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Highlights 

- Methane and carbon dioxide variability in the Mediterranean basin at three permanent 

WMO/GAW stations: Lamezia Terme, Capo Granitola and Lampedusa. 

- Accurate modelling of atmospheric transport is essential to establish a link between observed 

tracer distributions and surface emissions.  

- STILT simulates transport by following the time evolution of a particle ensemble, interpolating 

meteorological fields to each particle's subgrid location.  

- The Smoothed Minima (SM) and STILT methods have been used to extract background 

concentration data from the time series of atmospheric gases.  

- SM and STILT were used to identify measurements that are considered to be representative of 

the atmospheric background levels (GRD). 

Abstract 

Due to the increasing concern over climate change and its environmental impacts, effective 

greenhouse gases (GHG) control strategies are of pivotal importance. The use of models such as 

STILT (Stochastic Time Inverted Lagrangian Transport), statistical techniques, and experimental data 

analysis provide valuable tools to quantify emissions and identify GHG tendencies. The 

Mediterranean basin is considered a global hotspot for air-quality and climate change: here, we 

combine experimental datasets of atmospheric methane (CH4) and carbon dioxide (CO2) with 

atmospheric transport models to present an atmospherically-based framework for monitoring GHG 

emissions. We applied methodologies, i.e., the Smoothed Minima (SM) and STILT, to extract 

background concentration data from the time series of atmospheric gases and identify measurements 

deemed representative of atmospheric background (GRD) levels. At the Lamezia Terme (Global 

Atmosphere Watch, GAW code: LMT), Capo Granitola (GAW code: CGR), and Lampedusa (GAW 

code: LMP) observation sites, GHG measurements were performed with specific calibration routines 

carried out using primary standards of calibration from the National Oceanic and Atmospheric 

Administration – Global Monitoring Laboratory (NOAA–GML), with secondary standards used to 

evaluate possible drifts and calibration factors stability. The first two are coastal stations and the third 

is an island station. At these sites, atmospheric CH4 and CO2 mole fractions can be evaluated at local 
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and continental scales, in locations with specific Mediterranean climatic characteristics. This paper 

presents the variability of CH4 and CO2 in the central Mediterranean basin by analyzing hourly GHG 

concentrations over a 9-year period (2015-2023) for LMT, a 8-year period (2015-2022) for CGR, and a 

19-year period (2006-2024) for CO2 and 5-year period (2020-2024) for CH4 at LMP. STILT provides 3-

hourly results for methane and carbon dioxide concentrations that correlate well with surface 

measurements at LMT, CGR, and LMP. These analyses are aimed at relevant long-term datasets of 

GHG over southern Italy. This work would provide a useful contribution to comparing the observed 

concentrations of gases measured at three sites in the central Mediterranean with those predicted by 

models such as STILT. 

Keywords: STILT; GAW; Southern Italy; greenhouse gas; methane; carbon dioxide; emissions 

 

 

Graphical abstract descriptions 

Framework shows the variability of methane and carbon dioxide in the Mediterranean basin at three 

permanent World Meteorological Organization/Global Atmosphere Watch (WMO/GAW) stations in 

southern Italy: Lamezia Terme (GAW code: LMT), Capo Granitola (GAW code: CGR) and 

Lampedusa (GAW code: LMP). Accurate modeling of atmospheric transport is essential to address 

environmental concerns and to establish a quantitative link between observed gas distributions and 

surface emissions. In the present work, we used the Stochastic Time Inverted Lagrangian Transport 

(STILT) and the Smoothed Minima (SM) models. STILT simulates transport by following the time 

evolution of a particle ensemble, interpolating meteorological fields to the subgrid location of each 

particle. Both methods were used to extract background concentration data from the time series of 

atmospheric gases representative of the atmospheric background levels. The paper is an important 

contribution to the comparison between the observed and predicted by models concentrations of 

methane and carbon dioxide at three sites in the central Mediterranean. The STILT model datasets, 

validated at the three sites, show satisfactory results, with the exception of an overall underestimation 

in all comparisons (background and no-background). They demonstrate that the model can 

accurately estimate the CH4 and CO2 concentrations in the Mediterranean basin. Similar results are 

also obtained when comparing the SM and STILT background datasets. This last comparison 

indicates a good identification of the concentrations of the background gases by the models. 
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1. Introduction 

Southern Europe and the Mediterranean basin are recognized as hotspots in terms of both air 

quality (Monks et al., 2009) and climate change (Giorgi and Lionello, 2008), as well as a major 

intersection of different air mass transport processes (Lelieveld et al., 2002; Henne et al., 2004; Duncan 

et al., 2008). The Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC, 

2007) clearly identifies and assesses the rising levels of greenhouse gases (GHG) in global warming 

(Forster et al., 2007). Furthermore, the IPCC's Sixth Assessment Report (AR6) is an extensive analysis 

of the latest climate science, its impacts, and mitigation strategies. It is the culmination of the IPCC's 

work. This work was done during its sixth assessment cycle. AR6 provides in-depth assessments of 

the physical science basis of climate change, its impacts, adaptation strategies, and mitigation options. 

