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Abstract: This study provides an overview of the atmospheric drivers of climate change over Greece
(Eastern Mediterranean), focusing on greenhouse gases (GHG: carbon dioxide, CO2; methane, CH4;
etc.). CO2 in Greece is mostly produced by energy production, followed by transport, construction,
and industry. Waste management is the largest anthropogenic source of methane, accounting for 47%
of total CH4 emissions, surpassing emissions from the agricultural sector in 2017, while the energy
sector accounts for the remaining 10.5%. In situ simultaneous observations of GHG concentrations
in Greece conducted at three sites with different topologies (urban background; Athens, regional
background; Finokalia and free troposphere; and Helmos) during the last 5 years (2019–2023) showed
increasing trends of the order of 2.2 ppm·yr−1 and ~15 ppb·yr−1 for CO2 and CH4, respectively, in
line with the global trends. These increasing trends were found from both ground-based and satellite-
based remote-sensing observations. Finally, during the lockdown period due to the COVID-19 global
pandemic, a 58% reduction in CO2 levels was observed in the urban background site of Athens after
subtracting the regional background levels from Finokalia, while the respective reduction in CH4

was of only the order of 15%, highlighting differences in emission sources.

Keywords: carbon dioxide; methane; trends; East Mediterranean; COVID-19

1. Introduction

Greenhouse gas (GHG) is any gas that has the property of absorbing infrared radiation
emitted from Earth’s surface and reradiating it in different directions, so that some of it is
trapped in the Earth’s atmosphere and is contributing to the greenhouse effect. Carbon
dioxide, methane, and water vapor are the most important greenhouse gases. The rapid
human-driven increase in greenhouse gas (GHG) is the main factor responsible for the rise
in global temperature observed since the industrial revolution. Together, CO2 and CH4
contribute approximately 87% to the global warming induced mainly by human-driven
emissions of GHG (CO2, CH4, N2O, and CFCs) since the preindustrial era [1]. Atmospheric
CO2 concentrations have been recorded at the Mauna Loa Observatory in Hawaii since 1958.
This is the longest modern atmospheric record. Between 2000 and 2020 the growth rate has
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been on average 2.20 ± 0.46 ppm per year, and the last three years average (2021–2023)
2.52 ± 0.65 ppm per year [2]. In addition, 2023 was the 12th year in a row with an annual
rise of CO2 by more than 2 ppm [3]. Since the middle of the 20th century, annual emissions
from burning fossil fuels have grown every decade, from close to 9.4 billion tons of carbon
dioxide per year in 1960 to 37.2 billion tons in 2022, while land-use emissions decreased
from 7.9 ± 3.5 to 6.1 ± 2.2 billion tons, respectively, according to the Global Carbon Budget
2023 [4].

According to the Global Carbon Project 2023 [4], global fossil CO2 emissions have
augmented by an average of 2.8% yr−1 between 2000 and 2009, and then, after a decline
due to the global financial crisis, they increased by 1% yr−1 until 2019 before declining
by 5.7% during the COVID-19 pandemic and increasing to 37.1 ± 2 billion tons of CO2
per year (GtCO2·yr−1) in 2022. Coal, oil, gas, cement, gas flaring and others contribute
41%, 32%, 21%, 4%, and 2%, respectively, to the global fossil emissions. It is worth noting
that Europe’s per capita CO2 fossil emissions have been decreasing since 1980 and were
6.2 tons per person in 2022, less than half that of the United States, while those of China and
India are rising. Land use change is the other major source of CO2 partially controlled by
humans, which has been decreasing over the last two decades and is estimated to average
4.7 ± 2.6 billion tons of CO2 yr−1 over the period 2013–2022. Carbon dioxide’s lifetime in
the atmosphere is controlled by its uptake by terrestrial vegetation and the ocean and is of
the order of a few hundreds of years.

For the past decade, atmospheric inversion estimated global CH4 emissions to be
575 Tg CH4 yr−1 (ranging between 553 and 586) with ~65% (63–68%) of these emissions
due to direct anthropogenic sources (fossil fuel use, agriculture and waste management,
and anthropogenic biomass burning), wetlands, and other natural emissions, including
termites and permafrost [5]. Based on a globally distributed network of sampling sites,
the NOAA’s Earth System Research Laboratory monitors the annual growth of CH4 levels
since 1983, which on 2021 hit a record of 17.92 ± 0.45 ppb [6]. Methane reacts with hydroxyl
(OH) and chlorine (Cl) radicals in the atmosphere and is also removed from the atmosphere
by methanotrophic bacteria in soils. Methane’s average lifetime is 9.8 ± 1.6 years [7], which
is at least an order of magnitude shorter than that of CO2. In addition, methane is more
effective than CO2 at absorbing thermal infrared radiation per unit mass. Thus, CH4 has
a global warming potential (GWP) 86 times higher than CO2 in a 20-year timescale and
28 times stronger on a 100-year timescale [8]. Due to the relatively short lifetime and large
GWP of methane, CH4 is a good candidate GHG for short-term climate change mitigation.
This is very important, since based on the Global Methane Pledge [9], a global initiative in
which currently 155 countries are participating, and amongst these is Greece, the aim is to
reduce methane emissions by 30% by the year 2030. Furthermore, on November 2023, a
provisional agreement was reached between the European Parliament and Council on a
new EU Regulation to reduce energy sector methane emissions in Europe and in the global
supply chains. This agreement is, therefore, crucial to delivering the European Green Deal
and reducing net greenhouse gas emissions by at least 55% by 2030. The agreement requires
formal adoption by both the European Parliament and the Council. Once this process is
completed, the new legislation will be published in the Official Journal of the Union and
enter into force [9].

