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Abstract

:

In Southern Mediterranean regions, the issue of summer fires related to agriculture practices is a periodic recurrence. It implies a significant increase in carbon dioxide (CO2) emissions and other combustion-related gaseous and particles compounds emitted into the atmosphere with potential impacts on air quality and global climate. In this work, we performed an analysis of summer fire events that occurred on August 2021. Measurements were carried out at the permanent World Meteorological Organization (WMO)/Global Atmosphere Watch (GAW) station of Lamezia Terme (Code: LMT) in Calabria, Southern Italy. The observatory is equipped with greenhouse gases and black carbon analyzers, an atmospheric particulate impactor system, and a meteo-station for atmospheric parameters to characterize atmospheric mechanisms and transport for land and sea breezes occurrences. High mole fractions of carbon monoxide (CO) and carbon dioxide (CO2) coming from quadrants of inland areas were correlated with fire counts detected via the MODIS satellite (GFED-Global Fire Emissions Database) at 1 km of spatial resolution. In comparison with the typical summer values, higher CO and CO2 were observed in August 2021. Furthermore, the growth in CO concentration values in the tropospheric column was also highlighted by the analyses of the L2 products of the Copernicus SP5 satellite. Wind fields were reconstructed via a Weather Research and Forecasting (WRF) output, the latter suggesting a possible contribution from open fire events observed at the inland region near the observatory. So far, there have been no documented estimates of the effect of prescribed burning on carbon emissions in this region. This study suggested that data collected at the LMT station can be useful in recognizing and consequently quantifying emission sources related to open fires.
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1. Introduction


Forest fires constitute a major socioeconomic, human safety and environmental hazard in the Mediterranean. The main dynamics influencing forest fire potential are climate and weather. These factors together with vegetation composition and conditions, and chiefly human activities, play an essential role in fire regimes [1]. Fire events influence many relevant ecosystem processes and patterns, including the carbon cycle, vegetation structure, and climate at regional and global scales [2]. Fire events have been considered a decisive factor in the Mediterranean environment that historically shaped ecosystems and drove several plant adaptations [3,4,5]. The contribution of extreme winds with extreme drought and/or heatwaves has been identified as a crucial factor for preconditions of wildfire occurrence [6], in conjunction with specific atmospheric conditions which have persisted on Earth for several hundred million years [7].



Under changing climatic conditions, the danger of future fires and the frequency of fires, as well as the extent of large wildfires are all expected to increase throughout the Mediterranean basin [6,8,9]. Regional droughts attributable to climate change and temperature increases, plus the build-up of available fuels, have increased fire hazards [10,11]. The examination of real fire events is essential to learn from past incidents about fire spread mechanisms [12], combustion products [13,14,15,16,17,18,19], firefighting activities, home survivability, and socio-economic impacts. At the beginning of this century, severe forest fires consistently affected European Mediterranean countries such as Italy, Greece, Portugal, France and Spain. These regions on average collectively account for approximately   85 %   of the total burnt area in Europe per year, according to Costa [1]. Significant increases in wildfire outbreaks have occurred in Calabria, a Southern Italian region, during the investigation period, i.e., since 2017 to 2021. Calabria is one the most devoted regions to agriculture in Italy. In detail, the yearly amounts of crop, agro-industry, fruit tree, and livestock rests produced in Calabria have been estimated in terms of waste dry materials [20], which could be possible sources of fire events in the region. During the dry season, the accumulated biomass available for burning becomes highly flammable, and fire can rapidly spread from grasslands to forests. Summer seasons are characterized by high temperatures observed across Southern Italian regions, where agriculture practices favor the occurrence of open fires. Key examples of factors that both regionally and locally outweigh fire weather as controls on fire activity are the presence of human ignitions in regions that are not naturally fire prone, the fragmentation of fire-prone landscapes by agriculture, and weather conditions affecting vegetation growth and fuel build-up. Calabria does not have a history of such large episodes nor a precedent of carrying out detailed post-fire investigations. Prevention program were elaborated in order to disallow extreme fires. The AIB (Anti Incendio Boschivo, Anti-Forest Fire) plans of 2022–2023 [21,22,23] foresee the capillary activity of territory monitoring integrated by drone deployment to the most exposed areas named “zero–tolerance campaign”. The communication campaign of the zero-tolerance plan was extensively carried out by main media and social media through daily information campaigns. Nevertheless, despite this prevention approach in trying to limit fire events through a risk plan, there is still a paucity of relevant data to investigate the relative influences of the factors known to affect fire spread, human subsistence, and home and vegetation survivability. This framework presents a synergy between the experimental, satellite and modeling results, the methodology applied to identify fire sources and fire spreading mechanisms, and the consequent discussion of the results. In this work, we focus on the regional impact of fire events on the atmospheric composition in Southern Italy. The measurements of atmospheric parameters are performed at the regional World Meteorological Organization/Global Atmosphere Watch (WMO/GAW), a station operated by the ISAC-CNR (National Research CouncilInstitute of Atmospheric Sciences and Climate) at Lamezia Terme (LMT, 38.88 N, 16.23 E; 6 m above sea level). In particular, for the period 2017–2021, we considered atmospheric observations of equivalent black carbon (eBC), CO and CO2, in correlation with the direction and speed of the local wind fields. eBC is a component of incomplete combustion by products commonly referred to as soot and causes major environmental issues [24,25,26]. Recently, model results and field measurements have shown that aerosols may have important climatic impacts [13]. CO2 is the most important greenhouse gas directly affected by anthropogenic emissions (WMO, 2023 https://library.wmo.int/idurl/4/68532 accessed on 26 March 2024), while CO is an effective tracer of combustion processes [27].