The report highlights progress in mitigating climate change, including the slowing growth rate of 

global greenhouse gas emissions in recent years and the rapid development of low-carbon electricity 

generation and storage technologies. However, it also acknowledges ongoing challenges. It also 

brings attention to the Sustainable Development Goals. Climate action is critical to sustainable 

development. The report analyzes the relationship between greenhouse gas (GHG) emissions per 

capita and development levels to establish sustainable development pathways and corridors (IPCC, 

2023). The role played by the Mediterranean in the global carbon dioxide (CO2) budget is poorly 

detailed. In fact, the Mediterranean Sea has several peculiarities that make it unique: it is the only 

large closed basin in the world and is characterized by complex oceanic and atmospheric circulation 

(Chamard et al., 2003). To better understand the role of the Mediterranean Sea, accurate long-term 

measurements of atmospheric gas concentrations are essential, especially in the coastal and marine 

environments. Ever since 1750, the date universally recognized as the beginning of the Industrial 

Revolution, a rapid increase in carbon dioxide has been observed, and present-day levels are still on 

the rise (Friedlingstein et al., 2023). In order to define the global atmospheric gas budget and constrain 

its sources and sinks, accurate long-term measurements of atmospheric concentrations began about 

50 years ago at Mauna Loa (Hawaii, USA) (Keeling et al., 1976; Keeling, 2008). The Global 

Atmosphere Watch (GAW) program, established by the World Meteorological Organization (WMO) 

(World Meteorological Organization Global Atmosphere Watch No. 168, 2005), has developed a 

globally distributed network of GHG monitoring stations. Current CO2 observations are still lacking 

in some areas of the globe. Focusing on the Mediterranean basin, the Lamezia Terme (mainland 

Calabria) and Capo Granitola (mainland Sicily) coastal sites, and the Lampedusa (Strait of Sicily) 

maritime site all perform continuous measurements of GHG. The CNR-ISAC (National Research 

Council of Italy – Institute of Atmospheric Sciences and Climate) observatory in Lamezia Terme 

(GAW code: LMT, 38.8°N 16.2°E, 6 meters above sea level) is a Regional WMO/GAW station; 

atmospheric concentrations of methane (CH4), carbon dioxide and other gases are routinely 

measured since 2015. The GAW Regional Coastal Observatory of Capo Granitola (GAW code: CGR, 

37.6°N 12.6°E, 5 meters above sea level) faces the Strait of Sicily in the coastal area of Torretta Granitola, 

12 km from Mazara del Vallo (province of Trapani). The Strait of Sicily is characterized by heavy 

shipping traffic, making the central Mediterranean a European hotspot for the impact of ship 

emissions on air chemistry (EEA 2013). CGR is a remote site influenced by anthropogenic emissions 

related to shipping operations at the port of Mazzara, located about 20 kilometers away. A long-term 

GHG monitoring programme has been initiated by ENEA (the Italian National Agency for New 

Technologies, Energy and Environment) in May 1992, for background CO2 measurements at the 

remote island of Lampedusa (GAW code: LMP, 33.5°N 12.6°E) (Chamard et al., 2003; Artuso et al., 

2009). Lampedusa is currently the only dual GAW and National Oceanic and Atmospheric 

Administration (NOAA) maritime site for CO2 observations in the Mediterranean. The island was 

chosen because of its geographical position, which makes it particularly suitable for climate studies. 

NOAA established a global measurement network of CO2 and other climate-relevant gases in the late 

1970s (Conway et al., 1994; Tans et al., 1989). On a global scale, CH4 and CO2 records are used to 

understand the processes that govern the gases cycle, which are essential for predicting its future 

tendencies and planning international policy strategies to reduce them. The long-term behavior of 
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CO2 is a combination of a gradual increase in emissions, overlaid by a large inter-annual variability 

associated with climate-driven changes in the strength of sources and sinks (Rayner and Law, 1999; 

Keeling et al., 1995). Carbon isotope measurements of CO2 (δ13CO2) confirm that the increases are 

attributable to fossil fuel burning: during the summer, the peak in plant photosynthesis results into 

the highest δ13CO2 values and the lowest CO2 atmospheric concentrations of the year due to the 

isotopic fractionation that occurs during the photosynthesis process, which fractionates against the 

heavier 13CO2 isotopologue of carbon dioxide, thus increasing its residual concentration in the 

atmosphere (Farquhar et al., 1980; Farquhar et al., 1989). The atmospheric pattern is compatible with 

the isotopic fingerprint of fossil fuels as the wintertime tendencies are reversed: higher CO2 

concentrations are linked to lower δ13CO2 values due to anthropogenic emissions (Keeling et al., 1979; 

Keeling, 1979). Human activities have contributed to a significant increase in atmospheric of CH4 and 

CO2. Changes in land use are causing a significant reduction in the CO2 uptake capacity of plants, 

reinforcing the general global upward tendency (Canadell et al., 2007). Saharan dust outbreaks from 

North Africa (Querol et al., 2009) and widespread open burning of biomass (Turquety et al., 2014) 

further exacerbate air quality and the impact of anthropogenic emissions on the regional climate 

(Mallet et al., 2013). Information on the variability of gases in the atmosphere is provided by 

experimental measurements on a continental scale. CH4 plays an important role in the Earth's 

atmospheric chemistry and radiation balance: it is the most abundant hydrocarbon in the atmosphere, 

and after CO2, is the second most relevant GHG. Methane’s persistence time in the atmosphere is 

lower compared to that of carbon dioxide, but its global warming potential is higher (Myhre et al., 

2013; Sand et al., 2023). In the stratosphere and troposphere, methane reacts with the hydroxyl radical 

OH, which is its primary sink, to produce water vapor and ultimately CO2, indirectly contributing to 

the build-up of atmospheric CO2 (Artuso et al., 2007). Methane has also been on the rise ever since 

the industrial period, an increase that is linked to anthropogenic activities (Etheridge et al., 1998). 