Regionally, in climate-sensitive areas, like the Arctic and the Mediterranean, tempera-
ture changes can be faster than the global mean [10]. The Eastern Mediterranean is a region
with high aerosol loads from both natural and anthropogenic sources and diminishing
water resources that are exacerbated by high aerosol loads and climatic change [11,12]. A
recent study [13] highlights that the Eastern Mediterranean and Middle East region has
warmed around twice faster than the global average temperature increase (0.45 ◦C/decade
versus 0.27 ◦C/decade globally) for the period between 1981 and 2019. This faster warming
is found to be characteristic of the last 2 decades, and it is partly attributed to a significant
reduction in aerosols, especially sulfate, which has a cooling effect, motivated by clean air
policy [14]. Since temperature variability is highly dependent on regional factors such as
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changes in incoming radiation, radiative forcing by natural and anthropogenic GHGs, and
more localized features such as aerosol pollution and the presence of mineral dust, the
decreasing trend in cooling aerosols and increasing GHG in the region, together with the
drop in soil moisture in the eastern Mediterranean basin, are found to be the main drivers
of the rapid temperature rise over the last two decades in the region [14]. The rise of the
average temperature that is experienced in the region is accompanied by more frequent
extreme weather events such as heat waves, prolonged droughts, and heavy rainfall, which
are indicative of climate change [13].

Greece in the Eastern Mediterranean is committed to reduce GHG emissions and
comply with EU recommendations. In recent years, a strong monitoring network has been
established to systematically map GHG levels in Greece (Figure 1). The present study
provides, for the first time to our knowledge, an overview of Greek emissions as well
as GHG observations from in situ, complemented by ground-based remote sensing and
satellite measurements, covering a wide range of locations from regional background sites
to urban sites. Trends are identified and verified by the different observational means
combined in this study, and possible causes are proposed for these observed trends.
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2. Materials and Methods
2.1. Emission Database Methodology

GHG emission inventories are derived from the official submissions of Greece to the
United Nations Framework Convention on Climate Change (UNFCCC), according to all
relevant UNFCCC decisions. Methods used to calculate emissions are based on the 2006
IPCC Guidelines for National Greenhouse Gas Inventories [15] (as updated), while activity
data and emission factors used are described and presented in the documents submitted to
the UNFCCC.

2.2. Observations

For the real-time continuous in situ near-surface measurements of CO2 and CH4 in
this study (Finokalia, Helmos, and Thissio/Athens; Figure 1), cavity ring-down spectrom-
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eter (CRDS) Picarro G2401 analyzers with a 1 sec time resolution [16] were used [10,17],
following the Integrated Carbon Observation System (ICOS) specifications [18,19]. The
analyzers were calibrated according to the WMO-X2007 and WMO-X2004A reference scales
for CO2 and CH4, respectively. In addition, one target cylinder of known CO2 and CH4 con-
centrations has been measured twice a day for quality assurance/quality check purposes in
Athens and Finokalia, respectively. During the measurement period in Athens (2019–2023),
four target cylinders were operated in the measurement site, with the last one over a period
of almost 20 months (August 2022 to May 2024) averaging at 418.88 ± 0.015 ppm for CO2
and 1945.307 ± 0.075 ppb for CH4, compared to assigned averages of 418.97 ± 0.008 and
1945.31 ± 0.042, respectively. For the Finokalia data, a similar setup was used, and a
short-term variability of 0.1 ppm for CO2 and 1 ppb for CH4 is observed with the target
cylinders used [10].

Long-term GHG monitoring in Greece commenced at the Finokalia Observatory
(35◦20′ N, 25◦40′ E, 250 m a.s.l.). Finokalia is the atmospheric research station operated by
the University of Crete and is located 50 km east of Heraklion, the largest city of the island.
Observations from this station have been used extensively to characterize the regional
background atmospheric composition of the Eastern Mediterranean [20,21]. Since 2002,
glass flasks were collected on a weekly basis and were subsequently sent for analysis in
France (LSCE, Gif-sur-Yvette, France) using a commercial gas chromatograph (6890 N,
Agilent Technologies; Santa Clara, CA 95051, USA) equipped with a flame ionization
detector, adapted for flask analyses. Real-time continuous measurements of CO2, CH4, and
H2O at Finokalia were started in 2014 using a Picarro G2401 (Picarro Inc., Santa Clara, CA
95054, USA) [16]. Continuous GHG measurements in the urban environment of Athens
were started in January 2019 at the premises of the National Observatory of Athens (NOA)
(37.97◦ N, 23.72◦ E, 110 m a.s.l.) located in downtown Athens, using also a Picarro G2401
as at Finokalia and the same calibration protocol. At the Helmos Hellenic Atmospheric
Aerosol and Climate Change station (HAC)2 (37.98◦ N, 22.19◦ E, 2314 m a.s.l.) operated
by NCSR Demokritos, GHG measurements are also performed using a Picarro G2401
since 2016.

