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Abstract

This study analyzes climatological trends and variability of the main greenhouse gases
(GHGs)—carbon dioxide (CO,), methane (CH,), and carbon monoxide (CO)—over Greece
using Copernicus Atmosphere Monitoring Service (CAMS) data (EAC4 and EGG4) along-
side global emission inventories and satellite-derived fluxes. A statistically significant
positive long-term trend was identified for both CO, and CHy4. CO, concentrations have
been increased by approximately 2 ppm/year, reaching over 415 ppm in 2020 compared
to 380 ppm in 2003, following the global trends of ground-based measurements in the
northern hemisphere. CHy showed a rapid increase since 2007, linked to anthropogenic
activities, although natural sources also contribute. In contrast, CO exhibits a negative
trend of about 0.6 ppb/year, with significant seasonal variability due to both anthropogenic
sources and wildfires. Notably, CO concentrations increased during wildfire episodes in
2021 and 2023, with enhanced CO concentrations over 100 = 20 ppb, well above typical
summer values of 80 £ 10 ppb. Both CO, and CH, exhibit positive seasonal anomalies
relative to the 20032013 reference period. Analysis of short- and mid-term variability
reveals that CO; fluctuates within £0.5%, with higher winter concentrations linked to
anthropogenic emissions, while CHy variability reaches £2%, reflecting diverse urban,
industrial, and agricultural sources. CO exhibits the highest variability (£10-50%) due to its
shorter atmospheric lifetime and sensitivity to local emissions and wildfire events. Sectoral
comparisons with the Greek National Inventory Report indicate a general decline in GHG
emissions in Greece, although sector-specific differences persist. Seasonal patterns show
elevated fossil CO, emissions during colder months, CH4 emissions peaking in agricultural
seasons, and CO peaks during summer wildfires. In general, CAMS GHG emission trends
fall well within the National Inventory Report of Greece. These findings emphasize the
importance of combining long-term trends with short- and mid-term variability to capture
both anthropogenic and natural influences on GHGs, providing a more comprehensive
understanding of emission dynamics in Greece, when global warming and climate change
remain an inherently challenging issue during the last decades.

Keywords: CAMS; greenhouse gases; climatology; trend; CO,; CO; CHy; Greece; growth
rate; emission fluxes
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1. Introduction
1.1. Atmospheric Greenhouse Gases and Their Climate Impact

The continuous rise in atmospheric greenhouse gases (GHGs) remains one of the
clearest and most concerning indicators of anthropogenic climate change, with major
implications for the Earth’s system, including radiative forcing, carbon cycle feedback,
atmospheric chemistry, and regional climate impacts. Water vapor (H,O), carbon dioxide
(CO,), methane (CH,4), and nitrous oxide (N,O) are the primary greenhouse gases that
trap heat near the Earth’s surface. Their natural levels in the atmosphere are regulated by
processes such as photosynthesis and respiration in the case of carbon dioxide or methane
production by microorganisms in wetlands. However, human activities—particularly since
the industrial revolution—have significantly increased the concentration of these gases,
leading to an accelerated warming of the Earth’s climate. Among these gases, CO, and
CHy are the dominant long-lived GHGs, while carbon monoxide (CO) plays a key role as
an indirect greenhouse gas (GHG) and tracer of biomass burning. CHy, whose warming po-
tential is about 28 times that of carbon dioxide over 100 years and roughly 80 times stronger
over 20 years, has risen to an atmospheric concentration of 1923 parts per billion (ppb)
as of 2023, driving GHG trends in the opposite direction of what is needed to maintain a
habitable planet and limit global warming below even 2 °C [1]. Natural sources of methane
in Greece primarily include the anaerobic decomposition of organic matter in wetlands,
which accounts for a significant portion of global methane emissions. Other natural sources
include the emissions from geological processes, such as seepage from natural gas deposits,
and methane release from certain animal species in ecosystems like wetlands and forests.
On the anthropogenic side, methane is predominantly emitted from agricultural practices
(particularly rice cultivation, livestock, and manure management), fossil fuel extraction
and use, and waste management activities like landfills. Approximately 40% of the CHy
released into the atmosphere comes from natural sources such as wetlands and termites,
while the remaining 60% originates from human activities including ruminant livestock,
rice cultivation, fossil fuel extraction, landfills, and biomass burning [2]. The dominant
atmospheric sink of methane is its oxidation by hydroxyl radicals (OH), particularly during
summer when photochemical activity is strongest. This process contributes to the seasonal
minimum observed in CHy concentrations. CO’s relatively short atmospheric lifetime
allows it to be transported over long distances, making it a useful marker for identifying
distant sources of combustion, including wildfires and agricultural burning. CO, one of the
most important atmospheric pollutants, is primarily produced by inefficient combustion,
such as biomass burning [3], traffic, and industrial activity [4]. In addition to its role
as a precursor for the formation of secondary pollutants such as ozone, CO modulates
atmospheric chemistry by influencing the concentration of OH, which in turn affects the
lifetime of CHy in the atmosphere. In the troposphere, CO reacts with OH in the reaction
CO + -:OH — CO; + -H [5,6], which indirectly affects the lifetime of CH4 by reducing the
availability of OH that would otherwise oxidize CHy. Despite its short-lived nature, with
a lifetime typically ranging from weeks to months, CO plays an indirect but significant
role in climate forcing. Thus, by modulating the abundance of OH, CO helps control the
atmospheric lifetime of CHy and facilitates tropospheric ozone formation, both of which
are important components of climate forcing [7]. Consequently, CO provides a valuable
diagnostic tool for understanding regional combustion activity and transport processes,
complementing CO, and CHy4 observations in studies of atmospheric composition and
climate change. In Greece, CO, emissions are predominantly linked to energy production,
transportation, and industry, although the transition to renewable energy sources, such as
wind and solar, has contributed to a decline in the carbon intensity of the energy sector
over the past two decades [8]. However, challenges remain in sectors like transportation,
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residential heating, and biomass burning, where fossil fuel consumption continues to be
significant. CHy emissions in Greece, on the other hand, are heavily driven by agriculture,
particularly livestock farming, as well as methane leaks from landfills and the oil and gas
sectors. Given methane’s potency as a greenhouse gas, reducing these emissions could
provide immediate climate benefits and comply with the Paris Climate Agreement and the
Global Methane Pledge. Greece, located at the interface of Mediterranean, continental, and
marine climate regimes, exhibits a distinct regional signature in greenhouse gas variability
due to its complex topography, strong coastal influences, urban—industrial activity, and
seasonal biomass burning. CO, emissions are primarily associated with energy production,
transportation, and industrial processes, whereas CHy mainly originates from agriculture
and waste management, with additional natural contributions from wetlands. CO, a short-
lived species, shows pronounced seasonal variability, with elevated levels during wildfire
events and biomass burning, and is commonly used as a tracer of combustion processes.
The interplay between these emission sources and dynamic meteorological conditions
makes Greece a particularly suitable case study for investigating temporal variability in
CO,, CHy, and CO, as well as for interpreting trends and anomalies and their implications
for air quality management and climate mitigation.