Specific analyses were carried out to investigate the possible correlation between the occurrence of elevated eBC, CO and CO2 values with the presence of open vegetation fires. A statistical analysis was conducted to identify the burnt sites and the frequency of fire event occurrences. Furthermore, a detailed analysis of open fire events is described to determine the highest pollutant values in relation to ground fire occurrence together with air masses circulation. For this case study, meteorological simulations were considered to underpin the prevalent atmospheric circulation. Atmospheric modeling reconstruction was carried out for a more comprehensive analysis. In this study, we took into account the temporal window between 8 and 12 August 2021, where a series of consecutive fires occurred in areas close to the measurement site, in order to detect the presence of products of forest fires and wildfire plumes. Detailed analysis was carried out considering both surface and column tropospheric properties. For this purpose, we collected data from several instruments and satellite products. In the period of fire events occurrence, the total column of measured CO, using the COPERNICUS constellation SP5 satellite, was also analyzed. The analysis of experimental data corroborated by satellite data and the use of high resolution Weather Research and Forecasting (WRF) model allowed the correlation of aerosol and gaseous species detected at the LMT experimental site, to the fire sources which occurred in the south-southeastern areas with respect to the observatory. This paper is organized as follows: Section 2 describes the Materials and Methods we used; Section 3 and Section 4 describe the results and discussion, respectively; and conclusions are drawn, finally.




2. Materials and Methods


In this section, we describe a comprehensive dataset consisting of several instruments, used for our study. Satellite and modeling tools are also described together with the method adopted in order to identify fire events registered in the region near the LMT experimental site. Specific information about the adopted observation techniques is reported in Table 1.



2.1. The Experimental Site


The CNR-ISAC observatory in Lamezia Terme (CODE: LMT 38.88 N 16.23 E; 6 m above sea level) is a Regional WMO/GAW station. LMT is a coastal site located 600 m inland from the Tyrrhenian Sea coastline (Figure 1). The area is characterized by anthropic pollution emissions linked to transportation and agriculture, mainly due to the presence of the nearby A2 highway and the town of Lamezia Terme, both located to the northeast from the observatory. In particular, the highway runs around the observatory location clockwise from north to south, and crosses the area located 7 km (northward) to 3.5 km (southward) from the observatory. The Lamezia Terme International Airport (IATA: SUF, ICAO: LICA) is located northward with respect to the measurement site.