Furthermore, the total column of trace gases at Thessaloniki is measured by Fourier-
transform infrared (FTIR) spectrometers using the direct solar radiation as a light source.
The COllaborative Carbon Column Observing Network (COCCON), established in 2014,
aims to increase global coverage of GHG columnar observations [22]. COCCON uses the
Bruker EM27/SUN portable low-resolution FTIR spectrometer [23], developed by KIT
in collaboration with Bruker Optics™ (Billerica, MA 01821, USA), as a mobile, reliable,
easy-to-deploy, and low-cost supplement to the Total Carbon Column Observing Network
(TCCON) high-resolution spectrometers [24]. The EM27/SUN is stable on timescales of
several years; the drift per year between the EM27/SUN and the official TCCON prod-
uct is 0.02 ppmv for XCO2 and 0.9 ppbv for XCH4, which is within the 1σ precision of
the comparison, 0.6 ppmv for XCO2, and 4.3 ppbv for XCH4 [22]. The EM27/SUN is a
portable, ground-based, direct solar-viewing low-resolution (0.5 cm−1) Fourier-transform
spectrometer intended to measure direct solar radiation in the near infrared (NIR) spectral
range. The spectral resolution of this instrument is similar to that of TROPOMI, S-5P’s
spaceborne sensor. During clear sky days, with a scanner velocity of 10 kHz and 10 scans,
each spectrum and subsequently total column measurements of GHGs are obtained within
approximately 58 s. Thus, the co-located pixels can differ from measurement to measure-
ment. For the Thessaloniki FTIR ground-based instrument, which is co-located with the
S5P measurements, an average of many S5P pixels can improve the statistical significance
of the data because ground-based sites located close to a sea/ocean coast will always lack
S5P CH4 pixels over water.

Finally, level 2 columnar retrievals of CH4 provided by the Sentinel-5 Precursor
TROPOspheric Monitoring Instrument (TROPOMI), available since April 2018, are also
used for the present analysis.
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2.3. Trend Analysis

All trends were calculated from deseasonalized data, and all the trends have been
identified as statistically significant from the Mann–Kendall test. The method for the
removal of seasonality is described in Gialesakis et al. [10]. The growth rate is calculated
for each species using the method described by NOAA [25]. For CO2, deseasonalized data
for each station were used. For each year, a 4-month average (November–February) was
used, and the growth rate was calculated by subtracting the average of the wanted year
from the average of the following year.

2019 Growth Rate = 2020(November−February) − 2019(November−February) (1)

For CH4, the mean monthly time series were deconstructed to trend, seasonality, and
residuals [10]. The growth rate is calculated by subtracting the January value of the wanted
year from the January value of the following year.

3. Results and Discussion
3.1. Greenhouse Gas Emissions
3.1.1. GHG Emissions in Greece

Total GHG emissions in Greece, excluding emissions and removals from Land Use,
Land Use Change, and Forestry (LULUCF), as well as emissions from international mar-
itime shipping and aviation, are reported in Figure 2. The uncertainty for GHG emissions
per gas in 2021 was estimated to be 2.5% for CO2 emissions, 23.8% for CH4 emissions,
109.7% for nitrous oxide (N2O) emissions, and 260.1% for the F-gas emissions [26]. The
total uncertainty is about 12.5% (excluding LULUCF), while the uncertainty carried over
into the GHG emissions trend is 9.1%.
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Figure 2. Total GHG emissions in Greece (in Mt CO2 eq.) for the period 1990–2021 (excluding
LULUCF) (right y-axis, blue line) and for Italy, Spain, and Türkiye (secondary right y-axis, green line,
yellow line, and red line, respectively) and contribution per greenhouse gas in Greece (left y-axis and
bars) [26].

They weakened by about 25% from 103.99 Mt CO2 eq. in 1990 to 77.49 Mt CO2 eq.
in 2021 (Figure 2). Compared to 1990, EU net GHG emissions in 2021 were 30% lower,
while preliminary estimates indicate that net GHG emissions in 2022 were a further 1.9%
lower than in 2021, largely due to the energy crisis [27]. Considering the contribution of
the LULUCF sector, net emissions drop by about 29% from 101.74 Mt CO2 eq. in 1990 to
72.01 Mt CO2 eq in 2021.

Emission trends follow three different patterns [26]. From 1990 to 1993, GHG emissions
remained fairly constant with an average annual growth rate of 0.27%, which accelerated to
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1.57% per year between 1993 and 2008. Then, a sharp decline (−4.04%) took place between
2008 and 2021 due to not only economic recession and climate change policies and measures
but also the impact of the COVID pandemic (especially for 2020 emissions). According
to a recent study [28], a reduction in emissions should be expected in 2020 as a result of
a decline in electricity consumption, road and navigation transport sector activity, and a
surge in the use of diesel oil and natural gas, mostly for heating and for other uses in the
residential and tertiary sectors. The lockdown effect on GHG and air pollutants in Greece
is analyzed in Section 3.4.

Emissions from international transport are not accounted for in the context of reduction
targets established under the United Nations Framework Convention on Climate Change
(UNFCCC) but are monitored and reported separately (as memo items) in the official
inventory submissions. In 2021, emissions from international transport are estimated to
be 8.63 Mt CO2 eq., 20% lower than in 1990. Between 1990 and 2005, the emissions from
international aviation almost doubled, and from 2005 to 2019, they further augmented by
39% [27].

In Figure 2, there is a clear reducing trend in the amount of GHG emissions after
2007. Similarly, a clear reduction trend can be seen in the total amount of GHG emissions
for other southern European countries, such as Italy and Spain, based on the UNFCCC
inventory submissions. When comparing the periods 1990–2007 and 2008–2021, the mean
values for the two periods exhibit a 15% reduction for Greece, a 19% decrease for Italy, a
7.5% for Spain, and a 66% rise for Türkiye [29]. The reduction in the European countries can
be associated with the 2007 goal leaders set for a 20% reduction in EU GHG emissions by
2020 compared to emissions in 1990. Based on the data, Greece achieved a 27% reduction
in 2020 compared to emissions in 1990, Italy achieved a 32% reduction, Spain achieved a
mere 5% reduction, and Türkiye had a strong growth of 139%.