1.2. Global Trends and Recent Research Findings

Globally, the burden of atmospheric greenhouse gases continues to rise at alarm-
ing rates. According to the World Meteorological Organization (WMO) Greenhouse
Gas Bulletin No. 21 (https:/ /wmo.int/sites /default/files /2025-10/ GHG-21_en.pdf, ac-
cessed on 1 December 2025), the globally averaged surface mole fractions of CO, reached
4239 £ 0.2 ppm, 1 942 £ 2 ppb for CHy, and 338.0 £ 0.1 ppb for N,O in 2024—all
new record highs. The year to year increase in CO, (=3.5 ppm from 2023 to 2024)
was the largest ever observed, reflecting continued fossil fuel emissions, extensive
wildfires, and possible weakening of land and ocean sinks during the 2023-2024 El
Nirfio event (https://wmo.int/sites/default/files /2025-10/ GHG-21_en.pdf, accessed on
1 December 2025). Meanwhile, for 2023, the WMO press release noted that CO, reached
420.0 £ 0.1 ppm (=151% of the pre-industrial level) and CH; a record 1934 + 2 ppb
(~266% of pre-industrial), with concerns about sink strength and carbon cycle feed-
back (https:/ /public.wmo.int/news/media-centre/greenhouse-gas-concentrations-surge-
again-new-record-2023, accessed on 1 December 2025).

According to NOAA'’s globally averaged marine surface data [9], methane has exhib-
ited particularly strong and variable growth over the last decade. Following a plateau in the
early 2000s, CHy4 concentrations began accelerating again around 2007, with an even steeper
rise after 2020. Atmospheric methane concentrations have been increasing steadily since
2007 and, by 2024, were more than 2.5 times higher than pre-industrial levels [1]. According
to the latest WMO bulletin [10], the globally averaged CH, concentration calculated from
in situ observations reached a new high of 1942 £ 2 ppb in 2024, an increase of 8 ppb with
respect to the previous year [2]. The growth rate shows an increasing tendency, although it
has not yet reached a stable level [9].

Remote sensing of CO, and CHy4 with both ground-based measurements and satellite
observations reveal an increased trend in these GHGs, captured by recent studies. One
study [11] showed a positive consistent CO, growth rate of 3.2 ppm/year in Paris, France,
for three different sites, with a discernible seasonal cycle, using FTIR spectrometers and in
situ data. Also, measurements of column averaged dry air mole fractions of CO,, CHy, and
CO performed in Thessaloniki [12] and other cities in the northern hemisphere using the
portable ground-based EM27/SUN, part of the Collaborative Carbon Column Observing
Network (COCCON) [13-15], showed a growth rate of CO; of over 2 ppm/year and also
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a positive trend in CHy. In addition, observations from the TROPOspheric Monitoring
Instrument (TROPOMI) onboard Sentinel-5P revealed increased CH, observations around
Thessaloniki, Greece [16]. In addition, one study [17] confirms the long-term positive
trend of GHGs in Greek regions, using both ground-based measurements and satellite
observations.

Carbon monoxide presents a contrasting picture. Long-term global analyses [18]
indicate that CO has been declining since the early 2000s due to cleaner combustion
technologies, improved vehicle emission controls, and reduced biomass burning in certain
regions. However, the overall decline in certain atmospheric constituents has slowed in
recent years, and regional increases have been observed, particularly in association with
large wildfires, urban pollution, or drought-driven biomass burning in the Mediterranean
region and the tropics. A recent study [19] found that increased CO concentrations are
driven by wildfire episodes, captured in Thessaloniki by a portable EM27/SUN FTIR
spectrometer, leading to an unprecedented increase in concentrations of CO by over 130%
compared to the typical averaged mean values during summer time in Greece. Thus, CO
remains an important diagnostic for short-term atmospheric composition variability and as
an indicator of wildfire-driven emission anomalies. Although overall anthropogenic CO
emissions in Europe have declined over recent decades due to technological improvements
and regulatory measures, local pollution levels remain significant, particularly during
temperature inversion events or in areas with increased heating-related combustion. The
role of these emissions in atmospheric pollution becomes even more critical when combined
with natural sources, such as wildfires, which appear to have driven the seasonal variability
of carbon monoxide in Greece (as well as in other Mediterranean countries) in recent years.

To supplement ground-based and satellite observations, the Copernicus Atmospheric
Monitoring Service (CAMS) provides a high-quality and accurate tool for atmospheric
observations, filling the gap of in situ measurements. In a recent study, CAMS revealed a
positive trend of both CO, and CHy in three countries in the northern hemisphere, Greece,
Italy, and France [20]. It is worth mentioning that a study [21] reports that changes in the
assimilated satellite data have a clear impact on the evolution of the global annual mean
values of CO; and CHy. In summary, while CO; and CHjy continue to increase globally
with record-high growth rates, CO’s variability reflects shorter-term processes and regional
emission changes.

1.3. Objectives and Scope of This Study

This study presents a comprehensive climatological analysis of CO,, CHy, and CO
over Greece using two decades of CAMS reanalysis data, with several key objectives:
quantifying long-term trends and seasonal cycles of these gases through the CAMS-EGG4
and EAC4 datasets; investigating mid-term and short-term variability to capture intra-
seasonal and diurnal fluctuations; identifying anomalies and extreme years (e.g., 2016, 2020,
2021, 2023, and 2024) in relation to major climate events, such as heatwaves, wildfires, and
El Nifio-related variability; and comparing regional patterns across Greece to assess spatial
heterogeneity in atmospheric behavior.

This study aims to provide new insights into the behavior of key greenhouse gases
in the Mediterranean region, with a focus on the influence of local and regional emission
sources and meteorological conditions on atmospheric composition. It further evaluates
the implications of these trends for climate change and air quality mitigation. The results
contribute to a better understanding of the interaction between large-scale climatic drivers
and local emission processes in shaping atmospheric composition over southeastern Europe.
The Mediterranean region, characterized by complex topography, strong land-sea contrasts,
diverse urban and industrial emissions, and frequent biomass burning events, provides an
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ideal natural laboratory for investigating the interplay between long-term climatological
trends and regional-scale processes. Overall, this work supports ongoing efforts to improve
greenhouse gas monitoring and to better understand regional feedback mechanisms in the
context of climate change.

2. Data and Methods
2.1. Overview of Datasets

This study employs two Copernicus Atmosphere Monitoring Service (CAMS) reanaly-
sis products—CAMS-EAC4 (https:/ /ads.atmosphere.copernicus.eu/datasets /cams-global-
reanalysis-eac4?tab=overview, accessed on 1 December 2025) and CAMS-EGG4 (https://
ads.atmosphere.copernicus.eu/datasets/cams-global-ghg-reanalysis-egg4?tab=overview,
accessed on 1 December 2025)—to analyze the climatological and inter-annual variability of
atmospheric CO,, CHy, and CO over Greece for the period of 2003-2024. These reanalysis
datasets combine advanced atmospheric chemistry models with extensive satellite and in
situ observations through four-dimensional variational (4D-Var) data assimilation, provid-
ing a spatially and temporally consistent record of atmospheric composition, while they
are based on data assimilation systems that combine model forecasts with a wide range of
satellite and in situ observations to provide globally consistent, high-resolution fields of
atmospheric composition over decades [22].

1. CAMS-EAC4 (CH, and CO):

The CAMS Reanalysis of Atmospheric Composition, version 4 (EAC4), provides global
fields of reactive gases, greenhouse gases, and aerosols [22]. It is based on the ECMWF
Integrated Forecasting System (IFS) coupled with the MOZART-5 chemistry scheme. EAC4
assimilates satellite retrievals of CHy and CO (from instruments such as MOPITT, IASI, and
AIRS), along with in situ measurements. The data are available at a horizontal resolution
of 0.75° x 0.75° on 60 vertical levels up to 0.1 hPa and at a 3-h temporal resolution. For
this study, total columns of CH4 and CO were extracted and spatially averaged over the
Greek domain (approximately 34-42° N, 19-28° E). The resulting time series were used to
analyze long-term trends, seasonal cycles, and variability.