Unlike CO2 however, the global carbon isotope patterns observed in CH4 (δ13CH4) indicate that 

perturbations in the global budget caused by anthropogenic emissions are not sufficient to explain 

atmospheric methane increases, as changes in natural emissions and balances in said budget also 

have an impact on recent tendencies (Ferretti et al., 2005; Nisbet et al., 2019). Furthermore, unlike 

other gases and pollutants, methane experienced a rise during COVID-19 lockdowns due to increased 

emissions from domestic heating and changes in atmospheric sinks; this increase has been observed 

at a global scale (Laughner et al., 2021; Peng et al., 2022), and at local scale in the case of the LMT 

observatory (D’Amico et al., 2024a; D’Amico et al., 2024c). The importance of greenhouse gases is 

well known and has been described in literature (Seinfeld and Pandis, 1998): the utilization of models 

for the purpose of providing support and facilitating the integration of experimental data is 

advantageous. There are different types of models, some of which focus on vehicles as local sources 

(Batesa et al., 2018), and these methods can be extended to other local non-road facilities. Generally, 

the inclusion of comprehensive local and regional sources and chemistry with fine-scale spatial 

gradients can provide comprehensive estimates of pollutant concentrations, reducing bias in 

exposure estimates used for epidemiological analyses. Results are currently being used in 

spatiotemporal epidemiological analyses of birth outcomes associated with air pollution, and in 

urban planning and environmental law studies investigating the relationships between infrastructure 

characteristics, socio-economic factors, health, and air pollution (Batesa et al., 2018; Servadio et al., 

2019). Models exist to determine background concentrations of atmospheric gases (Malacaria et al., 

2025). In this work, we have applied a Lagrangian Particle Dispersion Model (LPDM) for atmospheric 

transport, the Stochastic Time-Inverted Lagrangian Transport model (STILT), as well as the 

Smoothed Minima (SM) (Malacaria et al., 2025; Aksoy et al., 2009; Gao et al., 2018) background 

methods to the experimental datasets of CH4 and CO2 concentrations at the LMT, CGR, and LMP 

stations. STILT is used to derive the upstream influence on atmospheric sites, i.e., their footprint. 

These footprints are combined with surface maps of natural and anthropogenic tracer fluxes to 

simulate atmospheric tracer concentrations at the analyzed stations. The particles in this model are 

tracked back up to 10 days. A novelty is the implementation of GHG measurements at tower sites to 
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complement atmospheric monitoring from free tropospheric sites, aircraft, and high towers: a 

southern Italian station (Potenza) located in the southern Italian region of Basilicata, is expected to 

start such measurements soon, further contributing to data gathering in the central Mediterranean 

region. This provides a strong link between observations at continental and ecological scales. An 

important step towards an operational European greenhouse gas-monitoring program has now been 

taken with the proposal for an Integrated Carbon Observation System (ICOS). This project aims to 

establish an integrated European greenhouse gas-monitoring network, incorporating existing 

monitoring stations and extending the network to areas not covered by operating stations. Such an 

integrated European monitoring program appears to be essential to ensure the availability of long-

term, high-precision measurements of atmospheric greenhouse gases. With the planned ≈30 

operational 'backbone' European atmospheric monitoring sites, the ICOS network would provide a 

solid basis for top-down estimates of European greenhouse gas emissions. In addition to an adequate 

European network, it would be important to support further global observing stations, especially in 

regions with large emissions or tendencies (i.e., China, India), and satellite retrievals, especially for 

CH4 and CO2, for which recent research has shown significant progress and the potential to provide 

valuable complementary information in regions with scarce in situ monitoring (i.e., tropical 

landmasses). In the following sections, the measurement sites are presented in terms of the 

experimental set-up. We present 9 (8) years of precise measurements of CH4 and CO2 at LMT (CGR), 

plus 19 years of CO2 and 5 years of CH4 both detected at LMP. Typical concentrations and variability 

of CH4 and CO2 in the central Mediterranean are the subject of analysis and discussion: we compare 

the experimental datasets of these stations with STILT and SM models in order to evaluate possible 

mechanisms influencing the Mediterranean carbon budget, some of which could be overlooked by 

models. 

2. Description of the Experimental Sites 

The Lamezia Terme, Capo Granitola, and Lampedusa Experimental Sites 

The Lamezia Terme (GAW ID: LMT, 38.8°N 16.2°E, 6 meters above sea level) station is a World 

Meteorological Organization/Global Atmosphere Watch (WMO/GAW) observatory operated by the 

National Research Council of Italy - Institute of Atmospheric Sciences and Climate (CNR-ISAC) ever 

since 2015. LMT is a coastal site located 600 meters inland from the Tyrrhenian coastline of Calabria 

(Southern Italy) (Figure 1). Here the dominant air masses of the synoptic circulation overlap with the 

local breezes, maintaining a strong westerly direction. The experimental site is characterized by 

moderate daytime seaside breezes (NW-W), while night-time northeastern breezes from the land (E-

SE) are channeled through the Marcellinara gap, located between the Tyrrhenian and Ionian Seas 

(Calidonna et al., 2020; Malacaria et al., 2024; Federico et al., 2010a; Federico et al., 2010b; D’Amico et 

al., 2024a; D’Amico et al., 2024d). Local wind circulation has been confirmed to have a relevant 

influence on LMT observations, with western-seaside winds generally yielding low concentrations 

of GHGs and pollutants, while northeastern-continental winds are enriched in these compounds 

(D’Amico et al., 2024a; D’Amico et al., 2024c). Surface ozone (O3) at the site however was confirmed 

to have a reversed pattern (D’Amico et al., 2024d). Peplospheric fluctuations and changes in wind 

regimes also affect the surface concentrations of parameters observed at LMT, further contributing to 

the complexity of correlations between wind patterns and the concentrations of GHG and pollutants 

(D’Amico et al., 2024e). 

The Capo Granitola Observatory (GAW ID: CGR, 37.6°N 12.6°E, 5 meters above sea level) is located 

on the southern coast of Sicily, facing the Strait of Sicily, at Torretta Granitola, 12 km from Mazara 

del Vallo (52,000 inhabitants), within the scientific campus of CNR’s Institute for the study of 

anthropogenic impacts and sustainability in the marine environment (IAS). CGR is a remote site and 

it is an ideal station for monitoring marine background conditions, 

https://gawsis.meteoswiss.ch/GAWSIS//index.html#/search/station/stationReportDetails/0-20008-0-

CGR (accessed on November 2024). 
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This observatory carries out continuous measurements of atmospheric composition that are well 

representative of the conditions in Western Sicily and the central Mediterranean basin: it often 

observes air masses that are characteristic of the background conditions in the Mediterranean basin. 