3.1.2. Emissions per Greenhouse Gas

Carbon dioxide (CO2) emissions represent the majority of GHG emissions in Greece
(Figure 2). On average, the contribution of CO2 emissions to total GHG emissions is
estimated at 80%. In 2021, CO2 emissions account for 74.3% of total emissions (excluding
LULUCF) and are 31% lower than in 1990. Fossil fuel consumption in the energy industry
(power generation and refineries) and in the final energy demand sectors are the main
sources of CO2 emissions, accounting for more than 90% on average over the period from
1990 to 2021. More specifically by sector, it can be seen in Figure 3a that electricity and
heat contribute 50% of the GHG emissions in tons of CO2 eq., followed by transport (22%),
and manufacturing and construction (9.5%). Lower quantities of CO2 are generated from
buildings and waste incineration sectors.

The share of CH4 emissions to total GHG emissions is 14.6% in 2021 (Figure 2).
Methane emissions subsided by 10% between 1990 and 2021, while accounting for 11% of
total GHG emissions on average (in CO2 equivalent). Agriculture (mainly enteric fermenta-
tion, but also manure management) and waste (solid waste disposal on land in managed or
unmanaged sites) are the main sources of emissions, with a contribution (in 2020) of about
42% and 48%, respectively (Figure 3b). More specifically, waste as a source of CH4 has
surpassed the emissions from agriculture since 2017, with 4.3 Mt of CO2 eq. compared to
3.91 Mt of CO2 eq. Lignite mining is the main source of methane emissions from the energy
sector (3% in 2020). This contribution is expected to be zero by the end of this decade due
to the phaseout of lignite-fired power plants.

Nitrous oxide (N2O) is another greenhouse gas, for which the contribution to total
GHG emissions is estimated at 5% [26]. Agriculture is the main source of N2O emissions, as
agricultural activities add nitrogen to soils (i.e., in the form of synthetic nitrogen fertilizers).
Fossil fuel combustion contributes also to N2O emissions, while the contribution of the
waste sector (mainly wastewater handling) has almost doubled since 1990. Since N2O
measurements are scarce in Greece (e.g., [30]), the main focus of the current study is CO2
and CH4, which are also the main contributors to GHG emissions.
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3.1.3. Greenhouse Gas Emissions per Sector

At the sectoral level, activities included in the energy sector account for the majority
of GHG emissions in Greece over the period from 1990 to 2021 (Figure 4), which follows
the emissions profile of the developed countries (i.e., countries included in Annex. I of the
UNFCCC). In Greece, the contribution of the energy sector ranges from 68.5% (2020) to
80.2% (2009). On absolute terms, emissions from the energy sector peaked in 2007 (108.3 Mt
CO2 eq.) and are 30.5% lower in 2021 than in 1990. Within the energy sector, electricity
generation and road transport account for about 70% of the sectoral emissions in the period
from 1990 to 2021. Electricity generation is the main source of GHG emissions in Greece,
accounting for about 40% of total GHG emissions in 1990 and for 26% in 2021. In contrast,
emissions from road transport grew by 21% from 1990 to 2021.

In contrast, emissions from the agriculture sector are 23.6% lower in 2021 than in 1990
(8.05 Mt CO2 eq. against 10.53 Mt CO2 eq., respectively), while its contribution presents a
marginal change from 10.1% in 1990 to 10.4% in 2021. The reduced use of synthetic nitrogen
fertilizers and the reduction in livestock population are among the main parameters that
have shaped emissions from agriculture in Greece. According to the National Inventory
Report [26], the synthetic nitrogen applied to soils shrank from 424 kt in 1990 to 182.65 kt
in 2021.
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Emissions from the waste sector (5.85 Mt CO2 eq.) are 8.7% higher in 2021 than
the 1990 levels. Since 1994, solid waste disposal on land is the main source of emissions
within the sector, and relevant emissions increased by 67% from 1990 to 2021. Considering
that landfilling is still the main treatment operation for municipal solid waste (91% of
the quantities generated were landfilled in 1990 and 82% in 2021) and that the waste
generation rate has been increasing [26], this is an expected development. The contribution
of wastewater handling activities to total emissions is decreasing (from 53.9% in 1990 to
29.4% in 2019), as the share of population served from aerobic wastewater handling is
increasing and reached 91% in 2019 [26].

LULUCF was a net sink of GHG during the period from 1990 to 2021. Net removals
ranged from 0.61 kt CO2 eq. (2014) to 5.48 Mt CO2 eq. (2021). These variations are the
result of the rise in the sink capacity of the Forest Land and Cropland category [26].

3.2. An Assessment of Emission Trends in the Energy Sector

Fuel combustion activities are the main source of GHG emissions in Greece and in the
developed countries, in general. On average, emissions from the energy sector account for
about 80% of total GHG emissions over the period from 1990 to 2021, excluding LULUCF.
It is, therefore, important to highlight and explain the multi-year changes in this sector, as
they have a significant impact on the overall GHG emission trends.

The decomposition analysis has been widely used to identify and quantify the drivers
of change in GHG emissions, including in the IPCC Assessment Reports [31]. The main
methods used are the Structural Decomposition Analysis (SDA) and the Index Decomposi-
tion Analysis (IDA), where SDA uses the input–output model and the IDA method exploits
commonly used aggregated data to decompose indicator changes [32].