2. CAMS-EGG4 (CO,):

For CO,, we used the CAMS Greenhouse Gas Reanalysis (EGG4), which extends the
IFS framework with an optimized representation of the global carbon cycle and assim-
ilation of satellite retrievals from GOSAT, OCO-2, and in situ flask measurements [21].
The dataset provides 3-h global fields of CO;, mole fractions at the same spatial resolution
(0.75° x 0.75°). Reanalysis uses an assimilation system that detects observation biases,
filters out poor-quality data, and fills gaps where measurements are sparse or nonexistent.
The EGG4 CO, data were extracted over the same Greek domain to ensure spatial consis-
tency with the EAC4 dataset. However, the EGG4 dataset currently extends only to 2020.
Consequently, the CO, analysis in this study covers the period of 2003—-2020.

Additionally, CAMS global emission inventories (https://ads.atmosphere.copernicus.
eu/datasets/cams-global-emission-inventories?tab=overview, accessed on 1 Decem-
ber 2025) and CAMS global inversion-optimized greenhouse gas fluxes (https://ads.
atmosphere.copernicus.eu/datasets/cams-global-greenhouse-gas-inversion?tab=overview,
accessed on 1 December 2025) of CO, CO, and CHy are presented to gain a better under-
standing of how GHG emissions fluctuate over the years. The global emission inventory
dataset contains gridded distributions of global anthropogenic and natural emissions.
In this work, we use anthropogenic emissions with a spatial horizontal resolution of
0.1° x 0.1°, which are separated in specific activity sectors (e.g., power generation, road
traffic, industry, agricultural, livestock, fugitives, waste, etc.). CAMS compiles inventories
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of emission data that serve as input to its own forecast models but which can also be used by
other atmospheric chemical transport models [23]. The CAMS global inversion-optimized
greenhouse gas fluxes dataset contains net fluxes at the surface for carbon dioxide [24],
methane [25], and nitrous oxide [26].

2.2. Methodology

To investigate sub-seasonal diurnal variability of greenhouse gases (GHGs), obser-
vational data using three complementary approaches were analyzed. Each one captures
variability at different temporal scales, and they were performed separately for each
meteorological season: winter (December-February), spring (March-May), summer (June—
August), and autumn (September-November). Below, we present the main idea behind
each case.

1.  Rolling two-week window (short-term variations/dynamic climatology):

To capture continuous sub-seasonal variability, a rolling two-week window centered
on each measurement (+7 days) was applied. For each timestamp, GHG measurements at
the same hour of the day within the rolling window were averaged to define the reference
value. Relative diurnal enhancements or sinks were expressed as the percentage deviation
from the time-varying reference mean. Unlike fixed biweekly bins, the rolling window
approach is more sensitive to short-term variability, enabling detection of transient emission
events, rapid changes in atmospheric mixing, and gradual transitions between high- and
low-concentration phases, while still filtering out long-term seasonal trends.

2. Biweekly fixed-bin climatology (mid-term variations):

To investigate the diurnal variability of GHGs on a sub-seasonal scale, we computed
a biweekly 3-h climatology for each season. For each season, data were first filtered to
include only the relevant months, and the seasonal time series was divided into consecutive
two-week intervals to capture sub-seasonal variability while retaining sufficient temporal
resolution. Within each two-week period, hourly GHG concentrations were grouped into
three-hour bins to construct a diurnal cycle. For each biweekly, three-hour bin, the mean
GHG concentration was calculated, serving as a reference climatological value for that
period and hour. Relative diurnal enhancements and depletions were quantified as the
percentage deviation of each measurement from the corresponding biweekly mean for each
three-hour interval. This approach captures mid-term variability by smoothing short-term
fluctuations while highlighting persistent patterns of greenhouse gas (GHG) enhancements
and sinks within each season.

3. Long-term detrended 3-h mean diurnal variability:

In this case study, the long-term trend was first removed from the observational record,
and the detrended data were classified by season and aggregated to a 3-h temporal res-
olution. Seasonal climatological diurnal cycles were then constructed from a multi-year
reference period, and diurnal anomalies (ACO,, ACO, ACH,) were obtained by subtracting
these seasonal baselines from the detrended observations. This procedure isolates enhance-
ments and sinks—ranging from intra-day to synoptic timescales—by removing the seasonal
diurnal pattern, thereby capturing both local sub-daily fluctuations and broader spatial
dynamics. This provides insight into the interplay of emissions, atmospheric transport,
and boundary layer processes. When computing seasonal three-hour climatologies from
the detrended greenhouse gas (GHG) time series, extended fire events and other extreme
episodes were excluded from the averages. This ensures that the resulting diurnal enhance-
ments and sinks represent typical atmospheric variability, minimizing the influence of
episodic or anomalous emissions on seasonal patterns.
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Together, these three complementary approaches provide a robust characterization
of GHG variability across multiple temporal scales. The fixed biweekly bins emphasize
mid-term, sub-seasonal patterns; the rolling two-week window captures short-term, tran-
sient fluctuations; and the detrended hourly analysis isolates persistent diurnal signals by
removing long-term trends and extreme events. To that end, by combining these methods,
we ensure that both typical atmospheric variability and episodic anomalies are appropri-
ately accounted for, enabling a comprehensive assessment of the temporal dynamics of
CO,, CO, and CHy.

Furthermore, to capture long-term trends of GHGs for each year separately, relative
to a long-term reference period (2003-2013), the climatological monthly mean for each
GHG over the reference years was calculated. Monthly means for each year of interest
were then calculated and subtracted from the corresponding climatological values to obtain
the anomalies, which were further expressed as percentage deviations relative to the
reference period. Spatial distributions of the anomalies were visualized over Greece using
gridded observational data, with each month plotted separately to highlight seasonal and
sub-seasonal variations. Also, the same methodology was applied to calculate seasonal
anomalies over Greece relative to the same reference period.

3. Results

In this section, the long-term time series of GHGs are presented and analyzed, together
with their seasonal cycles. In addition, we examine the anomalies of each gas (monthly
and seasonal averaged) relative to the reference period of 2003-2013 over Greece. As
a complementary way to visualize and further explore the data, heatmaps of monthly
averaged total column abundances of GHGs are also presented. Finally, the short/mid-
term variations (enhancements/sinks) of each gas are presented and analyzed to estimate
possible emission sources, while long-term de-trended time series of A-gases are split into
three sector bins (northern Greece, central Greece, and southern Greece) and compared to
capture the highest variability over the years across different geographical regions. CAMS
emission fluxes of CO, and CHy are also presented according to various sectors of interest
in Greece, while CAMS emission rate inventories are shown in both spatial and temporal
resolutions for CO, and CHy, relative to specific emission sectors. In addition, we compare
our findings of the emissions of CO,, CHy4, and CO with both the Greek national report and
the Emissions Database for Global Atmospheric Research (EDGAR) report, while the figures
from CAMS inventories are shown in the Supplementary Materials (Figures 515-523).