These air masses provide useful clues to the influence of specific atmospheric processes when strong 

tracer variability is encountered. Mineral dust emitted from North Africa, long-range air mass 

transport, and anthropogenic ship-borne emissions could be some of these processes. The CGR site 

is influenced by the sea-land breeze regime, with prevailing winds of up to 4 m/s, gentle breezes from 

inland (NW-NE) during the night and prevailing winds from the sea (W-SE) during the day 

(Cristofanelli et al., 2017; Donateo et al., 2018; Donateo et al., 2020). CGR is strongly influenced by air 

masses originating or passing over the central Mediterranean (Tyrrhenian Sea), which have a 

prevailing northwesterly circulation (Cristofanelli et al., 2017). 

Lampedusa (GAW ID: LMP, 33.5°N 12.6°E) is a small island in the Mediterranean sea, 

approximately 250 km south of Sicily and 130 km east of Tunisia. The island, whose position is shown 

in Figure 1, is isolated in the marine environment, about 200 km from northern Libya. The island 

covers an area of 20 km2, and shows sparse and rocky vegetation. The influence of local vegetation 

and emissions is expected to be limited. As a representative site for the central Mediterranean region, 

the island was chosen for greenhouse gas measurements in early 1990’s (Chamard et al., 2003). Air 

samples are collected from about 8 m above the surface, on a promontory on the north-eastern edge 

of Lampedusa (50 m above sea level). The site is operated by ENEA, the Italian National Agency for 

New Technologies, Energy and Sustainable Economic Development. 

 

Figure 1. CNR-ISAC, LMT WMO/GAW Calabria regional site, marked by a purple dot, (38.8°N 16.2°E, 6 meters 

above sea level), CGR (37.6°N 12.6°E, 5 meters above sea level) marked by a yellow dot and ENEA, LMP (33.5°N 

12.6°E) marked by a blue dot, in the geographical context of the Mediterranean Sea. (Google Earth 2024). 

3. Data and Methods 

3.1. Instrumental Set-Up and Sampling Systems 

At LMT and CGR a CRDS (Cavity Ring-Down Spectroscopy) analyzer (Picarro model G2401, 

Santa Clara, California, USA) was used to measure methane and carbon dioxide mole fractions; data 

are automatically stored when the analyzer is in data acquisition mode. A software window is used 

to control the position of the sample in real time and adjust it correctly. There is an ambient air input 

and primary standard calibration inputs. The air samples are sequentially introduced into the 

analyzer via a valve manifold (VICI-VALCO model EMTCSD10MWE). Ambient air is pumped at a 

rate of 0.260 L min-1 from the sampling point. Starting from February 2022, a Nafion dehumidifier 

(PERMA PURE 1001 model MD-070-72S-4 050420-08) is used to dry gathered ambient air. The 

analysis of a gas sample requires a dry sample for accurate and reliable results: with a resolution of 

5 seconds between measurements, the molar fractions of CH4 and CO2 in the ambient air were 

measured at the LMT and CGR stations. These measurements are then averaged over a period of one 

hour and the corresponding standard deviations are calculated. The 1-hour mean values of the 
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ambient air time series are calibrated according to the international scales, i.e., CH4: WMO X2004, and 

CO2: WMO X2019 (Hall et al., 2021). Every 14 days, the same low and high calibration cylinders are 

measured for 30 minutes each in three cycles. In addition to this procedure, every 19 hours two target 

cylinders are measured sequentially, each with a known concentration of a given gas. Cylinders are 

available from the Global Monitoring Laboratory (GML) of the National Oceanic and Atmospheric 

Administration (NOAA) of Earth System Research Laboratories, ESRL. These WMO reference gases 

cover CO2 mole fractions in the range of 250 to 520 µmol mol-1 and CH4 fractions in the range of 300 

to 2600 nmol mol-1.  

At LMT, in situ meteorological data and other tracers such as 222Rn (radon-222) will be used to 

extract representative measurements of regional sources and sink activities from continuous CO2 time 

series. 

Regarding LMP, in 1997 a climatic observation laboratory was set up, located in a building near 

Capo Grecale, https://www.lampedusa.enea.it/strumenti/index.php?lang=en (accessed on November 

2024). Since then, the inlet line samples air at a height of 8 meters above the ground, approximately 

50 meters above sea level. A water vapor trap consisting of a freezer is used to cool ambient air down 

to approximately -40 °C and remove water vapor from the air sample. A Siemens Ultramat 5E non-

dispersive infrared (NDIR) analyzer was used to measure CO2 until 2012. Relative concentrations are 

referred to an absolute scale by the following procedure: gases from two cylinders containing known 

amounts of CO2 are used as working standards during routine operations. Eight reference sources of 

known CO2 concentration, provided by the Climate Monitoring and Diagnostic Laboratory (CMDL) 

of the National Oceanic and Atmospheric Administration (NOAA), were used to calibrate the 

working standards once a week, 

https://www.lampedusa.enea.it/strumenti/ultramat_5e/index.php?lang=en (accessed on November 

2024). Since 2012, a cavity ring-down spectroscopy analyzer (atmospheric CO2, CO, CH4, model 

Picarro G2401) has been installed at LMP, 

https://www.lampedusa.enea.it/strumenti/index.php?lang=en (accessed on November 2024). 

Starting from 2019, ICOS procedures have been applied, using 3 ICOS calibration cylinders, with 

calibrations performed about every 25 days, and two target cyclinders for routine verification of the 

system performance (Trisolino et al., 2021).  

An automatic weather station was used in all three stations to monitor the meteorological 

parameters: temperature, relative humidity, wind speed and direction, air pressure, and rainfall. 

Specifically, wind data (speed, direction) are measured via transducers on a horizontal plane and the 

measurement of the time span required by ultrasounds to travel between transducers. In the case of 

temperature, two reference capacitors and a RC oscillator are used to measure sensor capacitance via 

the analysis of the compensations required for temperature dependencies on pressure and relative 

humidity sensors. 

