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The observational characterization of anthropogenic methane (CHy4) emissions in the Eastern Mediterranean and
Middle East (EMME) region, known for its significant oil and gas (OG) production, remains limited. Light al-
kanes, such as ethane (CoHg), are co-emitted with CH4 by OG activities and are promising tracers for identifying
the CH4 emissions from this sector at the wider regional scale. In this study, in-situ measurements of CH4 and
alkanes (C2-C8 were collected during a field campaign at a regional background site (Cape Greco, Cyprus). A
mobile laboratory housed the instrumentation at the south-eastern edge of the island between December 2021
and February 2022. This specific location and time of year were selected to capture air masses originating from
distant southern and eastern regions, primarily impacted by sources from the Middle East. Based on these ob-
servations we 1) evaluate the significance of long-range transported versus local sources in Cyprus, 2) identify
and document regional anthropogenic CHy4 sources with the help of the concomitant alkane measurements, and
3) assess the accuracy of the EDGAR sectoral emission inventory over the EMME region. The highest alkane
mixing ratios observed were associated with the Middle Eastern OG CHj signal. Surprisingly, the Middle Eastern
emissions of CH4 were found to be heavily influenced by the breeding and waste management sectors. By
investigating the measured CH4 mixing ratios together with an atmospheric dispersion model (FLEXPART), we
derive a comprehensive characterization of the pollution sources at a regional scale over the Eastern Mediter-
ranean region. Our results indicate that CH4 emissions from the Middle Eastern OG sector are likely under-
estimated by ca. 69 %. These findings underscore the efficacy of using experimental observations of alkanes for
CHy4 source identification at receptor sites. This tracer approach would also benefit from a substantial revision of
light hydrocarbon emission inventories.

1. Introduction

Methane (CHy) is the second most important anthropogenic green-
house gas (GHG) after carbon dioxide (CO3) (Saunois et al., 2020; IPCC,
2023) and responsible for 20-30 % of the global radiative forcing and
thus the temperature increases since the pre-industrial era (Kirschke
etal., 2013; EDGAR, 2022; [EA, 2023). More than half (50-65 %) of CH,4
emissions are anthropogenic. With its shorter lifetime compared to COq,
CH4 emission reduction offer important mitigation options in many
sectors (Climate Change, 2022). Methane emissions remain under-
estimated in inventories, especially for the oil and gas (OG) sector
(Schwietzke et al., 2016; Alvarez et al., 2018; Hmiel et al., 2020; Saunois

et al., 2020; Zavala-Araiza et al., 2021; Paris et al., 2021; Stavropoulou
et al., 2023). Current efforts to reduce uncertainties in regional OG
emissions rely either on satellite measurements for large emitters or on
intensive field campaigns that survey a limited number of sites with a
high level of precision and sensitivity. Besides these dedicated efforts,
the available long-term in situ CH4 measurements contain information
on regional OG emissions that remains underexploited because it cannot
be simply attributed to the OG sector. Bourtsoukidis et al. (2019) and
Paris et al. (2021) used co-emitted alkanes to attribute OG emission in
ship campaign-based measurements of CH4. This paper explores the
possibility to expand this approach to fixed regional observatories.
Alkanes are a particular class of non-methane hydrocarbons
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(NMHCs) which are reactive trace gases that have numerous anthro-
pogenic sources, including traffic, solvent use and OG activities. OG
activities emit both CH4 and alkanes in specific proportions that are
representative of the source type. This can also be broken down to
different levels of the value chain of the fossil fuel sector (Helmig et al.,
2016; Bourtsoukidis et al., 2019; Paris et al., 2021). For example, natural
gas (NG) contains more than 85 % CH4 with a few percent of ethane,
propane and other light alkanes with variations depending on the region
and gas type (Burruss et al., 2014; Speight, 2018). Its composition
evolves after extraction with condensation of heavier hydrocarbons and
stripping of hydrogen sulfides. Fugitive emissions of NG, an important
part of CH4 anthropogenic emissions, will directly reflect its
composition.

The atmospheric lifetimes of C2-C5 alkanes range from days to
weeks, are compatible with atmospheric transport and are inversely
proportional to their weight. The atmospheric ratio between CaHg and
CHy is used to determine the OG contribution of gas leaks in excess CHy
found in urban or industrial environments (Defratyka et al., 2020; Fer-
nandez et al., 2022) or even in large OG basins (Meyer et al., 2022).
Close to the source, the value of this ratio is typically between 0.03 and
0.12 for NG fields. It can even reach 0.30 for emissions from oil fields or
processed liquid NG (Xiao et al., 2008; Lopez et al., 2017; Yacovitch
et al.,, 2020; Wilde et al., 2021). Lower ratios indicate atmospheric
mixing with biogenic sources such as waste management or livestock
farming that have typically zero CoHg emission (Yacovitch et al., 2014;
Assan et al., 2017). Despite its variability depending on the oil or gas
field, the stage of the production line and the temperature of the gas
(Yacovitch et al., 2020), this ratio provides indications for the identifi-
cation of the OG-related emission sources. In the same lines, the ratio of
pentane isomers (iso/n-pentane) has been frequently used for dis-
tinguishing OG sources, gasoline vapors and traffic emissions (Gilman
et al., 2013; Bourtsoukidis et al., 2019; Paris et al., 2021). This ratio has
been shown to be around 1 for raw NG emissions and is conserved
during atmospheric transport. Higher ratios are reported in urban areas
due to the lower n-pentane mixing ratio in processed gasoline caused by
isomerization of petroleum after distillation, which aims to achieve a
higher octane index (Paris et al., 2021).