3.1. Long-Term Trends and Anomalies
3.1.1. Carbon Dioxide (CO5)

Figure 1 shows the long-term daily mean time series of CAMS CO, product since 2003
along with corresponding monthly and annually means. We observe a constant positive
trend of approximately 2 ppm per year and a strong seasonal cycle, which is that of a typical
mid-latitude country in the northern hemisphere. Both anthropogenic emission sources and
natural sinks drive this seasonality across years. Fossil fuel combustion, transport, heating,
biomass burning, and industrial activities are the most important CO, emission sources
in Greece. They occur mostly during winter and spring, while CO, emissions from fire
episodes during summer account for a very small CO, enhancement in its concentrations.
Sinks originate mainly from the terrestrial vegetation that binds CO, during the process
of photosynthesis. The amplitude of the seasonal cycle in CO; is larger in the northern
hemisphere than in the southern hemisphere, as northern hemispheric continents are the
areas containing the majority of land plants covering the Earth’s surface and the seasonal
changes in temperature result in large differences in plant photosynthesis from summer
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to winter. Photosynthesis results in decreased CO; in the local growing season, whereas
photosynthesis gradually ceases and CO, builds up in autumn and winter [27]. Maximum
CO; concentrations are found during late spring, reflecting the effect of anthropogenic
sources, primarily driven by continued fossil fuel combustion from industrial activities
and transportation, which remain significant as heating demand declines but energy
use for production and mobility persists. Minimum CO, values are found during mid
to late summer. The positive trend of CO, can be also identified by the heatmap in
Figure 2, showing monthly averaged concentrations from 2003 to 2020. In 2020, CAMS
reanalysis data depict a tremendous increase since 2003 with over 415 ppm, while CO,
concentrations in 2003 did not exceed 380 ppm in Greece. The amplitude of the seasonal
cycle for 2019-2020 is approximately 5 ppm and much more variable compared to the mean
seasonal amplitude of the long-term period of 2003-2018, as shown in Figure 3. We observe
a sharp decrease during 2019-2020 in the early spring seasonal mean, probably due to
COVID-19 lockdown restrictions, which resulted in less GHG emissions during that period.
The COVID-19 lockdown in Greece was implemented in multiple phases, beginning in
March 2020 with nationwide restrictions on movement, closure of non-essential businesses,
schools, and universities, and limitations on domestic and international travel. These
measures, which lasted until late May 2020 with gradual easing, led to a substantial
reduction in transportation, industrial activity, and overall energy demand, particularly in
urban areas. The lockdown thus represents a short-term, national-scale intervention that
temporarily lowered anthropogenic CO, emissions during 2020.

CAMS CO; long-term time series

Daily mean
—— trend: 2.00812
—e— Monthly mean
Annual mean
daily variability

y = 2.008*x + (376.033)

g oF ¥ o or g & & g+ o oF or o o & & ¥ o
oY ¥ & oF oF oF &¥ & gr oF oF o oF o g% oF o
F F TS YT Y E
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Years

Figure 1. Long-term time series of total column concentrations of CO; over Greece covering the
period of 2003—-2020. The red line shows the trend, while dark red and blue dots represent the monthly
mean and daily mean concentrations, respectively.

Additionally, we calculated the annual growth rate of CO, concentrations over Greece
after removing the seasonal cycle in order to eliminate the strong effect of seasonal vari-
ations, consistent with [28]. A consistently high growth rate is observed across all years,
ranging from 2 to 3 ppm yr~!, while 2020 shows the largest increase, with CO, concentra-
tions rising by over 4.5 ppm compared to the previous year.
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Figure 2. Monthly averaged heatmap of CO, over Greece per year.
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Figure 3. Seasonal cycle of CO, daily mean concentrations over Greece. The red solid line and light
red shadow represent the daily mean concentrations between 2019 and 2020, while the green ones
cover the longer period between 2003 and 2018.
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Relative anomalies were derived as percentage deviations from the reference period
according to the following formula:

ACO, [%] = ( <Co2year - COZCIimutology) / (COZClimutOIOgy>) * 100 @D

Figures 4 and 5 depict the monthly mean and seasonal mean anomalies of CO; relative
to the reference period of 2003-2013. Regarding the monthly mean CO, anomalies, we
see a clear upward trend in CO; concentrations, which peak in 2020, exceeding 20 ppm
compared to the reference period. During winter and autumn of 2020, the highest seasonal
mean CO, anomalies were observed (Figure 5), increasing by approximately 7-8 ppm. In
comparison, the corresponding anomalies in 2019 ranged between 6 and 7 ppm. During
spring and summer, CO; anomalies in 2020 were also elevated, rising by 6.5-7.5 ppm,
whereas in 2019 they were lower at approximately 5 to 6 ppm.

Monthly Anomalies of CO;

Dec relative to 2003-2013 climatolo
Nov
Oct 20
Sep
Aug 10
f Jul
5
s Jun
May -10
Apr
Mar -20
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Jan
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Year

o
CO, Anomaly [ppm]

Figure 4. CO, anomalies over Greece relative to the reference period, 2003-2013.

CAMS Seasonal Anomalies [%] of CO, over Greece for DJF 2019 CAMS Seasonal Anomalies [%] of CO; over Greece for DJF 2020
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Figure 5. Cont.
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CAMS Seasonal Anomalies [%] of CO, over Greece for MAM 2019 CAMS Seasonal Anomalies [%] of CO, over Greece for MAM 2020
relative to the reference period: 2003-2013 relative to the reference period: 2003-2013
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Figure 5. CAMS seasonal mean CO, anomalies over Greece for 2019 and 2020, relative to the reference
period, for (a) DJF, (b) MAM, (c) JJA, and (d) SON.

3.1.2. Methane (CHy)

Figure 6 presents the daily mean time series of CHy over Greece, together with the

corresponding monthly and annual mean concentrations expressed in molecules/cm?.

A clear positive long-term trend is observed, although the annual growth rate appears
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lower during the period of 2017-2022. The spatial and temporal distribution of methane
emissions is influenced by factors such as temperature, seasonal agricultural cycles, and
industrial activities. One of the major sinks for methane in the atmosphere is its reaction
with hydroxyl radicals (OH), particularly during warmer months when OH concentrations
are higher due to increased temperature (Figure 7). This reaction represents the dominant
removal mechanism, although increasing methane levels can reduce OH concentrations,
potentially leading to longer methane lifetimes in the atmosphere. The seasonal cycle of
methane is driven by both emission sources (anthropogenic and natural) and sinks, yet
it is more variable compared to CO;, indicating the influence of multiple and diverse
emission sources (Figure 8). Maximum concentrations are observed from early autumn to
mid-winter, reflecting the combined influence of anthropogenic emissions and reduced
photochemical removal. Minimum values are observed during summer as a result of
enhanced oxidation by OH. Methane emissions originate from both natural and anthro-
pogenic sources, including wetlands, agriculture (livestock and manure management),
fossil fuel extraction, and waste management activities. The seasonal distribution of these
sources, together with atmospheric chemistry, contributes to the observed variability.

CAMS CHg4 long-term time series

Daily mean
— trend: 1.2*e+15 P S 5 BLET
—e— Monthly mean y = 0.012e+17" + (5.8e+17)
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daily variability
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Figure 6. Long-term time series of total column concentrations of CHy over Greece covering the
period of 2003-2004. The red line shows the trend, while dark red and blue dots represent the monthly
mean and daily mean concentrations, respectively.

A discernible high growth rate is observed for all years, with values ranging from
1.8 x 10' t0 3.2 x 10" molecules/cm?/year.