Of particular interest is the position of the experimental site within the geodynamic framework of the Calabria–Peloritani Arc, due to its location in the narrowest area within the trough that connects the Ionian and Tyrrhenian seas, which is also the narrowest area in the entire country. The area is characterized by local moderate wind breezes, converging on the Marcellinara gap between the two seas (orange box Figure 1). The sea breeze is well developed during daytime hours, when the wind flows from the west to the east, while the flow is reversed during the night-time period due to land breezes. The predominant synoptic circulation overlap with local breezes preserves a strong directionality from the west (Figure 1) [28,29].



Figure 1 also reports the map showing the main fire events occurred between 8 and 12 August 2021 in Calabria, tracked down from MODIS satellite imaging (red spots).




2.2. The WMO/GAW Site of Lamezia Terme


Several instruments within different monitoring programs have been active at LMT since 2015. The WMO/GAW station is equipped with a cavity ring-down spectroscopy (CRDS) analyzer (Picarro G2401) used to provide simultaneous and precise measurements of carbon monoxide (CO), methane (CH4), carbon dioxide (CO2) and water vapor (H2O).



Patented CRDS technology enables an effective measurement path length of up to 20 km in a compact cavity, which results in high precision and sensitivity in a small-footprint analyzer.



The measurement principle is based on the near-infrared laser absorption technique based on the measure of the rate of exponential decay of light intensity inside the ring-down cavity itself. The three lasers used in the analyzers emit up to 50 mW. From the absorption spectrum of a given gas, it is possible to calculate its mole fraction by measuring the height of the absorption peak, which can be acquired from the rate of light decay. CRDS-based measurements are carried out as per GAW/WMO guidelines and protocols (World Meteorological Organization, 20th WMO/IAEA Meeting on Carbon Dioxide, other Greenhouse gases and related measurement techniques, GGMT-2019) [30]. To sample ambient air, the instrument is connected to a sampling head specifically designed for trace gases. Original raw data are aggregated to hourly mean values. Data are screened to detect anomalous values by inspecting the instrument diagnostics and by considering station logbook for both scheduled and non-scheduled maintenance. A set of three primary standards of calibration from NOAA-GML (National Oceanic and Atmospheric Administration-Global Monitoring Laboratory) is available at LMT: CB10928, CB11039 and CB11164. Furthermore, target gases are used as quality control measures. Routine calibrations are carried out measuring the three NOAA cylinders every two weeks: three injection cycles are implemented with each single injection lasting 30 min. Aerosol particles are sampled with a PM10 sampling head equipped with a unique pump having a flow rate of 200 L/min. The aerosol stream is split isokinetically into several instruments such as a Multiangle Absorption Photometer, MAAP 5012 Thermo Scientific [31], and a Beta Attenuation Sampling and Measurement System, FAI SWAM 5a-Dual Channel Monitor.



The SWAM 5a Dual Channel Monitor is a sampling and mass measurement system of airborne particulate material (PM) on filter membranes which allows PM10 and PM2.5 mass concentration measurements using low volume (2.3 m3/h). Mass measurement is carried out using an internal  β  source with nominal activity equal to 3.7 MBq (100 µCi). Thanks to the combination of the  β  absorption measurement technique with sequential sampling technology and two different sampling heads, the instrument provides, at the end of each operating cycle, mass concentration values of PM10 and/or PM2.5 depending on the particle size cut of the used head. This instrument operates in successive cycles: the duration of a cycle identifies the duration of sampling on each filter and is programmable by the operator: by default, it is set to 24 h. The accumulation of suspended particulate material occurs for a defined amount of time; the mass evaluation from collected particulate is performed immediately after the sampling period, without any interruptions or downtime. The capacity of the filter loading/unloading containers is 35 filter holders (72 as an option).