The Middle East region, and especially the Arabian Gulf, hosts
extensive OG operations (extraction, processing and storage). With
almost half of the world’s OG reserves, the production from this region is
expected to increase over the next few decades (Khatib, 2014). An
important number of super-emitters have recently been identified
through satellite measurements with increasing spatial and magnitude
resolution (Chen et al., 2023; Lauvaux et al., 2022). Efforts to gather in
situ atmospheric measurements on CHy4 and related tracers in this region
remain sparse. Paris et al. (2021) found that emissions in the Arabian
Gulf were underestimated in the oil field areas (north) while they were
slightly overestimated in the gas-dominated area (central Arabian Gulf).
Al-Shalan et al. (2022) observed through ground-based mobile mea-
surement that land emissions in Kuwait were dominated by waste
management emissions instead of expected OG emissions.

The primary objective of this study is to investigate the potential of
NMHGCs in differentiating the OG component of CH4 emissions at a
regional scale, while concurrently evaluating the accuracy of sectoral
emissions data provided by inventories. This study is based on a 3-month
field campaign performed at a regional receptor site (Cyprus), with the
aim to identify and characterize the sources of CHy4 at this site, with a
specific focus on long-distance transport and the composition charac-
teristics of NMHCs. To achieve this, we employ various analytical
techniques, including source receptor modeling and back plume tra-
jectories utilizing a Lagrangian particle dispersion model coupled with
emission inventory data. By doing so, we seek to provide novel insights
that either corroborate or challenge the existing inventory data on sec-
toral emissions.
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2. Material and methods
2.1. Measurement site

A mobile laboratory was deployed between December 3rd, 2021 and
February 24th, 2022 at the south-eastern edge of Cyprus, Cape Greco
(34°57'41" N, 34°04'55" E and 17m above the mean sea level) (Fig. 1).
Cape Greco is part of the municipality and seaside resort area of Ayia
Napa. It is a national forest park primarily composed of low vegetation
including shrubs and flowers.

Cyprus is a subtropical semi-arid Mediterranean climate island of
9251 km? and 1,2 M inhabitants. It is considered as a global warming
hotspot (Zittis et al., 2015). It is situated in a climate sensitive region
(EMME) with increasing temperatures, decreasing precipitation and
degrading air quality (Lelieveld et al., 2016; Zittis et al., 2022). At a
crossroad of atmospheric pollution from 3 continents (Lelieveld et al.,
2002), it is well-positioned as a receptor site to study the long-range
transport of GHGs and other atmospheric pollutants (Debevec et al.,
2017). On a yearly basis (between 1997 and 2012), around 8 % of the
airmasses originate from the Middle East, 11 % is of local/mixed origin,
22 % from north Africa and 59 % from Europe including Turkey and
Russia (Kleanthous et al., 2014). A seasonal regional contribution has
been derived from Lagrangian modelling performed at a background
station at 532m above sea level between 1997 and 2015 showing a 10 %
contribution from the Middle East, mainly during the winter period
(Pikridas et al., 2018). During our observation period (December
2021-February 2022), around 21 % of the measured wind direction was
East/South-East, 27 % was South/South-West and 52 % West/North (see
Fig. 2 for data distribution according to wind direction).

2.2. Measurements

2.2.1. Greenhouse gases

We used a Picarro G2401 analyzer (Picarro) with a precision of 1 ppb
for CH4 that has been tested according to the ICOS-ATC protocol by
continuous measurement repeatability (Kwok et al., 2015). The test
showed good precision result (0.10 ppb per minute for CH4) and good
long-term repeatability (0.08 ppb for CH,). The raw data acquired by the
Picarro were processed (calibration corrections, filtering, water vapor
correction) and quality-controlled on the ICOS (Integrated Carbon
Observing System) Atmospheric thematic center database (Hazan et al.,
2016). Laboratory-determined water vapor corrections in the data
acquisition were applied before the campaign as described by Rella et al.
(2013a), the maximum bias was of 0.10 ppb for CH.

Linear calibrations of 4 cycles of 30 min for each compound were
performed on March 12, 2021 and January 28, 2022 using 3 cylinders of
different concentrations (2233, 1916 and 2018 ppb for CHy4, 606, 105
and 190 ppb for CO, 422, 402 and 433 ppm for CO, respectively). These
two calibrations sessions indicated good stability with a standard devi-
ation for CH4 lower than 0.8 ppb on the raw data. Quality control
measures included daily injections of a WMO-scale-traceable target gas
with known concentrations (2031 ppb, 161 ppb and 425 ppm for CHy,
CO and CO; respectively). For CHy, the difference with the reference
value is below 0.8 ppb during the whole campaign and the standard
deviation is below 0.08 ppb when considering the minutes data.