In the context of the present analysis, the IDA method was applied in the form of
the Kaya identity that decomposes changes in GHG emissions from the energy sector into
four driving factors, namely, population, gross domestic product (GDP) per capita, energy
intensity (primary energy consumption per GDP), and the carbon intensity of the energy
mix (GHG emissions per primary energy consumption) (Equation (2)) as follows:

Emissions = Population × GDP
Population

× Primary energy
GDP

× Emissions
Primary energy

(2)

Data used are derived from official statistics as presented in EUROSTAT (population
and primary energy consumption) and the AMECO database (gross domestic product) [33],
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and calculations are made on the basis of the Laspeyres method that isolates the impact of
a variable by letting that variable change and keeping the other variables constant.

Based on the results from the analysis (Figure 5), the reduction in GHG emissions from
the energy sector (31%) can be decomposed into changes in population (+6%), GDP per
capita (+20%), energy intensity (−25%), and carbon intensity of energy (−26%) between
1990 and 2021. Applying the Kaya identity separately for the emission increasing period
(1990–2008) and the emission decreasing period (2008–2021) highlights differences on
the relevant contribution but also on the sign (positive or negative contribution) of the
examined factors to explain emissions trends in the energy sector (Figure 3). The main
findings are as follows:
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• During the period of emissions increase (1990–2008), population had a positive effect
on emissions (+9%), while during the period of emissions decrease (2008–2019), this
influence became negative (−3%), as the population of Greece plunged after 2011. In
total, the population retains the positive effect (+6%) for the whole period (in which
emissions dropped).

• Economic development, as depicted in the GDP per capita indicator, was the single
most important factor explaining the rise in emissions during the 1990–2008 period,
with a value of +53%. The influence became negative in the subsequent period (eco-
nomic recession), with a value of −22%. In total, the effect of economic development
is positive (+20%).

• The contribution of energy intensity was negative for all the periods considered, that
is, energy intensity contributes to a lower growth of emissions. The effect was greater
during the 1990–2008 period with a value of −15%, as compared with a value of −12%
in the 2008–2021 period. The effect of energy intensity is related to improvements in
energy efficiency due to the penetration of natural gas, the extended use of renewable
sources in the Greek energy system, and the reduced activity of energy-intensive
industries during the period of the economic recession.

• The contribution of the carbon intensity of the energy supply mix is also negative for
all the periods considered. The contribution was minor during the first period (−3%)
and became more significant during the second period (−24%). During the whole
period (1990–2021), the effect of carbon intensity is negative with a value of −26%. Up
to 2008, the most notable change in the Greek energy system was the introduction of
natural gas not only in electricity generation but also in final energy demand sectors
and especially industry. During the whole period (1990–2019), the effect of carbon
intensity is negative with a value of −23%. Since 2008, the share of renewable sources
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in electricity generation grew from 9.65% to 31.3% in 2019 and 35.93% in 2021, as
estimated by the SHARES tool that focuses on the harmonized calculation of the share
of energy from renewable sources [34].

Summarizing, during the period of economic growth, the increase in emissions was
mainly the result of economic development, while during the economic recession period,
the reduction in emissions was the result not only of the reduction in economic growth
but also of the improvement in the carbon intensity of the supply mix. It is the latter
that should be retained and enhanced towards a low/zero carbon economy, together with
improvements on the energy intensity of the Greek economy.

3.3. Recent Observations and Trends of Greenhouse Gases in Greece
3.3.1. In Situ Greenhouse Gas Observations

The regional and global variability of the parameters affecting climate change and the
variability and extent of transboundary air pollution in Europe require the study of aerosol
properties and the variability of GHG at background conditions, which can be ensured at
remote surface or high-altitude sites. High-altitude observatories are mostly in the free
troposphere with very little influence from the atmospheric boundary layer [35]. Finokalia
monitoring station in Lasithi, Crete, is a coastal remote location representative of boundary
layer regional background conditions in the eastern Mediterranean [20,21]. The Helmos
HAC Observatory is one of the very few high-altitude atmospheric monitoring stations in
Europe and the only one at high altitude for atmospheric research in the region of the eastern
Mediterranean [36]. Thissio Observatory in the center of Athens provides information
on urban background GHG levels, and by comparison to the regional background, the
contribution of the city to GHG levels can be derived [17].

Trends. The longest data series of CO2 and CH4 observations in the eastern Mediter-
ranean has been recorded at the Finokalia Observatory. Based on the more than twenty-
year record of measurements at Finokalia (Figure 6a), CO2 concentrations augmented
by 2.4 ppm·yr−1 between 2002 and 2023, following the average rate of growth of CO2 in
the north hemisphere as calculated from NOAA observations, similar to that observed at
Mauna Loa in the middle of the North Pacific. Over the same period, CH4 climbed by
an average of 8.6 ppb·yr−1 at Finokalia (Figure 6b), but the increase has accelerated since
2018 (13.1 ppb·yr−1) [10]. CH4 levels at Finokalia are higher than those observed at Mauna
Loa (Figure 6b) as well as the north hemisphere mean, most probably reflecting regional
emissions of CH4 in the eastern Mediterranean [10]. Overall, a steadily increasing trend of
CO2 and CH4 levels was observed in Greece during the last years (Figure 7). Indeed, an
average rise of 2.4 ppm·yr−1 (CO2) and 11.8 ppb·yr−1 (CH4) was observed from 2016 to
2021 at HAC Observatory (Figure 7a,b). Especially in the HAC Observatory, CH4 grew by
3.2 ppb·yr−1 from 2016 to 2018 and by 13.2 ppb·yr−1 since 2018 (Figure 7b). In Athens, CO2
concentrations increase by 2.3 ppm·yr−1 (2019–2023), similar to the surge at the other two
locations for the same time period. CH4 showed a mean increasing trend of 14.2 ppb·yr−1

between 2019 and 2023, comparable to the increase observed at Finokalia (13.7 ppb·yr−1)
and Mount Helmos (14.0 ppb·yr−1) for the same period (2019–2023).