CH4 and CO2 hourly mean values measured at the three stations have been reported to national 

and international databases such as the World Data Centre for Greenhouse Gases (WDCGG), 

https://gaw.kishou.go.jp/data_update_information (accessed on November 2024). These data are also 

based on 1-minute averages where local pollution events have been flagged in addition to outliers. 

For the gas datasets, only instrumental and technical problems are excluded.  

For LMT (CH4 and CO2: 2015-2023), CGR (CH4 and CO2: 2015-2022), and LMP (CH4: 2020-2024; 

CO2: 2006-2024), the CH4 and CO2 observed (OBS) datasets in the respective study period were 

organized and averaged minutely, then hourly, with respective standard deviations (SD) of the 

aggregated measurements, ± 1 σ. The percentages of complete observed datasets organized every 3 

hours in terms of available data are the following: LMT, CO2 and CH4 both at 91.5%; CGR, CO2 at 

48.9% while CH4 is at 42.8%; LMP, at CO2 67.9% and CH4 at 74.7%, according to Table 1. 

Table 1. The error metrics used for the STILT and SM models as well as the LMT, CGR, and LMP datasets of 

CH4 and CO2 over the time periods studied: the Root Mean Square Error (RMSE), the arithmetic mean value of 

the errors (BIAS), the correlation coefficient (R2), and the Scatter Index (SI) (%). 
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Station 
Time period 

observed 
Gas 

Available 

observed Data 

% 

Comparison RMSE BIAS R2 SI % 

LMT 2015-2023 

CH4 

91.5 

GRD STILT vs GRD SM 46.94 -33.77 0.28 2.42 

STILT vs OBS 164.28 -57.51 0.01 8.13 

CO2 
GRD STILT vs GRD SM 9.86 -6.93 0.21 2.39 

STILT vs OBS 138.84 -12.15 0.003 32.41 

CGR 2015-2022 

CH4 42.8 
GRD STILT vs GRD SM 51.63 -44.22 0.10 2.66 

STILT vs OBS 52.18 -15.84 0.03 2.68 

CO2 48.9 
GRD STILT vs GRD SM 7.91 -5.37 0.23 1.94 

STILT vs OBS 14.07 -2.46 0.003 3.41 

LMP 

2020-2024 CH4 74.7 
GRD STILT vs GRD SM 141.78 -139.22 0.006 7.15 

STILT vs OBS 118.77 -114.45 0.004 6.00 

2006-2024 CO2 67.9 
GRD STILT vs GRD SM 12.16 -9.55 0.67 3.00 

STILT vs OBS 21.03 -20.11 0.46 5.10 

3.2. The Stochastic Time-Inverted Lagrangian Transport  

The Stochastic Time-Inverted Lagrangian Transport (STILT) version 749, Footprint Tool is a 

model for analyzing the potential impact of anthropogenic and natural emissions of atmospheric 

carbon dioxide (CO2) and methane (CH4) at a selection of Integrated Carbon Observation System 

(ICOS) atmospheric stations, https://stilt-model.org/index.php/Main/HomePage (accessed on 

November 2024). The output footprint resolution grid is 1/12 degree latitude × 1/8 degree longitude 

corresponding to about 10 km × 10 km (Vardag et al., 2015) but with the length in longitude direction 

decreases moving north from the equator. The coordinate reference system is spherical Earth with 

radius of 6371 km. The quantification of the surface influence in each cell is typically done every 0.25 

h to 1 h (Vardag et al., 2015), and the output footprints are used in the STILT model system to calculate 

the modeled concentrations for a single point in time. The resulting modelled concentration values 

are downloaded for use in the analysis where modelled concentration values are quantified. The 

model has a 3-hour temporal resolution, https://www.icos-cp.eu/data-services/tools/stilt-

footprint/model-infomation (accessed on November 2024). 

It is used in particular to derive the area of upstream influence on the atmospheric measuring 

sites. In other words, it is a fast tool to retrieve the adjoint of tracer transport, i.e., the sensitivity of the 

atmospheric tracer mixing ratio measured at the receptor point with respect to the upstream surface 

fluxes. STILT is driven by the main wind meteorological fields and a variety of weather forecast 

models such as the European Centre for Medium-Range Weather Forecasts (ECMWF) and the 

Weather Research and Forecasting (WRF), both used for the analysis of past observations and for 

measurement planning using forecasts. Turbulence, as a stochastic process, is included in STILT. The 

model framework has been the subject of research at the Max Planck Institute for Biogeochemistry; 

STILT is being actively developed by a group of researchers from Harvard University, MPI-Jena, 

University of Waterloo, and Atmospheric & Environmental Research (AER). 

The tool simulates atmospheric transport and upstream regions that affect greenhouse gases at 

the station, creating so-called footprints; these footprints are integrated with surface maps of natural 

and anthropogenic carbon fluxes, to detect changes in the atmospheric carbon dioxide and methane 

concentrations at the station. Both concentrations and footprints of CO2 and CH4 at different times 

are shown in this model. In this way, different measurement strategies could be the subject of 

evaluation. In detail, the model framework involves of the Lagrangian transport model STILT (Lin et 

al., 2003; Gerbig et al., 2003) together with emission sector and fuel type specific emissions from a 

pre-release of the EDGAR v4.3 inventory (EC-JRC/PBL, 2015), biospheric CO2 fluxes from the 

diagnostic biosphere Vegetation Photosynthesis and Respiration Model (VPRM) (Mahadevan et al., 

2008), and CH4 fluxes from natural sources and wetlands based on model estimates. Data from the 

most recent European ObsPack collections are shown for comparison. These include all the 

atmospheric CO2 and CH4 data from ICOS stations, https://www.icos-cp.eu/data-services/tools/stilt-
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footprint (accessed on November 2024). STILT is being used by a growing community for the 

interpretation of trace gas measurements from ground stations, airborne platforms as well as remote 

sensing.  