Relative anomalies of CH4 were derived as percentage deviations from the reference
period, according to the following formula, as in the previous case of CO,:

ACHy [%] = ( (CH4year - CH4climatology) / (CH4climutology)) * 100 (2)
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Figure 7. Monthly averaged heatmap of CHy over Greece per year.
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Figure 8. Seasonal cycle of CHy daily mean concentrations over Greece. The red solid line and light
red shadow represent the daily mean concentrations between 2021 and 2024, while the green ones
cover the longer period between 2003 and 2020.

Figures 9 and 10 depict the monthly mean and seasonal mean anomalies of CHy
relative to the reference period of 2003-2013. Regarding the monthly mean CH4 anomalies,
we observe a clear upward trend in CHy concentrations, which peak during 2021-2024,
exceeding 1.5 x 10'® molecules/cm? compared to the reference period. It is worth saying
that CH monthly anomalies show much more variability than CO, anomalies (Figure 4).
In comparison, the corresponding anomalies in 2015 ranged between 6 and 7 ppm. During
spring and summer, CO, anomalies in 2020 were also elevated, rising by 6.5-7.5 ppm,
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whereas in 2019 they were lower at roughly 5-6 ppm. When comparing the seasonal CHy
anomalies between 2015 and 2024, all seasons exhibit a positive trend, while the most
significant increase was found during winter and autumn periods. In particular, winter
2024 shows an over 3% increase in methane concentrations, while spring and summer
anomalies range from 2.25% to 2.75%. Notably, west of Thessaloniki, in northern Greece, a
pronounced increase in CHy levels was found during summer (Figure 10c) and autumn
periods (Figure 10d). This area is known for its persistent agricultural methane sources,
which likely contribute to the observed rise in CHy concentrations, particularly during
the growing seasons. In one study [29], observations from Sentinel-5 Precursor (S-5P)
showed increased CHy4 concentrations in this particular area, with CH4 emissions mainly
originating from agriculture, farms, solid waste disposal in Thessaloniki, rice fields around
Chalastra, or wastewater treatment. While CHy4 concentrations in Greece are influenced by
the wildfire season, their contribution to the overall increase is relatively smaller compared
to CO, as detailed in Section 3.1.3.

Monthly Anomalies of CH,
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Figure 9. CH, anomalies over Greece relative to the reference period, 2003-2013.
CAMS Seasonal Anomalies [%] of CH4 over Greece for DJF 2015 CAMS Seasonal Anomalies [%] of CH4 over Greece for DJF 2024
relative to the reference period: 2003-2013 relative to the reference period: 2003-2013
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Figure 10. CAMS seasonal mean CH, anomalies over Greece for 2024 compared to 2015 for (a) DJF,
(b) MAM, (c) JJA, and (d) SON.

3.1.3. Carbon Monoxide (CO)

Figure 11 presents the long-term trend of carbon monoxide (CO) concentrations in
Greece for the period of 2003-2024. A pronounced decreasing trend is observed, reflecting
the reduction of anthropogenic emissions associated with incomplete combustion of fossil
fuels. Major sources include transportation, industrial activity, power generation, and
biomass burning for residential heating or agricultural purposes. The dominant sink of
CO is oxidation with OH [5]. Because CO’s chemical reaction with OH is generally the
major sink for OH in mid-latitude locations, the concentration and distribution of OH in
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the atmosphere are often determined by CO [30]. Lower OH concentrations tend to reduce
the rate of CO removal, so the inter-annual variability of OH perturbs long-term trends
of CO levels [30]. We observe a negative trend of around 0.6 ppb/year and an autumn
minimum and winter—spring maximum due to the influence of anthropogenic sources
like incomplete combustion of fossil fuels as a consequence of traffic or heating, which
constitute the primary source of XCO in the urban and densely populated cities of Greece,
like Athens, Patra, Thessaloniki, and Heraklion. In recent years, wildfires in Greece have
become more frequent and intense, largely due to climate change. The 2021 fire episodes
in Athens and North Evia significantly elevated CO concentrations during the summer,
while the 2023 fires in Alexandroupoli had a devastating impact [31], spreading across
the western, southern, and southwestern regions of the country. The summer of 2024 was
also characterized by severe wildfire activity, particularly in Athens, the Peloponnese, and
other regions. Daily mean values shown in Figure 11 indicate CO concentrations exceeding
100 ppb, well above the typical summer average of 80 ppb. Figures 12 and 13 present
the monthly averaged heatmap of CO over Greece per year and the seasonal cycle of CO
daily mean concentrations over Greece, respectively. Although the seasonal mean values
during 2021-2024 are less pronounced than in 2003-2020, substantially larger variability is
observed in summer, reflecting the influence of fire episodes on CO concentrations.

CAMS CO long-term time series
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Figure 11. Long-term time series of total column concentrations of CO over Greece, covering the
period 2003-2024. The red line shows the trend, while dark red and blue dots represent the monthly
mean and daily mean concentrations, respectively.

To assess the spatial anomalies in carbon monoxide (CO) concentrations over Greece,
a comparative analysis was performed between the year of interest and a reference pe-
riod (2003-2013), as we already showed for the cases of CO, and CHjy. Specifically, the
monthly mean CO concentrations were calculated for each month of both periods. The
corresponding monthly mean for the year of interest was then computed, and relative
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anomalies were derived as percentage deviations from the reference period, according to
the following formula:

ACO [%] — ( <C0yeur — Coclimatology) / <COClimaf0108y)) *100

CAMS CO | Monthly-Averaged [2003-2024]
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Figure 12. Monthly averaged heatmap of CO over Greece per year.
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Figure 13. Seasonal cycle of CO daily mean concentrations over Greece. The red solid line and light

red shadow represent the daily mean concentrations between 2021 and 2024, while the green ones
cover the longer period between 2003 and 2020.

A negative CO anomaly was observed after 2008 during the winter period, while

between 2018 and 2024 a negative anomaly exceeding 20% occurred during the winter
and spring seasons. During the summers of 2021, 2023, and 2024, positive CO anomalies
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were detected, driven by wildfire episodes (Figure 14). The largest anomaly occurred in
August 2021, resulting from the extended fire events in northern Evia [19]. CAMS seasonal
mean CO anomalies over Greece for 2024, relative to the reference period of 2003-2013, are
shown in Figure 15. All seasons exhibit a positive trend, with CO concentrations showing a
particularly notable increase during autumn, reaching approximately 20%. The average
XCO levels measured over Thessaloniki using the EM27/SUN instrument from 2019 to
2023 range from 84.12 &+ 2.62 ppb in 2020 to 116.54 £ 26.24 ppb in 2023. Typically, carbon
monoxide concentrations during the summer months are expected to remain below 100 ppb,
as observed in 2019, 2020, and 2022, due to lower anthropogenic emissions compared to
other periods of the year [19].

Monthly Anomalies of CO

relative to 2003-2013 cIimatoIOﬂ ‘
="

= ;
5

-10

<o
CO Anomaly [ppm]

=15

-20
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2007 2009 2011 2013 2015 2017 2019 2021 2023
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Figure 14. CO anomalies over Greece relative to the reference period, 2003-2013.