2.2.2. Non-Methane Hydrocarbons

Two gas chromatographs coupled with Flame Ionization Detectors
systems (airmoVOC and airmoBTX; Chromatotec - home, France) were
used to monitor C2-C6 and C6-C12 hydrocarbons respectively. Both
analyzers provide measurements every 30 min, the airmoVOC system
employed a sampling time of 10 min with a flow rate of 11.6 mL min~?,
whereas the BTX (Benzene-Toluene-Xylene) system had a sampling time
of 22.5 min with a flow rate of 43.5 mL min~!. More details on the GCs
can be found in Debevec et al. (2017) and Gros et al. (2011).

A gas cylinder containing a standard gas (NPL, Teddington,
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Fig. 1. Location of Cyprus in Eastern Mediterranean (left) and campaign site Cape Greco (right) compared to Cyprus’ capital city Nicosia.

0.04

0.03

0.00

2020 2060 2100

CH4 (ppb)

Fig. 2. Overview of observations with CH4 mixing ratio data distribution ac-
cording to wind direction (NW = 270-10°, NE = 10-50°, E-SE = 50-180°, SW
= 180-270°).
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Middlesex, UK) with approximately 4 ppb of each species was used for
calibration purposes. Calibrations were performed on December 3rd,
2021 and January 28th, 2022. As all calibration coefficients stayed
stable (within 8.7 % for the C2C6 compounds: 6.1 % for CoHg, 1.0 % for
C2H4, 6.4 % for CgHs, 8.7 % for i-C4H1(), 3.6 % for Il-C4H10, 5.6 % for
CoHa, 6.5 % for i-CsHio and 2.7% for n-CsHq3) between both calibra-
tions, a mean calibration coefficient was used for the whole campaign.

The detection limits (DL) varied according to the species, with values
varying in a few parts per trillion (ppt) range (0.84 ppt for m&p-xylenes
to 13.58 ppt for ethylene). More information on the detection limits and
coefficients of standard variation by compound can be found in
Table S1. The overall uncertainty of the C2-C12 hydrocarbon observa-
tions was calculated, taking into account factors such as calibration gas
uncertainty, automatic processing, manual integration, and sensitivity
to external conditions. The overall calculated uncertainty was deter-
mined to be approximately 10 + 4 %, which is consistent with similar
measurements conducted in previous studies (Debevec et al., 2017;
Bourtsoukidis et al., 2019).

Due to technical issues with air compressor failure and power cuts,
NMHCs C2 to C6 data are available from 03/12/2021 to 20/12/2021,
12/01/2022 to 18/01/2022 and 24/01/2022 to 24/02/2022 except 7th
and 8th of February while C6 to C12 data are from 03/12/2021 to 20/
12/2021 and 12/01/2022 to 18/01/2022.

2.3. Experimental setup

The analyzers were housed inside a mobile laboratory (van) and the
air inlets were placed at the van roof level, 3 m above the ground
(Fig. S1). A pump placed downstream of the instrumentation drew 200
ml min-1 of ambient air through a 4-m long stainless-steel sampling line
(0.125 cm diameter). To prevent rainwater from entering the lines, a
bell-shaped system was used. Additionally, a PTFE (polytetrafluoro-
ethylene) filter with a nickel casing and a 1/4" Swagelok connection was
used to prevent dust from entering the analyzers. The temperature inside
the mobile laboratory was constantly monitored and kept as constant as
possible at 19 + 4 °C to avoid thermal instability and ensure the proper
operation of the instruments.

A geo-located mobile weather station was monitoring atmospheric
pressure, temperature, wind speed and direction. A mean temperature of
14.1 + 3.4 °C (range: 3.4 °C-22.8 °C) was measured during the
campaign as well as wind speeds averaged 3.2 + 2.1 m s~ with 90 % of
the time under 6 m s ! according to our weather station. Mean relative
humidity (68 + 2 %), precipitation (21 + 8 mm month™!) and cloud
cover (39 + 2 % for the entire campaign period) data were obtained by
the meteorological station of the nearby city of Ayia Napa, located at 8.2
km from the sampling site (Nomades, www.historique-meteo.net, last
accessed: 03/08/23).

2.4. Lagrangian particle dispersion model simulation and inventories

The origin of the air masses at the receptor site was simulated using
FLEXPART v10 (FLEXible PARTicle dispersion model), a Lagrangian
model of atmospheric particle transport and dispersion (Seibert and
Frank, 2004; Stohl et al., 2005; Pisso et al., 2019). In this study, 2000
particles per release every 3 h were followed 10 days backward in time
and recorded at a 0.1° x 0.1° space resolution.

FLEXPART is driven by meteorological inputs data from the Euro-
pean Center for Medium-range Weather Forecast (ECMWF) ERAS5
(Hittmeir et al., 2018) with a spatial resolution of 1° covering the
northern hemisphere, 3-h intervals and 60 vertical layers. ECMWF data
are retrieved and formatted using the FLEX-extract toolbox (Tipka et al.,
2020). FLEXPART simulations were carried out within the GUI toolbox
developed by Berchet et al. (2023).