Current applications of STILT (Kenea et al., 2023; Wilmot et al., 2024) focus on greenhouse gases 

and other trace gases, where it is used with high-resolution emission inventories and biosphere flux 

models to provide insight into regional-scale budgets.  

We have used this model to obtain the CH4 and CO2 background and no background datasets 

for the LMT, CGR, and LMP observation sites that are organized every 3 hours. For each station, we 

selected the period between 2015 and 2022. 

3.3. The Smoothed Minima Baseflow Separation Model 

This is a model used to determine a minimum level on hydrological, atmospheric gas, and 

particulate matter datasets as reported in literature (Malacaria et al., 2025; Aksoy et al., 2009; Gao et 

al., 2018). This method removes the valleys and sharp peaks produced by linear interpolation and 

produces a smooth hydrograph that represents the baseflow generating mechanisms. Specifically, the 

methodology implemented by Malacaria et al. (Malacaria et al., 2025) with respect to LMT ground 

tendencies of CH4 and CO2 at the site was used in this research paper. The development of this model 

is described in the previous work (Malacaria et al., 2025). 

3.4. Statistical Parameters and Error Metrics 

In this framework we used the error metrics defined as the Root Mean Square Error, RMSE 

(equation 1), the Arithmetic Mean of the Errors, BIAS (equation 2), the Scatter Index, SI (equation 3), 

which is a normalized measure of error expressed as a percentage, and the Correlation Coefficient, 

R2 (equation 4). Lower values of the SI are an indication of a better performance of the model. A 

positive BIAS represents an overestimation of the x-axis dataset relative to the y-axis dataset, while a 

negative BIAS denotes an underestimation of the x-axis dataset relative to the y-axis dataset. 

RMSE = √
∑ (ei-oi)

2
i

n
         (1) 

BIAS = 
∑ (ei-oi)i

n
          (2) 

SI =
 RMSE

o̅
           (3) 

R2 = (
𝑐𝑜𝑣(𝑜𝑖 ,𝑒𝑖  )

stdv𝑜𝑖*stdv𝑒𝑖
)2         (4) 

In all equations, n is the amount of data, ei is the estimate on a certain variable, oi symbolizes the 

other dataset sample, stdv is the standard deviation, and cov is the covariance. 

4. Results  

In a region characterized by a Mediterranean climate, coastal (LMT and CGR) and maritime 

(LMP) stations monitor the molar fractions of two greenhouse gases: CH4 and CO2. In sections 3.2 

and 3.3 we described the methodologies used to identify background data starting from the time 

series of atmospheric gases. A flow chart of the SM method is described in detail in literature 

(Malacaria et al., 2025). The application of the SM background method to the initial experimental 

datasets resulted in a final datasets containing 52.7% of CH4 and 49.6% of CO2 data for LMT, 71.5% 

of CH4 and 56.7% of CO2 for CGR, and 72.5% of CH4 and 71.0% of CO2 for LMP.  

The application of the SM method used and implemented by Malacaria et al. (Malacaria et al., 

2025), now applied to gas datasets from different sites, resulted in the obtaining of percentages of 

background datasets > 50 % for CGR and LMP compared to LMT, as the latter site is more affected 

by anthropogenic emissions. 
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From the STILT model, https://stilt.icos-cp.eu/worker/ (accessed on November 2024), the 

complete and background datasets of CH4 and CO2 for all three stations (LMT, CGR, and LMP), 

between 2015 and 2022, have been obtained. We can directly compare the gases variability observed 

between 2015 and 2023, for LMT in Figure 2, and between 2015 and 2022, for CGR in Figure 3. In 

Figure 4, we compared the variability observed of CH4 (2020-2024) and CO2 (2006-2024) at LMP.  

These Figures (2–4), show the (a) CH4 and (b) CO2 time series respectively, reporting monthly 

mean values of the STILT and experimental sites complete datasets, and the STILT and SM 

background datasets for each station. 

 

Figure 2. CH4 (a) and CO2 (b) variability - reporting of monthly mean values of the complete Lamezia Terme 

(LMT) observed (LMT OBS) datasets (red line), the complete LMT STILT datasets (blue line), the LMT 

background SM datasets (yellow line) and the LMT background STILT datasets (purple line). 

 

Figure 3. CH4 (a) and CO2 (b) variability - reporting of monthly mean values of the complete Capo Granitola 

(CGR) observed (CGR OBS) datasets (red line), the complete CGR STILT datasets (blue line), the CGR 

background SM datasets (yellow line) and the CGR background STILT datasets (purple line). 
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Figure 4. CH4 (a) and CO2 (b) variability - reporting of monthly mean values of the complete Lampedusa (LMP) 

observed (LMP OBS) datasets (red line), the complete LMP STILT datasets (blue line), the LMP background SM 

datasets (yellow line) and the LMP background STILT datasets (purple line). 

Comparisons between the two background datasets (hourly mean values) and the complete 

datasets of all stations, for CH4 and CO2, were performed using the error metrics described in section 

3.4 and visualizing both the scatter and q-q plots (quantiles of data, x-axis versus quantiles of data, y-

axis).  

For CH4 (ppb), in Figures 5, 7 and 9 respectively for LMT, CGR and LMP, the q-q plots report 

the comparisons as follows: LMT (CGR, LMP) GRD STILT (y-axis) and LMT (CGR, LMP) GRD SM 

(x-axis) (a); LMT (CGR, LMP) STILT and LMT (CGR, LMP) OBS (b).  

For CO2 (ppm) in Figures 6, 8 and 10 respectively for LMT, CGR and LMP, the q-q plots report 

the comparisons as follows: LMT (CGR, LMP) GRD STILT (y-axis) and LMT (CGR, LMP) GRD SM 

(x-axis) (a); LMT (CGR, LMP) STILT and LMT (CGR, LMP) OBS (b).  