Within the framework of the present study, deviations in CO concentrations over
Greece are examined, with particular emphasis on the impacts of wildfires over the past
two decades. A comparative analysis was conducted between two distinct reference
periods: 2003-2013 and 2014-2024. The analysis is based on the calculation of monthly
CO anomalies, derived by subtracting the mean values of one period from those of the
other on a monthly basis. The results indicate a reduction in anthropogenic CO emissions,
particularly during the second period, while the seasonal variability of CO concentrations
is increasingly influenced by summer wildfires, which appear to emerge as a key driver
of variability in recent years (Figure 16a). Notably, the years 2021, 2023, and 2024 show
the largest deviations from the reference period, with more pronounced enhancements
during the summer months. In Figure 17, CAMS monthly mean CO anomalies are plotted
together with the monthly mean wind speed derived from the CAMS EAC4 dataset. Winter
and summer months were analyzed across multiple years to assess the impact of wildfire
episodes on seasonal CO variability. Positive anomalies over Greece were identified in
February 2002, whereas February 2021 and 2024 exhibited negative anomalies exceeding
20%. In 2007, elevated ACO values were observed in southwestern Greece, coinciding
with wildfire activity and enhanced monthly mean wind conditions. Similarly, 2021 and
2024 revealed a marked increase in CO concentrations across the country, with monthly
wind speeds consistently exceeding 7 m/s. Figure 18 presents the CAMS daily mean CO
anomalies over Greece during the last decade compared to the total mean climatology, in
terms of standard deviation, to identify the origin of the CO biomass burning emission
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sources (>20) discussed previously in this paper. Figure S1 shows the relationship between
CAMS monthly mean anomalies of ACHy, ACO, and AOH.

CAMS Anomalies [%] of CO over Greece for DJF 2024
relative to the reference period: 2003-2014

CAMS Anomalies [%] of CO over Greece for MAM 2024
relative to the reference period: 2003-2014
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Percentage anomalies of CO per month
relative to the reference period: 2014-2024
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Figure 16. Percentage difference of monthly mean CO anomalies over Greece
(a) 20032013 and (b) 2014-2024 time periods.
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Figure 17. CAMS monthly averaged CO anomalies in February and August for (a) 2007, (b) 2021,
and (c) 2024, plotted together with monthly mean wind speed and wind direction derived from the
CAMS EAC4 dataset. The left color bar of each sub-plot represents the wind speed values, while the
right one shows the ACO [%]. The legends in sub-plots show the mean CO anomaly [%] and the
monthly mean wind speed in m/s.
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Figure 18. CAMS daily mean CO anomalies over Greece compared to the total mean climatology in
terms of standard deviation (o). Vertical shaded areas in the plot highlight time periods associated

with prolonged wildfire episodes.

3.2. Short/Mid-Term Variability of GHGs

Figure S2 shows the (a) short-term and (b) mid-term variability of CO, in Greece
using a centered rolling 14-day window and biweekly 3-h climatology, respectively. We
observe a percentage of variability that ranges between £0.5% for both enhancements
and sinks of CO,. During winter season in 2013, 2017, 2018, and 2020, increased CO,
concentrations are found due to anthropogenic emission sources, while during late De-
cember of 2020 mid-term fluctuations of CO, reveal the highest ACO, value of over 1.2%
using the approach of mid-term variations. ACHy4 values exhibit greater variability than
that of COy, lying between £2% (Figure S3). During the winters of 2020, 2022, and 2024,
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elevated methane concentrations were observed, likely associated with industrial activi-
ties in major urban areas and natural gas exploitation. This behavior in CHy variability
adheres to a consistent pattern of methane’s different and various sources in many cities in
Greece. In one study [19], CHy in Thessaloniki shows similar behavior during this period.
Figure 54 shows the short/mid-term variability of CO in Greece. CO exhibits variability
within a £10% range in both methods of analysis. However, due to its shorter atmospheric
lifetime compared to CO, and CHy, CO exhibits more pronounced episodic fluctuations,
primarily driven by local anthropogenic sources such as industrial activity, transportation,
and residential heating during the winter months. During the summer, wildfire events
are responsible for the largest observed changes (ACO) in both directions, reflecting the
short- and mid-term variability in CO concentrations associated with such episodic events.
CAMS data effectively capture fire episodes in Greece, with the highest increases in CO
concentrations observed during August 2007, associated with fires in Athens, and, in
2003, linked to fires in Alexandroupoli. In both cases, CO levels exceeded a 20% increase,
highlighting the significant impact of these fire events on local air quality.

3.3. Long-Term Variability of GHGs

Figure S5 shows a more discernible picture of CO, variations compared to the previous
methods. Higher ACO, values were observed during the late spring and winter seasons,
with a notable influence from fire episodes on CO, concentrations, particularly during
significant and prolonged wildfire events in Greece. Additionally, CO, variability shows a
consistent upward trend from autumn 2018 to 2020, culminating in its highest recorded
ACO; values, exceeding 5 ppm. When dividing the data by regions—northern, central,
and southern Greece—we observe a similar pattern in CO, variations, with values ranging
from +5 to —5 ppm, presented in the Supplementary Materials (Figure S8a—c). Regarding
methane (Figure S6), we observe fluctuations in CHy concentrations around +1.5 x 101°.
During the winter and spring months, larger variability is observed, likely due to increased
anthropogenic emissions, like fossil fuels, energy, natural gas, or mostly enteric fermenta-
tion in livestock and manure management. In autumn, elevated CH,4 concentrations are
primarily attributed to agricultural activities, particularly in northern Greece. Additionally,
in southern Greece (Figure S9¢c), we observe the lowest variability in CH,4 concentrations
compared to northern and central Greece. The reduced variability observed in the southern
region may be attributed to localized emission sources, which tend to smooth temporal
fluctuations in CHy concentrations. Figure S7 illustrates the variations in CO concentrations
across Greece, with a range of +20 ppb. In northern Greece (Figure S10a), we observe a
CO increase of over 30 ppb during August 2007, reflecting the effect of wildfires in Athens,
while Figure S10c shows an increase of CO concentrations of over 60%. It is remarkable
how CO concentrations during the summer 2023 fire episodes in Alexandroupoli spread
southward across central Greece, originating from the northeastern part of the country.
This resulted in significant CO enhancements in southern Greece, with concentrations
reaching—and, in some cases, exceeding—those observed in northern Greece, showing
increases of over 50%. Due to the shorter atmospheric lifetime of CO compared to CO,
and CHy, it is more strongly affected by episodic events, as air mass transport can rapidly
disperse CO across large areas of Greece.

While dividing Greece into northern, central, and southern regions highlights spatial
patterns of GHG variability, the observed differences likely result from a combination of
local emissions and transboundary transport. For example, elevated CO levels in southern
and central Greece during wildfire episodes in northern and northeastern areas indicate
the rapid influence of air mass transport, consistent with studies in the Mediterranean
showing long-range dispersion of pollutants across regions [32]. Conversely, the lower
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CHy variability in southern Greece suggests dominance of more localized sources, such as
agriculture and livestock, which tend to produce steadier emissions. Integrating both local
and regional influences provides a more comprehensive explanation for the observed pat-
terns, emphasizing that seasonal and episodic events interact with atmospheric circulation
to shape the spatial variability of GHGs across Greece.

In Figures S11 and S12, geographical maps of ACO, and ACH,4 over Greece are
presented. In Figure 513, we present four cases of air mass transport of CO across Greece,
highlighting the enhanced CO concentrations during intense fire episodes.

3.4. CAMS Emission Inventories and GHG Fluxes over Greece

This study employs two complementary datasets from the Copernicus Atmosphere
Monitoring Service (CAMS) to characterize greenhouse gas emissions over Greece. First, we
use the CAMS Global Emission Inventories, which provide sector-resolved anthropogenic
emissions of COy, CHy, and CO at monthly temporal resolution. These inventories report
surface emission fluxes in units of kg/m?/s,, representing monthly mean emission rates
within each model grid cell. Emission fluxes were converted into monthly integrated

2 x month™!) by multiplying each monthly mean flux by the exact

emissions (kg x m™
number of seconds in the corresponding month.