The potential emission sensitivity (PES) is determined by the parti-
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cle’s residence time below 500m above ground-level over the previous
10 days. A sensitivity test was performed with 2000m threshold and
showed minor variations (median difference <2 ppb). PES is then
combined with the ground-level EDGAR v7 (Emission Database for
Global Atmospheric Research) inventory to simulate a time series of CHy
excess. EDGAR provides estimates for yearly CH4 emissions and other
species up to 2021 per sector of emissions (26 sectors including fuel
exploitation, enteric fermentation, manure management solid waste
landfills or waste water handling for example). The simulated increase
in mixing ratios at receptor (C) from CHy flux in a given grid cell were
calculated as:

c=> W [PES(x) % (Flux(x) = 1000) * <Mair /M CH,)] @

with PES expressed in ppb (g m~2 s™))7!, Flux from the EDGAR
database in kg m™2 s7!, and the air and CH,4 molar masses being
respectively 28.97 and 16.04 g mol ! and x being any gridcell.

We separated the simulated result by region of origin. The regions
are defined as follows: Cyprus = 26 to 35°E, 34 to 36°N; Europe = —10
to 26°E, 34 to 60°N; Africa = —10 to 35°E, 10 to 34°N; Turkey = 26 to
43°E, 36 to 46°N; Middle East = 35 to 60°E, 10 to 36°N; Other = East
and North of Turkey with Black and Caspian seas as well as East Europe
and West Russia.

2.5. Source receptor Positive Matrix Factorization (PMF)

A NMHC source apportionment analysis using Positive Matrix
Factorization (PMF) (Paatero, 1997) including 21 compounds has been
performed for the period 4th to December 20, 2021, period when all
NMHC data were available (see Suppl. A, Tables S2 and S3 for details on
the simulation). We refer to Debevec et al. (2017); Pikridas et al. (2018)
and Bourtsoukidis et al. (2020) for further PMF description and appli-
cations in EMME environments. PMF was applied to the native (30 min)
resolution, using the EPA-PMF 5.0 software that implements the mul-
tilinear engine tool (ME-2; Paatero, 1997). A four-factor solution for this
dataset was selected (see Suppl. A).

2.6. Definition of background mixing ratios

CH4 and NMHCs will be analyzed as excess mixing ratios above the
background levels, defined as:

AX =[X] — [X]background %)

Where X is the species of interest. The background for the species X is
defined as the average of the lowest 5th percentile of the measured
mixing ratios within a 7-day time window at each measurement point.
Fig. S2 provides further visual representation of this background
calculation process.

3. Results
3.1. Atmospheric mixing ratios

The mean CH4 mixing ratio at Cape Greco was 2011 =+ 23 ppb during
the campaign period. It exceeded the globally averaged marine surface
monthly mean data from NOAA for the same period (1908 ppb). The
mean background level was 1982 + 11 ppb, with mean ACH4 being at
30 + 24 ppb. The CH4 monthly mean (2009 + 21 ppb) in December
2021 exceeded the monthly means at mid-latitude Northern Hemisphere
background stations such as Terceira Island in Portugal (1970 ppb),
Tudor Hill on Bermuda Island (1979 ppb), Mace Head in Ireland (1992
ppb) or Lampedusa in Italy (1997 ppb) (NOAA ESRL, https://gml.noaa.
gov).

The monthly mean CyHg mixing ratio observed at Cape Greco in
December 2021 (2.07 + 0.47 ppb) was also higher than the averaged
marine surface monthly mean (1.67 ppb) provided by NOAA (NOAA
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ESRL, https://gml.noaa.gov). GHG and NMHC mixing ratio statistics in
Cape Greco are summarized in Table S4.

Generally, CH4 had positive correlation (r = 0.2-0.5) with light al-
kanes (C2 to C5) but also with other NMHCs (Table S5). Considering the
entire dataset, CoHg and CH4 were moderately correlated (r = 0.48,p <
10~'5). The Pearson correlation between ACH4 and ACO, and ACH,4 and
ACO was around 0.7 and 0.8 respectively. This suggests that a mixture of
sources including combustion sources as well as some influence from
thermogenic emissions influenced our measurements over the observa-
tion period.

Fig. 2 shows CHy distribution for different wind sectors. The highest
CH4 mixing ratios (up to 2127 ppb) were observed under E-SE wind
directions (see also Fig. S3). Wind speeds of more than 4 m s~ domi-
nated in this sector, compatible with long-range advection of air masses.
When air masses passed above the island (“NW direction” in Fig. 2), high
CH4 mixing ratios (mean = 2022 + 17 ppb) were observed. These may
be due to local Cypriot sources, with agriculture and waste sectors likely
playing a prominent role (Liu, 2022). Lower mixing ratios (2002 + 19
ppb) are observed with SW wind direction (Mediterranean Sea),
showing the absence of major nearby sources in this sector (Fig. 2).

3.2. Regional and sector contributions: simulated CH4 and indications
from light alkanes

Over the 3-month campaign, the mean simulated CH,4 excess was 27
+ 18 ppb, overall in good agreement with the observed mean of the 3-h
ACH4 (29 £+ 22 ppb). Over the 3-month campaign, measured and
simulated total ACH4 are loosely correlated (r = 0.17, p = 1.8%¥107°).
The variability of simulated ACH4 was 18 ppb, close to the measured
ACHy4 std dev (22 ppb). Simulated enhancements are overall considered
as a satisfactory representation of the measurements and warrant the
analysis of simulated enhancements decomposed by sectors and regions.

Enteric fermentation and solid waste landfills contributed 27 % each
to the simulated signal at the receptor site. Fuel exploitation (gas, oil and
coal fugitive emissions according to the IPCC AR6 WGIII guidelines for
national greenhouse gas inventories) contributed 21 %, followed by
waste water handling at 13 %, manure management at 7 %. 14 other
sectors account for the remaining 5 %.