Based on a recent study focusing on livestock economy in Greece [37] on the data
retrieved from the official site of the Greek Payment and Control Agency for Guidance and
Guarantee Community Aid (OPEKEPE), it occurs that there has been a sharp increase in
animal population since 2018–2019, which could eventually be reflected in GHG emissions.
More specifically, between the years 2011 and 2021, the regions of Western Macedonia,
Epirus, Thessaly, Western Greece, and Central Greece have recorded a rise of 81, 69.5, 67,
59.6, and 39.6%, respectively, in total GHG emissions, which could partially explain the
local trend in CH4 levels, especially since 2018.
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Based on the annual increase in the globally averaged atmospheric CH4 levels as
recorded by the NOAA’s globally distributed network of air sampling sites [38], the year
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2021 exhibited a record rise of 17.91 ppb [6]. Nevertheless, globally, there was also a
significant growth in 2020 (from 1 January 2020 to 31 December 2020, 15.15 ppb). In Greece,
in 2020, CH4 at Finokalia exhibited a 12.6 ppb increase lower than that observed in Athens
(19.6 ppb) and comparable to the one observed at Mount Helmos (15.7 ppb). The surge was
also high and almost the same in 2021 in Finokalia and Mount Helmos (~19 ppb) and half
in Athens (8.1 ppb). However, in 2022, in Finokalia, the climb was quite lower (11.2 ppb),
while it was 15.8 ppb in Thissio and 9.4 ppb in Mount Helmos.

Seasonal variability. On a global scale, the seasonal variability of CO2 reflects the
breathing of the biosphere, with the highest concentrations in spring and the lowest ones
in summer [39]. The seasonal amplitude of CO2 is thus expected to be the largest in
areas with significant vegetation. This is clearly seen in Figure 6, where the seasonality
of CO2 at Finokalia Observatory in the middle of the Eastern Mediterranean is similar
to the seasonality of the North Hemisphere average from the NOAA stations and with
greater amplitude than that observed at the Mauna Loa Observatory in the middle of the
North Pacific. At the background sites (coastal, Finokalia, and high altitude, Helmos), it is
clear that there is similar seasonal variability in both CO2 and CH4, with levels at Helmos
generally somewhat lower due to the fact that it is a free troposphere station. At these
sites, CO2 shows maxima in early spring and minima in summer (Figure 8a). CO2 levels in
the urban background environment of Athens also reach a minimum during the summer,
exhibiting values similar to those at the background sites. This is in agreement with
aerosol observations indicating that during the summer, Greece and generally the Eastern
Mediterranean are affected mainly by regional rather than local sources [40]. Moreover,
CO2 in Athens shows a pronounced maximum during winter, exhibiting more than 20 ppm
higher values than during summer, mostly attributed to the additional anthropogenic
source for heating purposes of the Greek capital [41] (Figure 8a).
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This is not the case for CH4 in Athens, which shows elevated values all over the year
(Figure 8b), with no clear seasonal variability, as it was also observed for CH4 at Finokalia.
Moreover, CH4 in Mauna Loa shows a clear seasonal cycle (Figure 6b), which is due to the
location of the observatory and the lack of local/point sources and is representative of a
globally averaged background mean.

The seasonal variability of CH4 (Figure 8b) shows a small maximum in winter/spring,
which could be due to emission sources, as agriculture can be a significant contributor.
Minimum concentrations are observed in summer, when photochemistry in the region is
intense [10]. In Athens, however, apart from higher concentrations, the sources may also be
different, as emissions from the waste sector have surpassed those from agriculture since
2017 (Figure 3b and Section 3.1.2). Athens is the capital of Greece, with almost half the
Greek population living in the metropolitan area; therefore, waste and energy production
are the sectors that drive CH4 levels in Athens. These are the highest in the summer
(August) and December, when these two sources are expected to contribute the most due
to tourism and therefore increased waste in the summer and heating in the winter.

Urban sources of GHGs. Recently, GHGs measurements in the urban environment of
Athens, Greece, have revealed that both gases exhibit maxima in winter, with enhanced
levels during night and early morning hours being attributed to traffic/heating emissions
and leakages of residential natural gas for CO2 and CH4, respectively [17], amplified also
by the low boundary layer height, favoring the accumulation of pollutants near the surface.
Although CO2 showed an excellent correlation with CO and black carbon (BC), indicating
its main origin from combustion sources, this was not the case for CH4, which showed
at least two different subsets of data, one of which showed a good correlation with CO,
indicating a common source (combustion). Other possible sources may include leakages
from natural gas transmission pipelines and landfills. Landfills in particular have been
shown to be a significant contributor to local methane emissions. In order to evaluate the
additional load from anthropogenic sources in the urban environment of Athens, where
the biospheric respiration is minimal, the levels of the two GHGs were directly compared
with the respective observations at the Finokalia Observatory, considered background
values. Thus, the difference between the two sets of values is considered the increment
associated with the anthropogenic input. It was found that for a 5-year period (2019–2023),
the additional load due to the anthropogenic activities plus the effect of the biospheric
fluxes in the urban environment is on average of the order of 2.7%. When considering the
monthly variability, the CO2 difference between the mean values for the two sites ranges
between 3% and 7.5% (or between 14 and 32 ppm) during winter (which during nighttime
may even reach 20%, which translates to more than 110 ppm), while during summer,
the differences are minimal (ranging between 0.5% and 2.2%). For CH4, the additional
burden due to the urban environment and activities is once again of the order of 3.3% (or
68.3 ppb) for the whole 5-year period (ranging between 1.2 and 5.4%) but without a notable
seasonal difference.