In addition to the emission inventories, the CAMS global inversion-optimized green-
house gas fluxes dataset is used, providing optimized CO, and CH,4 surface fluxes derived
from atmospheric inversion systems that assimilate satellite observations. We present
sector-specific time series of CO, and CHy to assess monthly variability, quantify the
relative contributions of major emission sectors, and identify patterns associated with
anthropogenic activity. They were multiplied by the grid cell area to convert them into
emission rates (kg x month~!) and plotted as monthly values in the time series shown
in the figures below. Furthermore, spatial emission maps were generated for CO,, CHy,
and CO, highlighting the geographical distribution of emission rates and the influence of
key emitting sectors. These maps provide insight into regional emission hotspots and the
spatial heterogeneity associated with different source categories. In Figure 19, CAMS fossil
CO, emissions show a discernible seasonality with higher emission rates during winter
and autumn, while they drop to lower rates during summer, when lower anthropogenic
emissions occur. A decline is observed from 2018 to 2020, followed by a period of relative
stability, with the highest emission rates occurring in January 2024 and 2025. Fossil emis-
sions are out of phase with surface ocean fluxes, which show a constant seasonal variation
over the years, with lower emission rates occur during winter (Figure 19). Land surface
emission rates are highly variable between months, with negative values (<2 kg/month)
after spring of 2020. Seasonal variation in fossil CO, emissions over Greece largely reflects
underlying changes in energy demand and socioeconomic activity. Emissions increase
during winter due to heating requirements, while in summer elevated temperatures and
tourism-driven electricity demand contribute to higher emission levels. In addition, mo-
bility and transport activity—including road traffic, aviation, and, in particular, Greece’s
highly seasonal maritime sector—further amplify summer emission peaks.

In the following maps (Figure 20), CAMS fossil emission rates are presented over
Greece, comparing January 2015 with 2024. We observe higher emissions over Athens,
central Greece, and west of Thessaloniki, where most anthropogenic emission sources occur.
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Figure 19. Fossil emission rate of CO; for fossil, land, and ocean surface over Greece.
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Figure 20. Maps of monthly mean CO, emission rates over Greece during January of 2015 and 2024.
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Monthly mean emission rates of CH, from different sources in Greece are shown in
Figure 21. Wetlands, rice cultivation, and biomass burning sectors are analyzed in this
study. Figure 21 shows the time series of these CH, emission sources. Wetlands exhibit
the highest monthly variability and the greatest emission rates compared to the other
sources. As one of the most significant methane emission sources in Greece, wetlands show
a consistent seasonal pattern across years, with the majority of emissions occurring during
autumn and winter. High variability is observed, with notable increases during late spring
and a sharp rise during the summer of 2018. CAMS rice-related CHy emissions in Greece
exhibit a clear seasonal cycle, with elevated emissions from summer to autumn, consistent
with typical rice-growing and post-harvest periods. Biomass burning emission rates show
higher values during the summer period related to the fire episodes in 2021, 2023, and 2024.
Figure 22 shows monthly mean CH, emissions from the biomass burning sector during
summer 2021 and 2023, when major fire episodes occurred in Athens and Alexandroupoli.

Monthly mean CH4 emission rates from different sectors in Greece
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Figure 21. Monthly averaged CH, emission rates over Greece from wetlands, rice, and biomass
burning.
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Figure 22. Maps of monthly mean CHy4 emission rates over Greece from the biomass burning sector.

4. Discussion

To sum up, both CO, and CHy4 exhibit a clear, positive, long-term trend and a pro-
nounced seasonal cycle. In contrast, CO follows a different pattern, showing an overall
negative trend, while wildfire events are responsible for the highest CO enhancements ob-
served over the years. CO, and CO share common sources related to fossil fuel combustion,
whereas methane has a strong contribution from agricultural activities. An increase in CO
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concentrations may increase methane’s lifetime by decreasing the oxidizing capacity of hy-
droxyl radicals (OH), especially during summer. Wildfire episodes trigger this co-variability
and affect OH’s lifetime and its ability to oxidize methane, increasing GHG'’s lifetime as a
consequence. During periods of intense biomass burning, natural emissions can far exceed
anthropogenic sources, leading to sharp increases in tropospheric CO concentrations. These
emissions affect air quality not only locally but also on a regional to global scale, as CO can
be transported over long distances through atmospheric circulation and detected from the
surface up to the upper troposphere and even the stratosphere under favorable conditions.
In May 2025, extensive wildfires in Canada produced large amounts of CO that were trans-
ported across the Atlantic and reached southeastern Europe. CAMS global greenhouse gas
forecasts [33], which consist of a horizontal resolution of 0.1° x 0.1° and a vertical resolu-
tion of 137 model levels and 25 pressure levels, recorded elevated CO levels over Greece,
highlighting the transboundary and intercontinental transport of fire-related pollutants.
Similar events were observed in the summer of 2023, confirming the ability of pyrogenic
emissions to travel thousands of kilometers through upper-tropospheric and stratospheric
pathways. Figure 514 illustrates CO concentrations over Greece associated with long-range
transport of wildfire emissions. Panel (a) shows increased CO concentrations during the
transport of air masses from the Manitoba wildfires to Europe on 19 May, as depicted by
CAMS data at 300 hPa. Panel (b) shows the transport of air masses from Russia to Greece
in early June 2025, resulting in enhanced CO concentrations at 250 hPa. The information
summarized in Tables S1-S3 provides an overview of the annual and seasonal mean dif-
ferences in GHGs relative to the reference period of 2003-2013. In particular, Table S1
presents the CAMS annual mean differences in GHGs, Table 52 shows the seasonal mean
percentage differences for 2020 (ACO;) and 2024 (ACH,4 and ACO), and Table S3 compares
CO anomalies for the periods of 2005-2007 and 2021-2024 across January—February and
July—-August.

GHG variability in Greece reveals clear seasonal and episodic patterns driven by both
anthropogenic activities and natural events. Carbon dioxide shows relatively small short-
and mid-term variability, with wintertime increases linked to anthropogenic emissions
such as heating and urban activity, while occasional larger fluctuations are associated with
extended fire episodes. Methane exhibits greater variability than CO,, reflecting its diverse
emission sources, including industrial activity, urban emissions, and agricultural processes.
Carbon monoxide demonstrates the largest short-term variability and strong sensitivity to
local emission sources. However, the most pronounced CO enhancements occur during
summer wildfire events, which can rapidly influence air quality across large areas through
atmospheric transport. Overall, the results highlight the combined influence of seasonal
human activities, regional emission sources, and extreme events such as wildfires in shaping
greenhouse gas variability across Greece.