We identified 16 events, defined as elevated CH4 mixing ratios
combined with contiguous period with a dominant region contribution
being at a maximum >75 %. Each of these events, was attributed to a
single region of origin (i.e. Cyprus, Europe, Africa, Turkey origin and
Middle East). Europe and Cyprus were dominated by enteric fermenta-
tion (4 out of 5 events). All 4 Turkey origin events were dominated by
landfills emissions. Fuel exploitation dominated 6 out of 7 events from
Africa and Middle East.

Alkanes data were available during 11 out of the 16 events. The
lowest ACyHg: ACH4 ratio (0.014) and highest i/n-CsHj, ratio (1.12)
measured ratio were identified for European events (Fig. 3), which is
consistent with the dominance of biogenic sources and urban centers
influence in Europe (Yacovitch et al., 2014; Bourtsoukidis et al., 2019).
Comparably low ratios were calculated for African and Turkish events
with respectively 0.021 and 0.025 for ACaHg: ACH4 ratio and 0.84 and
0.85 for i/n-CsHj; ratio (Fig. 3).

The highest ACyHg: ACH4 ratios (0.058) were calculated for Middle
East events. During these events, a unit i/n-CsHp, ratio (1.00) was
found. These measured ratios are consistent with a strong OG signature
in CH4 originating from the Middle East.

3.3. Synoptic case studies on Middle east and Eastern Mediterranean
emissions

We now focus (Fig. 4) on the December period as contrasted events of
different geographical and sectorial origins were observed during this
period. Measured and simulated ACHy are reasonably well correlated (r
=0.38,p= 3.5*107%) between the 4th and 21st of December (r = 0.58,
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Fig. 3. Regional partition and respective median AC,Hg: ACH,4 (C2/C1) and i/
II-C5H12 (1/n—C5)

p = 2.4*107'% when punctual anti-correlation periods due to model
failure, see section 4.1, are not taken into account). Total simulated
excess of CH4 compared to observed enhancements can be found in
Fig. S4.

Between 11th and 19th December, 2 advection events combined CH4
enhancements and a clear dominant regional origin occurred consecu-
tively (Fig. 4), one with an airmass from Middle East (hereafter referred
to as “ME") and one from Turkey and Europe (“TE™).

We define the ME event as the period from the 11 to 14th of
December, with a maximum CH4 on 14th December. During this entire
period the PES is largely centered over the Middle East (with 62% of the
PES on average residing over the Middle East region, this proportion
increasing up to 85 % toward the end of the period and the maximum
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CH,).

The TE event occurred from the 16th to 19th of December and is
defined by a PES progressively positioned over Turkey and north of
Turkey region, labeled “Other” on Fig. 4 (combined mean of 50 % up to
90 %). The ME and TE events are analyzed in the two following
subsections.

3.3.1. Relationship between CH4 and alkanes in the Middle East event

During the ME event, fuel exploitation represents up to 43% of
simulated mean excess CH4 (from 18 % on December 12th-00h UTC to
43 % on the 14th-00h UTC, mean 26%). The other sectors contributing
to mean ACH4 are enteric fermentation (25 %), solid waste landfills (21
%) and wastewater handling (18 %) (Fig. 4).

Fig. 5 shows the variability of trace gases mixing ratios during the ME
event. The ME event exhibited a mean CH,4 of 2017 + 19 ppb and 2.20
=+ 0.58 ppb of CaHe. The highest CyHg mixing ratios of the campaign
were observed during this event, reaching a maximum value of 4.51 ppb
while CH4 enhancement was 31 ppb. Other light alkane (C3 to C5)
mixing ratios were also very high during this period compared to the rest
of the campaign, with no correlation with CO or CO signals, pointing at
aregional co-emitting source(s) of CH4 and light alkanes alone, pointing
to OG activities. The absence of alkenes on the first part of the ME event
can be due to their absence in the emitting sources or their reaction
during the long-range transport.

At the very end of the ME event (on December 14th), there was an
observed increase of compounds emitted by combustion including CoHy,
CoHy ACO2 and ACO along with ACH4 (reaching up to 75 ppb). This
suggests the additional influence of a combustion source located closer
to the receptor site because of the relatively short lifetime of ethene,
which is approximately one day. This increase in combustion-related
compounds coincides with the “tail” of ME event’s air mass, which is
particularly sensitive to emissions originating from the Middle East.
However, this increase is also associated with a PES more localized on
the eastern part of the Mediterranean coast before going back to Europe.
This is slightly different from the rest of the event where PES is more
spread across the Arabian Peninsula (see Fig. 4 and Figs. S3 and S5).

Fig. 6 displays the relationship between CoHg and CHy for different
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wind sectors, highlighting a distinct correlation during the ME event in
contrast to the entire dataset. This subset of data with airmasses origi-
nating from East and South-East directions, exhibits a clearer and sta-
tistically significant correlation between the two species (r = 0.58, p <
10715, see Table S6) and has a regression slope of approximately 7 %
(0.069 ppb ppb~1). This is consistent with the emission ratio reported for
the Arabian Gulf region (0.062 ppb ppb_l) during the AQABA ship
campaign in 2017 (Paris et al., 2021). This suggests that the regional
signal can be preserved during long-range transport.