In the q-q plots colored squares indicate the amount of data in each 0.2×0.2 bin, the green lines 

represent the quantile–quantile plots, and red lines the least-square best fits. If the datasets of the 

compared methods came from the same distribution, the green lines of the q-q plot would be linear, 

which would coincide with the least squares best fit shown by a red line.  

Table 1 shows the results of the error metrics used for the STILT and SM models as well as the 

LMT, CGR and LMP datasets of CH4 and CO2 over the time periods studied.  

In detail, we reported the station, the time period observed for CH4 and CO2, the respective 

available observed data percentage, and the statistical parameters: the Root Mean Square Error 

(RMSE) (eq. 1), the arithmetic mean value of the errors (BIAS) (eq. 2), the Scatter Index (SI) (eq. 3), 

and the correlation coefficient (R2) (eq. 4). 
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Figure 5. Quantile–quantile plots of CH4 hourly mean values over the 2015-2023 period, between (a) LMT STILT 

background (GRD) (y-axis) and LMT GRD SM datasets (x-axis); (b) LMT STILT (y-axis) and complete LMT 

observed (OBS) datasets (x-axis); colored squares indicate the amount of data in each 0.2×0.2 bin. Green lines 

represent the quantile–quantile plots, and red lines the least-square best fits. 

 

Figure 6. Quantile–quantile plots of CO2 hourly mean values over the 2015-2023 period, between (a) LMT STILT 

background (GRD) (y-axis) and LMT GRD SM datasets (x-axis); (b) LMT STILT (y-axis) and complete LMT 

observed (OBS) datasets (x-axis); colored squares indicate the amount of data in each 0.2×0.2 bin. Green lines 

represent the quantile–quantile plots, and red lines the least-square best fits. 

 

Figure 7. Quantile–quantile plots of CH4 hourly mean values over the 2015-2022 period, between (a) CGR STILT 

background (GRD) (y-axis) and CGR GRD SM datasets (x-axis); (b) CGR STILT (y-axis) and complete CGR 

observed (OBS) datasets (x-axis); colored squares indicate the amount of data in each 0.2×0.2 bin. Green lines 

represent the quantile–quantile plots, and red lines the least-square best fits. 
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Figure 8. Quantile–quantile plots CO2 hourly mean values over the 2015-2022 period, between (a) CGR STILT 

background (GRD) (y-axis) and CGR GRD SM datasets (x-axis); (b) CGR STILT (y-axis) and complete CGR 

observed (OBS) datasets (x-axis); colored squares indicate the amount of data in each 0.2×0.2 bin. Green lines 

represent the quantile–quantile plots, and red lines the least-square best fits. 

 

Figure 9. Quantile–quantile plots of CH4 hourly mean values over the 2020-2024 period, between (a) LMP STILT 

background (GRD) (y-axis) and LMP GRD SM datasets (x-axis); (b) LMP STILT (y-axis) and complete LMP 

observed (OBS) datasets (x-axis); colored squares indicate the amount of data in each 0.2×0.2 bin. Green lines 

represent the quantile–quantile plots, and red lines the least-square best fits. 

 

Figure 10. Quantile–quantile plots of CO2 hourly mean values over the 2006-2024 period, between (a) LMP STILT 

background (GRD) (y-axis) and LMP GRD SM datasets (x-axis); (b) LMP STILT (y-axis) and complete LMP 
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observed (OBS) datasets (x-axis); colored squares indicate the amount of data in each 0.2×0.2 bin. Green lines 

represent the quantile–quantile plots, and red lines the least-square best fits. 

The highest RMSE values are shown in the LMT (CGR) STILT - LMT (CGR) OBS comparisons 

for both analyzed gases: CH4 yields 164.28 (52.18), while CO2 yields 138.84 (14.07). For CH4 and CO2, 

all comparisons highlight negative BIAS values, indicating an underestimation of SM background 

values relative to STILT background, and an underestimation of observed mole fraction values 

detected at three stations, relative to STILT datasets. The R2 values obtained from the comparisons 

reported in Table 1 do not indicate high correlations. The values are below 0.7. 

The scatter index, SI, indicates the degree of discrepancy between the two distributions being 

compared. The smaller the value, the more similar the distributions are to each other and vice versa. 

Looking at the percentages of SI reported in Table 1, we can see how the values between the 

comparisons of the background data (GRD STILT vs GRD SM) and the no background data (STILT 

vs OBS), for CH4 and CO2, are very similar for CGR and LMP.  

For LMT, the difference is greater (CH4 GRD: 2.42%; CH4 no GRD: 8.13%; CO2 GRD: 2.39%; CO2 

no GRD: 32.41%). In relation to their position, these results are attributable to the characteristics of 

the individual sites. 

5. Discussion 

In order to verify whether the STILT simulations on background and complete datasets for LMT, 

CGR and LMP, are comparable with observed datasets, we report in Figures 2–4 the CH4 and CO2 

time series for LMT, CGR, and LMP respectively. Monthly mean values are reported here with hourly 

mean values as the basis. It is worth comparing the background datasets obtained by the STILT model 

with the background datasets attained by the SM method applied at coastal (LMT and CGR) and 

marine (LMP) stations datasets. This is the first work testing the SM background method 

implemented in Malacaria et al. (Malacaria et al., 2025) on stations with different characteristics. 

Notably, multi-annual tendencies for CH4 and CO2 are upward for LMT (Figure 2a,b), CGR (Figure 

3a,b), and LMP (Figure 4a,b). For the three stations studied, the annual growth rate of CH4 is 

consistent with global measurements by the National Oceanic and Atmospheric Administration 

(NOAA), https://gml.noaa.gov/ccgg/trends_ch4/ (accessed on November 2024).  

