater than reported
emissions, suggesting that the emission factors used to com-
pile the reports are too low. However, this assumes that the
diurnal variability in emissions is negligible, while studies
in other regions show evidence for a diurnal cycle in emis-
sions (e.g., Vaughn et al., 2018). Our measurements were
conducted exclusively during daytime, so additional mea-
surements would be necessary to constrain the diurnal cycle
of emissions.

5 Conclusions

Our study highlights the importance of monitoring emis-
sions using measurement-based techniques to improve emis-
sion estimates, identify their main causes and monitor the ef-
fectiveness of mitigation measures. It also demonstrates the
need to combine large-scale mapping surveys using instru-
ments like AVIRIS-NG with ground-based surveys to cover
the full range of sources from small leaks to super-emitters.
Despite the high detection limit, AVIRIS-NG directly mea-
sured in only 2 d CH4 emissions of 2964kgh~! (i.e., 26 kt),
which is 15 %—34 % of our bottom-up estimates for the basin
and 40 % of the reported emissions for the entirety of Ro-
mania. The emissions originated at only 25 locations, thus
providing targets for effective and efficient future reductions
in emissions in Romania. Additional ground-based measure-
ments and airborne campaigns, e.g., with the new AVIRIS-4
instruments with better detection limits (Green et al., 2022),
would be needed to ensure continuous monitoring of emis-
sion reduction measures in the future.

Code and data availability. The codes for CHy retrieval and up-
scaling are available on request. The ddeq Python library for data-
driven emission quantification (Kuhlmann et al., 2024a) is avail-
able on Gitlab.com (https:/gitlab.com/empa503/remote-sensing/
ddeq, last access: 13 May 2025). AVIRIS-NG Level 1 data are avail-
able on the AVIRIS-NG data portal (https://avirisng.jpl.nasa.gov/
dataportal/, Jet Propulsion Laboratory, 2025). The data used for up-
scaling are available in the Supplement. The AVIRIS-NG CH4 maps
and the results from the emission quantification are published on the
Zenodo data repository (https://doi.org/10.5281/zenodo.14974368,
Kuhlmann et al., 2024b).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-25-5371-2025-supplement.
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