In contrast to the ME event, when the wind originated from the West
(NW and SW, which include local sources from Cyprus), the mixing
ratios of CoHg and CH4 were distributed around a slope of 0.01 ppb
ppb~! (Fig. 6). These contrasted observations indicate that the OG
emissions from the Middle East dominate CH4 enhancements during the
ME event, with very limited mixing with air poorer in CoHg.

Fig. 7 shows the observed i/n-CsHjy ratios during the ME event
(between December 11 and 14th), compared to the rest of the period.
During the ME event it exhibits a distinct linear relationship between
isomers with a stable ratio at 1.0 + 0.2. This ratio is identified as typical
of raw NG. Raw NG is NG prior to commercial gas processing, either
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Fig. 6. CyHg versus CH4 mixing ratios (in ppb) clustered for different wind
direction bins that were defined as: NW (Cyprus) for 270°-15°, E-SE (Middle
East region) for 15°-180° and SW (Mediterranean) for 180°-270°. All points
available during the 3-month campaign are displayed with the ME event being
highlighted in larger diamond shape.
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Fig. 7. Relationships between pentane isomers with red points corresponding
to the ME event. Raw NG (b), Urban fit, Vehicle emission and Gasoline vapor
lines used in Bourtsoukidis et al. (2019) and Raw NG (a) line from Wilde et al.
(2021). NG and Urban ranges are +20 % of corresponding lines. Reference lines
are described in Broderick and Marnane (2002); Baker et al. (2008); Gentner
etal. (2009); Gilman et al. (2013); Wilde et al. (2021). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

fugitive from oil wells or as leaked product from gas fields extraction.
Raw NG emissions corresponds, in the IPCC Guidelines for National
Greenhouse Gas Inventories 2019 revision to energy fugitive emissions
subcategories 1B2aii (oil production), 1B2bii (NG production) and
1B2iii (NG processing). The ratio suggests that CH4 OG emissions from
the ME are strongly dominated by these upstream fugitive CHy
emissions.

Combined with the ACyHg: ACH4 slope of 7 %, this suggests a
dominant influence of the OG sector (especially raw NG, the upstream
step of the NG activity chain) in the emissions during the ME event. This
strongly suggests that the OG emissions during this event are largely
related to NG, upstream in the production chain.

Results from NMHC PMF performed on the December dataset were
used in order to quantitatively exploit the signature of co-emitted
NMHCs with CH4 during the ME event. From the four factors identi-
fied by the PMF (see Suppl. A and Fig. S6), two of them correlated with
CH,4 during the ME event (Fig. S7). The first factor, associated exclu-
sively with light alkanes (C2 to C8), but not with other NMHC (alkenes,
aromatics), positively correlates with CH4 enhancement (r = 0.66 with p
<1071 during the ME event. This factor (with r? = 0.44) thus explains
44 % of observed CH,4 variance (between the 11th noon and 14th
midnight). This value is a conservative estimate since the correlation
ranges between 43% and 59 % when discarding the first hours of the ME
event to test the sensitivity to the event definition.

The weight of light alkanes in this factor is consistent with emissions
from OG upstream fugitive emissions, indicating that 44% (range: 43-59
%) of CH4 emissions come from OG upstream sector in this event. The
higher contribution of CgHg (19 %) in this first factor compare to CoHg
(11 %) tend to show a significant impact of the oil sector more than raw
NG in which we expect more CoHg than C3Hg (Bourtsoukidis et al.,
2019).

The second factor is characterized by heavier compounds (including
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benzene, toluene and aromatics) and correlates, even if weakly, with
ACH4 (r = 0.40 with p = 7.10_6) during the ME event (between
December 11 and 14th). This factor also explains a non-negligible
fraction of CH4 variance (16 %). This last factor might be linked to
maritime traffic and/or east Mediterranean coast oil refineries because it
is also associated with alkenes and strongly correlates with CO (r = 0.87
with p < 107'%), an external combustion marker (see Table S7 for
detailed correlation coefficients between PMF factors and greenhouse
gases). This further suggests that our quantitative attribution of nearly
half of the CHy4 excess during the ME event to the middle-eastern OG
upstream sector, derived from the first factor might be a conservative
estimate. A higher fraction of OG from the middle east would also be
compatible with our data. This discrepancy may be due to the fact that
incomplete combustion and leaks downstream from the production
chain, with different NMHC signatures, are not properly considered.