Consistent with the literature (Malacaria et al., 2025; Trisolino et al., 2021) and 

https://gml.noaa.gov/ccgg/trends/ (accessed on November 2024), there is a well-defined multi-year 

upward tendency for CO2. The seasonal CH4 and CO2 cycles were a combination of different 

contributions such as biosphere emissions, removal processes, uptake phenomena, atmospheric 

transport as well as agricultural fire residues (Malacaria et al., 2024) and anthropogenic emissions at 

different spatial and temporal scales.  

In order to compare the background and the complete gases datasets for LMT, CGR, and LMP, 

we report in Figures 5–10 the error metrics described in Section 3.4 to visualize the dispersion of the 

quantile-quantile plots related to the hourly means of CH4 and CO2. 

For LMT, the quantile-quantile plots of CH4 between LMT GRD STILT vs LMT GRD SM datasets 

(Figure 5a) and LMT STILT vs LMT OBS (Figure 5b) showed a linear relationship coinciding with the 

least squares best fits in the 1850-2000 ppb range, where the highest number of measurements are 

located (red in bar colors). For CH4 > 2000 ppb, both comparisons show a strong drift: this is attributed 

to the low density of available data. Furthermore, the quantile-quantile plots of CH4 for CGR (Figure 

7a,b) and for LMP (Figure 9a,b) reported a linear behavior in the range between 1900-1950 ppb and 

1950-2000 ppb, respectively; a slight drift in the least-squares best fit is observed for values higher 

than 1950 ppb for CGR and 2000 ppb for LMP. For this last station, the comparisons in Figure 9a,b 

are relatable both in terms of concentration range (1800-2100 ppb) and best fit. The drift in (a) and (b) 

q-q plots, for CH4 concentrations > 2000 ppb is not significant due to the ground conditions at the 

experimental site. For LMT (CGR and LMP), the quantile-quantile plots of CO2 in Figure 6a,b (Figure 

8a,b and Figure 10a,b), showed a linear relationship coinciding with the least squares best fits 
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between 390 and 430 ppm (395-415 ppm and 400-430 ppm). For CO2 > 430 ppm (LMT and LMP) and 

for CO2 > 415 ppm (CGR) both comparisons in each figure show a drift. For CO2, the drifts in LMT q-

q plots (Figure6a,b) against CGR and LMP are similarly pronounced. 

Quantile-quantile plots are a useful way of exploring distributional analysis of gas datasets. By 

comparing the integrals of two probability density functions in a single plot, quantile-quantile 

plotting methods were able to capture the scale, location, and skewness of a dataset. 

For each station, the comparisons between the STILT datasets (background and no background) 

and the observed datasets (SM background and no background) denote an underestimation of the 

observed datasets (x-axis in q-q- plots) relative to the STILT datasets (y-axis in q-q plots) because the 

BIAS values are negative, as reported in Table 1.  

This underestimation is much more evident in LMT (see Figures 2, 5 and 6) compared to CGR 

and LMP, because LMT is more affected by events of anthropogenic nature due to its geographical 

location. As a marine site, LMP is more of a background monitor of gas concentrations rather than 

being associated with occasional events. The underestimation is also partly related to the spatial 

resolution grid of the model (10 km x 10 km), therefore CH₄ and CO₂ data for the three sites from the 

STILT model may be different from the observations. 

The goodness of the implementation of the background method (SM), introduced and described 

by Malacaria et al. (Malacaria et al., 2025), is highlighted in this work with the search for ground data 

on observed datasets of CH4 and CO2 at CGR and LMP. As the latter is a marine site, the air masses 

come mainly from the sea and are therefore less subject to anthropogenic pollution. Therefore, 

comparisons with the STILT background dataset are hereby deemed the most appropriate, and the 

results are similar (see Figure 4a,b). With the exception of an overall underestimation in all 

comparisons (background and no-background), the STILT model datasets, which have been 

validated at the three sites, show satisfactory results and demonstrates that the model can accurately 

estimate the CH4 and CO2 concentrations in the Mediterranean basin. 

6. Conclusion 

This work describes the identification of background data using Stochastic Time Inverted 

Lagrangian Transport, STILT and Smoothed Minima, SM methods known from the literature on the 

experimental CH4 and CO2 datasets recorded at the WMO/GAW stations of Lamezia Terme (LMT), 

Capo Granitola (CGR) and Lampedusa (LMP) (Southern Italy).  

For each station, we directly compare the background and no-background datasets of CH4 and 

CO2. The main results of this research will be useful to the existing information on the analysis of CH4 

and CO2 variability and on the model comparison in the Mediterranean basin. 

Here we present the observed CH4 and CO2 datasets registered at the LMT (between 2015 and 

2023), CGR (between 2015 and 2022) and LMP (for CH4: between 2020 and 2024; for CO2: between 

2006 and 2024) WMO/GAW stations.  

Time-reversed Lagrangian particle dispersion modeling is an effective way to determine the 

atmospheric trace gas concentrations observed at ground stations. STILT has been widely used for 

interpretation of greenhouse gas observations. Simulations in STILT show results consistent with 

observed GHG datasets. The model demonstrates high fidelity simulations of hourly surface data 

from point measurements at CGR and LMP, with somewhat less satisfactory performance at the LMT 

coastal site, where anthropogenic events, such as biomass burning and anthropic sources, contribute 

significantly. The contribution of such events is relatively low for CGR and LMP stations. The 

variability of CH4 and CO2 over time at all three stations obtained by comparing the background 

(GRD) datasets, GRD STILT vs GRD SM, are similar, highlighting the goodness of the models (SM 

and STILT).  

The spatial coverage of the atmospheric network needs to be extended to Southern and Western 

Europe by adding new continuous monitoring stations, increasing the sampling frequency of vertical 

profiles through the peplosphere (or planetary boundary layer, PBL) and aloft, and finally optimizing 

the selection of atmospheric data. In order to quantitatively link observed tracer distributions to 
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surface emissions and to address issues of environmental concern, accurate modelling of atmospheric 

transport is essential. In conclusion, our study shows that the high resolution STILT model is able to 

provide very detailed information on trace gases from three different stations. 
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