3.3.2. Remote Sensing Greenhouse Gases Observations

From a remote-sensing point of view, total columns of CO2, CO, and CH4 were mea-
sured for the first time in Thessaloniki, Greece, using a portable direct-solar viewing FTIR
spectrometer since 2020, as part of the COllaborative Carbon Column Observing Network
(COCCON [22]), with the goal of contributing to the validation of space-borne sensors and
of detecting local sources of GHG in the future. Both CH4 and CO2 FTIR measurements
were compared with the high spatial-resolution TROPOspheric Monitoring Instrument
(TROPOMI). The XCO2 remote-sensing timeseries (Figure 9a) also shows a discernible
seasonal cycle with a winter and spring maximum driven by anthropogenic emissions,
similar to in situ data, and a summer minimum due to biospheric activity at a typical
mid-latitude Northern Hemisphere location. The biospheric signal could also contribute to
the winter/spring maximum of CO2, but in urban areas such as Athens and Thessaloniki,
the green areas are significantly lacking; therefore, such signals should be masked by the



Atmosphere 2024, 15, 1288 14 of 21

predominant anthropogenic sources. The XCO2 timeseries also reveals higher winter and
lower summer levels reflecting the common sources with CO2, albeit with a large daily
variability due to local influences and fire episodes. Concerning XCH4, a rise begins in
the summer (Figure 9b), when maximum temperatures occur, to reach its maximum levels
in the wintertime, when most anthropogenic emissions occur. Compared to TROPOMI
measurements (Figure 9c), CH4 observations verify that the satellite data are within the
official product requirements with a relative mean bias of 0.1 ± 0.5% [42]. TROPOMI
captures the temporal XCH4 variability, both the seasonal cycle with the profound summer
growth as well as the overall higher values from year to year. TROPOMI also reproduces
the XCH4 enhancements from the fire episodes during July 2021 and August 2023 with a
higher standard deviation (Figure 9b). The percentage variability of daily mean values in
the course of the year was found to be ~2.9% in the case of XCO2, while for XCH4, it was
found to be similar, at 3.7%. This translates to a 2.74 ppm annual mean difference in XCO2
levels and a 15 ppb annual mean difference for XCH4, values comparable to those derived
from the in situ measurements at Finokalia and HAC Observatories. These results were
comparable to those obtained from previous studies of greenhouse gases, revealing the
biospheric cycle for CO2 and relatively stable sources for CH4 [24].

The CO2 column concentrations retrieved from the OCO-2 observations in 2019 [42]
and 2022 are presented for four different months of the two years, representing the four
seasons of periods before and after COVID-19 (Figure 10). In order to indicate the location
of hotspot sources, the tropospheric NO2 column from S5P-TROPOMI observations re-
gridded in a 0.2◦ × 0.2◦ grid is shown as background in the same figure to indicate hotspot
sources. Missing data have not been considered during the re-gridding procedure. The
CO2 column observations from OCO-2 capture reasonably well the seasonal variability of
the observed CO2 levels at Finokalia observatory, with high winter and low summer levels.
In the same figure, the tropospheric NO2 column distribution from TROPOMI 5p clearly
shows the pollution produced from megacities, large agglomerations, and ships. However,
the scarcity of OCO-2 observations (small swath width of 10 km and spatial resolution of
3 km2), compared to TROPOMI NO2 columns (swath width of about 2600 km and spatial
resolution of 7 × 3.5 km2), requires the combination of the two satellite products together
with ground-based measurements and numerical modeling to geo-locate, monitor, and
mitigate CO2 emission sources.

Methane column concentrations have also been systematically studied over Greece,
derived from the Sentinel-5 Precursor TROPOMI satellite instrument L-2 (high spatial
resolution) data for the period 2019–2020. The data were first re-gridded into 0.2◦ × 0.2◦

grids, and an increase in CH4 columns was found between 2019 and 2020 (Figure 11) [43].
We identify Athens, Thessaly (central Greece), Thessaloniki (Northern Greece), Thrace
(Northeastern Greece), and Crete (Southern Greece) as areas with high CH4 concentrations
due to the different anthropogenic activities in the area (Figure 11). Areas with biogas units,
municipal waste disposal and treatment (e.g., Athens and Thessaloniki), and agricultural
fields (e.g., Thessaly, Thrace, and Crete) are expected to have higher concentrations. An
overall rise in CH4 concentrations is observed in 2020 compared to 2019, following the
global trends in CH4, while an overall growth of about 8% has been observed in 2022 since
2003 [44]. This increase is as high as 12 ppb over Athens, which is in the same order of the
one observed from the in situ data (15.8 ppb) and 22 ppb over Thessaloniki compared to
the annual value of 15.20 ppb in globally averaged atmospheric CH4 reported by NOAA in
2020 for marine sites [6].
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Figure 9. Dry air mole fraction of CO2 (a) and CH4 (b) over Thessaloniki from March 2019 to
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means are in red dots. (c) Scatter plot between S5P/TROPOMI and FTIR observations for CH4

(c) over Thessaloniki for the same period.
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3.4. Greenhouse Gas Levels and Global Pandemic