3.3.2. The European and Turkish event

A distinct event occurred between the 16th and the 19th December,
with maxima ACH4 reaching up to 109 and 81 ppb (during night-time on
the 17th and the 18th respectively, hereafter “TE”). The simulated sec-
toral contribution is very similar to the ME event with 26 % for fuel
exploitation, 26 % for enteric fermentation, 25 % for solid waste land-
fills and 10 % for wastewater handling during this second event (Fig. 4).
However, the FLEXPART footprint indicates a clearly different origin
than the ME event, with an influence on airmass sensitivity shifting to
Europe and Turkey (Fig. 4). This different geographical and therefore
sectoral origin is also clearly seen on the alkane’s signatures. A median
ACyHg: ACH4 ratio of 0.005 + 0.001 was observed on the 16th when air
masses came in majority from Europe. The ratio then changed to 0.020
+ 0.001 on the 17th with footprint shifting to Turkey. This northern
airmass is most likely also influenced by Eastern Europe and Western
Russia signal (included in the “Other” contribution in Fig. 4). Addi-
tionally, the median i/n-CsHj» ratio was 1.33 + 0.31 (1.72 4 0.22 on
the 16th and 1.40 £+ 0.12 on the 17th). These ratio differ (lower and
higher respectively for ACoHg: ACH4 and i/n-CsHjy ratios) from the
signatures in these ratio derived during the ME and point to sources
different from OG activities. For airmasses influenced by Turkey, we
found a higher correlation between CH4 and CyHj (0.76 instead of 0.60
over the entire period of December), as well as with CoH4 (0.59 instead
of 0.48), which are short-lived compounds (Parrish et al., 2007) and
combustion markers which could be related to coal activities (Dudzin-
ska, 2014). Since no wild fires was reported close to the measurement
site or on the trajectories of the airmasses (EFFIS, https://effis.jrc.ec.
europa.eu/, last accessed: 07/08/23) at this specific period (11 to
December 19, 2021), we have cautiously excluded the possible influence
of biomass burning. The examination of these markers and footprints
shows that coal operations in Western Turkey (less than 2 days transport
of the air masses) may have significantly contributed to the observed
signal. This would be consistent with the Global Carbon Budget reports
(Friedlingstein et al., 2022) that highlight the importance of the coal
sector in this country. Further isotopic data for 8'3CH, observations
would be useful in this region during this type of events to identify
biomass burning and coal mining influence.

4. Discussions
4.1. Modelling uncertainties

Many uncertainties remain in our simulations, both in the
Lagrangian model or the inventory used. For example, the relative
proximity of local sources at scales comparable to model spatial reso-
lution can lead to strong errors due to improper positioning of sources or
poor mixing representation.

The irregularity and ephemeral nature of certain emissions like
flaring or venting is also a factor that can explain the mismatch between
observation and simulations. These can also be explained by the fact that
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the inventory has no variability and is static within a year, meaning that
daily, weekly or even seasonally, emission variations are not considered
and won’t be reproduced by the model.

Punctual strong anti-correlation between observed and total simu-
lated (on the 5th and 14th December especially) can be explained by
transport model failure in the timing of regime change with errors in
wind fields associated to drop in atmospheric pressure and strong
change in the potential emission sensitivity. We confirmed this hy-
pothesis of poor model performances by looking at the pressure data
from the meteorological station which highlight the low-pressure drops
during these failures.

Despite these uncertainties, the relatively good correlation found
between simulated and observed CH4 during the ME event allows to
further investigate this event.

4.2. OG contribution during ME event

77 % of Middle East emissions come from OG (without the coal
sector) according to EDGAR v7.0 emission inventory. With our coarse
regional definition, the inventory predicts a contribution of 74 % of OG
in the Middle East region.

During the ME event the mean contribution of the OG sector is 26 %
(maximum 43%). This fraction based on EDGAR and the PES takes into
account coal mining and handling production, upgrading and transport
of OG as well as venting and flaring of NG.

We consider factors that may play on the different OG proportion
simulated during the ME event (26-43%) and the general inventory.
First, the seasonality emissions from the OG sector, it is low, seems to
peak between October and March (Chen et al., 2018), December not
being in the maximum months (Javadinejad et al., 2019). Therefore, it
likely does not play a significant role here.

Then, the PES is not evenly distributed across all Middle East coun-
tries. During the ME event, simulations show a higher sensitivity (higher
PES) to emissions from Syria, Lebanon, Jordan, Iraq and Saudi Arabia
than for other Middle East countries. For these countries, EDGAR esti-
mates a 75 % ratio of OG emissions, therefore ensuring representativity
of the regional Middle East mean.

The PES also encompass Europe, Turkey and Africa; these regions
exhibit significantly different fraction of predicted OG emissions
depending on the region (Table S8). This explains most of the dilution of
the share of OG emission in DCH4 between the regional inventory and
the simulated ME event.

Finally, the proportion of PES sensitive to Middle East during the ME
event was variable and this induces a varying sensitivity to ME OG
emissions. The fraction of Middle Eastern contribution to CHy
enhancement varies during the ME event from 34 % to 92 % (Fig. 4), the
maximum being during the evening on the 13th. Over this event the OG
over total simulated ratio varies from 18 to 43 % (around the mean of 26
%). The maxima of both OG and ME coincide, on December 14th at
midnight (see back-plume trajectories on Fig. S5).

4.3. Implications for inventories

As demonstrated in section 3.3.1, the light alkanes analysis indicates
that Middle eastern OG upstream sector is the dominant sector
explaining CH4 enhancements during the ME event. The simulation is
broadly consistent with the light alkane results, and this can be put in the
perspective of the high numbers of super-emitters recently identified in
this region (Lauvaux et al., 2022; Chen et al., 2023). The similarity of the
ACoHg: ACH4 ratio during the ME event with the one measured in the
Arabian Gulf suggest that OG had a much larger share than simulated
during the ME event. The PMF provided indication that OG upstream
and midstream sectors explain 43-59 % of CHy4 during the event, much
more than the 24-31 % predicted by our simulation. The i/n-CsH;j ratio
gives more specific information within the OG sector and points to a
dominant contribution of upstream raw NG while the PMF first factor
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point to oil sector contribution. Our result points to a likely underesti-
mation of 69 % (plausible range 48-146 % - this uncertainty range being
obtained by varying the time window used) of the OG Middle East
emissions in the inventory.