Global GHG emissions from anthropogenic activities have steadily increased since
1990, with carbon dioxide representing the dominant contribution to total emissions, fol-
lowed by methane, largely driven by sectors such as power generation, transportation,
fuel exploitation, and agriculture [34]. In contrast, Greece shows a long-term decline in
several greenhouse gas emissions, particularly CO,, mainly due to reductions in the energy
and industrial sectors, although road transport remains a significant and increasing source
of CO, emissions [35]. Carbon monoxide emissions in Greece have also substantially de-
creased over the last decades, largely reflecting improvements in the transport and energy
sectors [35]. CH4 emissions display a more complex pattern, with waste management
representing the largest anthropogenic source, followed by agricultural activities such as
enteric fermentation and rice cultivation, while the energy sector contributes a smaller
share [35]. Although agricultural methane emissions have generally declined since 1990,
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some sources—particularly waste-related emissions—have increased, highlighting the
continued importance of waste management and agricultural practices in shaping CHy
emissions in Greece [35]. The EDGAR report in 2024 reported declining GHG emissions
after 2008 according to various emission sectors in Greece, which is in line with CO, and
CHj emissions in Greece reported by the CAMS model. In Greece, power generation, trans-
port, and industrial combustion and processes drive GHG emissions. Transport emissions
were found to be 16% higher in 2023 compared to 1990; however, they were 20% lower
compared to 2005. In Greece, total GHG emissions decreased by 46% in 2023 compared to
2005 according to [34].

In summary, CAMS GHG emission rates are in good agreement with those reported in
the latest Greek National Report and are also consistent with the emission trends reported
by the European Commission’s Joint Research Centre in the EDGAR database, providing
additional confidence in reported emission reductions and their relevance for policy evalu-
ation. The road transportation sector shows a decrease in emissions for all categories, while
agricultural activities drive methane emissions in Greece, as reported in [12].

5. Conclusions

This study examined the long-term trends, seasonal variability, and short-term dy-
namics of CO;, CHy, and CO over Greece using CAMS reanalysis data. The results show a
clear increasing trend in CO, and CHy4 concentrations [19], consistent with global patterns,
while CO exhibits an overall decreasing trend. However, episodic enhancements in CO
are strongly linked to wildfire events, highlighting their impact on regional air quality and
atmospheric composition. Despite this general decline, wildfire events were identified as a
major driver of episodic CO enhancements, producing the highest observed concentrations
and significantly affecting regional air quality [36,37]. The rise in CO levels influences
methane’s atmospheric lifetime by reducing the oxidizing capacity of hydroxyl radicals
(OH), and this effect was found to be particularly prominent in summer [38,39]. Wildfire
episodes can further enhance this co-variability, while evidence from the COVID-19 period
suggests that reductions in anthropogenic emissions also weakened OH, limiting methane
oxidation and contributing to increased CHy lifetimes [40]. Multi-scale variability analyses
revealed distinct patterns in greenhouse gas behavior. Short- and mid-term analyses in-
dicate relatively small fluctuations in CO, and CHj4 concentrations, whereas CO exhibits
substantially larger variability, reflecting its responsiveness to episodic events and local
emission sources.

The study also examined sectoral emission patterns in Greece. Fossil CO;, emissions
are strongly seasonal, with higher rates during winter and autumn, while methane emis-
sions display distinct sector-dependent variability, particularly from wetlands, agricultural
activities, and rice cultivation. Biomass burning associated with wildfire events represents
an important episodic source affecting atmospheric composition during summer months.
Greece has made notable progress in reducing greenhouse gas (GHG) emissions, achiev-
ing, approximately, a 35% reduction from 1990 levels by 2023 [35]. While this decline
reflects effective measures in the energy and industrial sectors, current policies are pro-
jected to deliver only a 45-50% reduction by 2030, falling short of the legally binding 55%
target. Consequently, although Greece is advancing toward its climate goals, additional
measures—particularly in transport, buildings, and fossil fuel phase-out—are needed to
align fully with its 2030 and 2050 climate commitments. From a policy perspective, the
consistency between Copernicus Atmosphere Monitoring Service (CAMS), EDGAR, and
national inventory data provides increased confidence in the reported downward trends
in GHG emissions in Greece. These trends suggest that the country is making substantial
progress toward its commitments under the European Union climate framework. These
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findings are consistent with multiple datasets, including CAMS, EDGAR, and national
inventories, which increases confidence in the observed downward trends in Greece’s GHG
emissions [41,42]. Despite this progress, projections indicate a potential overshoot relative
to the 2030 and 2050 targets, particularly due to persistent emissions in the transport and
agricultural sectors [41,43].

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/atmos17040392/s1. Figure S1. CAMS monthly mean
CO anomalies for CHs, CO and OH during intense wildfires in Greece. Figure S2. (a) Short-term
and (b) mid-term variability of CO; in Greece using a centered rolling 14-day window and biweekly
3-hourly climatology respectively. Figure S3. (a) Short-term and (b) mid-term variability of CHy
in Greece using a centered rolling 14-day window and biweekly 3-hourly climatology respectively.
Figure S4. (a) Short-term and (b) mid-term variability of CO in Greece using a centered rolling 14-day
window and biweekly 3-hourly climatology respectively. Figure S5. Long-term variability of CO, in
Greece after detrended time series. The blue dots show the 3-hourly binned data, while the orange
line shows the weekly averaged values. Figure S6. Long-term variability of CHy in Greece after
detrended time series. The blue dots show the 3-hourly binned data, while the orange line shows
the weekly averaged values. Figure S7. Long-term variability of CO; in Greece after detrended time
series. The blue dots show the 3-hourly binned data, while the orange line shows the weekly averaged
values. Figure S8. Detrended variability of CO, over (a) Northern, (b) Central and (c) Southern
Greece. Figure S9. Detrended variability of CHy over (a) Northern, (b) Central and (c) Southern
Greece. Figure S10. Detrended variability of CO over (a) Northern, (b) Central and (c) Southern
Greece. Figure S11. Maps of CO, variability using a biweekly 3-hourly climatology, captured above
Greece. Figure 512. Maps of CHj variability using a biweekly 3-hourly climatology, captured above
Greece. Figure S13. The maps above show the course of high enhanced CO concentrations as a
result of extended wildfire episodes in Greece during (a) August-2021, (b) August-2023, as well
as in (c) early October-2024. Figure S14. (a) Increased concentrations of CO over Greece during
the transport of air masses from the Manitoba wildfires toward Europe on 19 May;, as depicted by
data from the Copernicus Atmosphere Monitoring Service (CAMS) at 300 hPa. (b) Transport of air
masses from Russia to Greece in June 2025, which resulted in elevated CO concentrations at 250 hPa.
Figure S15. CAMS monthly mean maps of CO, surface emission fluxes from industrial sector in
Greece. Figure 516. CAMS monthly mean maps of CO, surface emission fluxes from residential
sector in Greece. Figure S17. CAMS monthly mean maps of CO, surface emission fluxes from road
transportation in Greece. Figure 518. CAMS monthly mean maps of CO surface emission fluxes
from industry in Greece. Figure 519. CAMS monthly mean maps of CO surface emission fluxes from
residential sector in Greece. Figure S20. CAMS monthly mean maps of CO surface emission fluxes
from road transportation in Greece. Figure S21. CAMS monthly mean maps of CHy surface emission
fluxes from agriculture-livestock in Greece. Figure S22. CAMS monthly mean maps of CHy surface
emission fluxes from agriculture-soils in Greece. Figure 523. CAMS monthly mean maps of CHy
surface emission fluxes from waste burning in Greece. Table S1. CAMS annual mean differences
in GHGs relative to the reference period 2003-2013. Table S2. CAMS seasonal mean percentage
differences in GHGs compared to the reference period of 2003-2013. ACH, and ACO are calculated
for 2024, while ACO; for 2020. Table S3. CO anomalies [%] relative to the reference period 2003-2013,
comparing the periods 2005-2007 and 2021-2024 for January—February, and July—August.
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