In the first few years after the COVID-19 global pandemic, it would be expected that
GHG levels would decrease due to the overall restrictive measures. Le Quéré et al. [45]
estimated a 27% reduction in average daily CO2 emissions in Greece in 2020, within the
range of reductions in EU countries reported in the same study, due to reduced mobility
and production during the lockdown period. Similarly, a 20% reduction on the mean
carbon footprint during the lockdown period has been estimated for Italy, mostly affecting
the northern industrialized areas of the country [46]. For the entire year of 2020 European
emissions, the second largest reduction attributed to the COVID-19 lockdown measures
was for CO2 fossil fuel (−7.8%) [47]. For neighboring Türkiye, the decline in the global
warming potential for April and May 2020 was on average 10, 38, and 36% for diesel,
gasoline, and liquefied petroleum gas fuel, respectively [48]. Average CO2 levels in Athens
declined by 2.1% (9.1 ppm) during the lockdown compared to the pre-lockdown period,
a change that, although subtle, is still statistically significant at the 99% confidence level
(p < 0.01) [49]. After subtracting the respective average regional background concentrations
from Finokalia for the same period, the resulting amount is considered the “excess” amount
of CO2 for Athens; therefore, the relative reduction in CO2 during the lockdown period
was 58%, comparable to those observed in major cities internationally [50]. The large
reduction observed in Athens should also be attributed, in addition to reduced mobility,
to the significant effect of additional sources [51,52] related to the seasonal cycle of resi-
dential heating (wood-burning and also the combustion of heating oil and natural gas),
which—independent of the lockdown measures—dropped until the end of the heating
season in Athens (mid-April) [41]. Nevertheless, this localized reduction was not reflected
in the global average level of CO2, which reached a new record high of 412.5 ppm in 2020.
Surprisingly, while CO2 emissions fell by 5.4% in 2020, the amount of CO2 in the atmo-
sphere continued to grow at about the same rate as in previous years. Estimates of how
much CH4 emissions dropped during the pandemic are uncertain because some human
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causes, such as poor maintenance of oilfield infrastructure, are not well documented, but
one study calculated that the reduction was 10% [53]. In Athens, average CH4 levels were
reduced by 0.5% (10 ppb) during the lockdown period compared to the pre-lockdown pe-
riod. After subtracting the respective period-averaged regional background concentration
from Finokalia, the reduction in CH4 during the lockdown was 15%. This small difference
compared to CO2 may be due to people spending more time inside their houses and not
reducing their waste production and energy use. Despite the dramatic decline in mobility
and associated vehicle emissions, the atmospheric growth rates of GHG were not slowed,
in part due to reduced ocean uptake of CO2 and a likely increase in CH4 lifetime from
reduced NOx emissions [53], leading to new global average records for CO2 in 2020 and
CH4 in 2021.

4. Conclusions

This study presents an overview of greenhouse gas sources, levels, and trends over
Greece, with an emphasis on CO2 and CH4. In Greece, more than 90% of the CO2 is
produced by fossil fuel consumption, followed by transport and construction. Moreover,
waste management is the main anthropogenic source of CH4, accounting for 47% of total
emissions and surpassing emissions from agriculture since 2017.

GHG levels systematic monitoring in Greece started at the remote background site
of Finokalia Observatory in Crete, with a twenty-year record of measurements showing
an increase in CO2 by 2.4 ppm·yr−1 between 2002 and 2023, following the average rate of
rise in CO2 in the north hemisphere. The same increasing rate is also derived from free
tropospheric measurements at the Helmos Observatory since 2016. These background sites
exhibit spring maxima and summer minima, while the urban background site in Athens
shows a distinct winter maximum attributed to the additional anthropogenic emissions
for heating purposes. On the one hand, levels in Athens during summer are the lowest,
reaching levels similar to those observed for the other two background sites, indicating
that during late spring and summer, the relative contribution of CO2 sources and sinks is
markedly different, with significant contribution from regional rather than local sources.
On the other hand, during autumn and especially during winter, local sources, mainly
heating and traffic, are the main contributors of CO2 levels in Athens. CH4 levels also show
an increasing trend in Greece, with 8.6 ppb·yr−1 at Finokalia since 2002 but at an accelerated
rate since 2018 (13.1 ppb·yr−1), also seen at the HAC Observatory, possibly associated with
a combination of local and regional sources. For the common period of measurements
(2018–2023), CH4 showed comparable growth at all three sites (~14 ppb·yr−1).

The increase seen by the in situ observations is also corroborated by the remote sensing
data of GHG performed in Thessaloniki. The remote-sensing timeseries also shows a clear
seasonal cycle with a winter and spring maximum attributed to enhanced anthropogenic
sources and a summer minimum. The TROPOMI data are also used to identify areas
with elevated levels, such as Athens, Thessaly, Thessaloniki, and Thrace, due to different
anthropogenic activities.

Finally, comparison of observations before and after the COVID-19 global pandemic
enabled the identification of the impact of restriction measures on GHG levels. Average
CO2 levels in Athens decreased by 2.1% (9.1 ppm) during the lockdown compared to the
pre-lockdown period, but when subtracting the respective period average concentrations
from the remote background measured at the Finokalia site, the actual reduction in CO2
was 58%, comparable to those observed in major cities globally. The respective reduction in
CH4 after subtracting the background signal was of the order of 15% since the emission
sources differ from those mostly affected by the implemented restrictions. Nevertheless,
the restriction measures and their effects may provide insight into possible mitigation
strategies in order to attain the European Green Deal goals.
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