CH,4 emissions from Europe, Turkey and the Middle East, with their
distinct sectoral mixes, have different light alkane signatures (Fig. 3).
During the TE event, the ACyHg: ACH4 ratio is higher under Turkey’s
influence than under Europe’s influence. Symmetrically, the i/n-CsHjo
ratio is lower with Turkey’s contribution than under dominant Europe/
Cyprus sensitivity. This suggests that the airmasses coming from
Europe/Cyprus are affected by a comparatively more important mixed
urban signature than Turkey. The broader fossil fuel sector, including
coal (due to enhanced CoHj especially during the TE event) as well as OG
from farther away in the north and/or east, appears to influence
significantly airmasses passing over Turkey.

In this study, we show that the CH4 emissions coming from the OG
sector in the EDGAR database seems underestimated in the Middle East
region. This is consistent with recent studies (Guha et al., 2020; Foulds
etal., 2022; Liu, 2022; Yu et al., 2023) that have shown that OG but also
the landfill sector might be underestimated in inventory of CH4 emis-
sions. With different methods, Dalsgren et al. (2016); Maasakkers et al.
(2019); Al-Shalan et al. (2022) or Lauvaux et al. (2022) point also in the
direction of an underestimation OG CH,4 emission as well as the waste
sector in the Middle East region.

Local CH4 emissions in Cyprus, even if underestimated in the in-
ventories (Liu, 2022), are primarily dominated by agricultural and
waste-related activities (EDGARv7.0), specifically concentrated in the
central part of the island. In our Lagrangian modeling, the emissions
from sources such as cattle farms (with enteric fermentation) and waste
management (with landfills), were the biggest contributors to the
simulated CHy4 signal during this 3-month campaign. However, the
FLEXPART configuration used here was aimed at studying regional
signal and do not offer the sufficient spatial and temporal resolution to
analyze in depth Cypriot national emissions.

The EDGAR v7 NMHC emissions inventory data significantly un-
derestimate the atmospheric levels of light hydrocarbons and has not
been updated for over ten years (EDGAR last sectoral and global speci-
ated NMHCs emission files are for the year 2012 in v4). This prevents
their effective use in the backward simulation modelling and thus,
calculate an accurate expected CoHg on CHy4 ratio coming from specific
region or sectors to improve CH, estimation and being able to effectively
quantify their contribution on observed CHy signal. Moreover, there is a
possibility that atmospheric chemistry-based projections of methane
abundance could be underestimated due to the extended atmospheric
lifetimes resulting from the inaccurate simulation of NMHCs.

5. Conclusions

Measurements of greenhouse gasses and light hydrocarbons, were
carried out over a three-month period at the southeastern coast of
Cyprus. The campaign aimed to address pollution transport from
regional sources that affect CH4 abundance in the eastern Mediterranean
and to investigate the feasibility of analysing regional Middle Eastern
signatures from a remote background receptor site. A comparison of the
observed data with model simulations demonstrated that while CHy is
reasonably well represented in the model, emissions from the OG sector
in the Middle East are underestimated.

Utilizing light alkane ratios, especially ACoHg: ACH4 and i/n-CsHj o,
as well as PMF, this study showed the OG sector’s regional influence on
the CH4 mixing ratios. A distinct event in mid-December 2021 was
observed coming from the Middle East and was specifically studied with
enhancement relationships. The ACyHp: ACH4 ratio strongly indicates
the predominant contribution of the OG sector from this region while
the i-/n-pentane ratio indicates influence by NG activities on top of other
sources and especially upstream NG. Despite being about 2000 km away
from the Arabian Gulf, light alkane measurements enable the
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identification of a preserved signal, distinguishing CH4 OG emission
sector from other sources despite the dilution and long-range transport
processes in place at regional scale.

Simulated CH4 mixing ratios are dominated by enteric fermentation
(27 %), solid waste disposal landfills (27 %) and fuel exploitation (21
%). The PMF light alkanes signature points to a likely underestimation of
69 % (48-146 %) of the OG contribution in the inventory. Therefore, it
appears that a large part of the emissions is related to fugitive emissions
from the OG sector. It’s noteworthy that in conjuction with fugitive oil
emission and other energy sectors, these fugitive OG emissions are re-
ported to have large substantial uncertainties (50-200 %) in the EDGAR
inventory (Solazzo et al., 2021).

The regional signature, characterized by ACoHg: ACH4 and i/n-CsHio
ratios, was deducted by combining light alkane measurements with
simulations. This allowed us to distinctly discern the variations in
emission structures across sectors clearly between Europe, Turkey and
Middle East with urban dominance, coal contribution and OG influence
respectively.

Our study highlights the value of monitoring atmospheric CH4 in
conjunction with NMHC at receptor sites. The inclusion of NMHCs in
source characterization, whether through hydrocarbon ratios or PMF
analyses, can serve as a valuable addition to FLEXPART model simula-
tions. The methodology of integrating measurements and modelling for
CH4 and NMHCs can be applied on other existing or planned monitoring
sites that measure both CH4 and NMHC.
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