The MAAP operates according to WMO/GAW specification [30] to monitor continuous measurements of equivalent black carbon (eBC) concentrations at 637 nm with 1 min resolution time. The sample is drawn into the instrument through the inlet by the internal pump set with a flow rate of 16.7 L/min. The sample is drawn into the instrument through the inlet, flows through the down tube and settles on the glass fiber filter tape. The filter tape will accumulate an aerosol sample towards a threshold value, whereupon the filter tape will automatically advance prior to reaching saturation. Inside the detection chamber, a 670 nm visible light source is directed at the deposited aerosol and filter tape matrix. The light transmitted into the front hemisphere and reflected into the back hemisphere is measured by a series of photo-detectors. During sample accumulation, the light beam is attenuated from an initial reference reading from a clean filter spot. The reduction in light transmission, multiple reflection intensities and air sample volume are continuously integrated over the sample run period to provide a real-time data output of eBC concentration measurements. For more details, see [31]. Meteorological variables such us barometric pressure, temperature, wind speed and direction, accumulated rain (averaged on a 10 min basis) and relative humidity were collected by an automatic weather station (Vaisala WXT520, Finland) at 10 m above sea level.



A homogeneous dataset is organized starting from raw data, following the aggregation on a hourly basis for all considered instruments. Quality check and validation statistical methods are applied to raw data in order to filer out outliers and problems likely due to technical issues, while routine calibration methods are normally run. As a result of this filtering process, we report that the percentages of   1.2 %  ,   27 %   and   2 %   of all data are rejected respectively for MAAP, Picarro instruments and SWAM datasets collected over the observation period (2017–2021).




2.3. Satellite Products


2.3.1. Fire Location (MODIS–GFED4)


The Global Fire Emission Dataset-Version 4 (GFED4) [32] and online GFED Analysis Tool, https://www.globalfiredata.org/related.html#gfed4, accessed on 9 June 2024, derived by the MODIS (Moderate Resolution Imaging Spectroradiometer) L2 fire products, with 1 km data resolution (at the NADIR) are used to count the daily number of fires that occurred yearly (2017–2021) in the months of August. In particular, with the aim of investigating the possible impact of local crop fires to the atmospheric composition variability observed at LMT, we consider the number of fires that occurred over a region (4112 km2) representative for local emissions (see Figure 1). The spatial extension of this “focus” region is set to include the valley between the Ionian and the Tyrrhenian Sea, which could favor the transport of air masses across the region.




2.3.2. CO Total Column—Level-2 Data Analysis


Sentinel-5P, a global air pollution monitoring satellite, was launched by the European Space Agency (ESA) on 13 October 2017 as part of the Copernicus mission [33]. The Tropospheric Monitoring Instrument (TROPOMI), which is carried on Sentinel-5P, is in a low-Earth afternoon polar orbit with a swath of 2600 km. It performs daily scans on the whole globe, and it is currently the most advanced atmospheric monitoring spectrometer. Ever since 6 August in 2019, it has performed scans having a spatial resolution of 3.5 km × 5.5 km with a high signal-to-noise ratio; such a resolution is among the finest which are currently available. Operational Level 2 (L2) products are currently available for public access https://dataspace.copernicus.eu/explore-data/data-collections/sentinel-data/sentinel-5p, accessed on 9 June 2024. The daily data are downloaded in netcdf format, and the algorithm reads all the parameters necessary for the processing purposes. The first step is extracting latitude (lat) and longitude (lon) and translating them to along and across track dimensions. Trace gases data are analyzed and divided into arrays meant to be mapped to the region of interest. After excluding values by applying the condition   Q a < 0.5  , we represent the array as a georeferenced map. A feature of the developed algorithm performs a comparison between a specific point of the coordinates (site target) within the area of interest and the satellite measurements near the target. The developed method selects the minimum distance from the target to the slightest distance in the array.



Along with the discussion, the total column observations of CO are presented either in mol/m2 or in molecule/cm2, using the multiplication factor of 6.02214 × 1019, suggested by ESA [34]. According to the technical documents, we select TROPOMI L2 pixels with quality assurance value greater than 0.5. In Table 1, we report information regarding the analysis results and temporal resolution of instruments and models used in the framework.




2.3.3. Mesoscale Atmospheric Modeling Products


To assess the prevailing circulation conditions during the study period we use the non-hydrostatic Weather Research and Forecasting model (WRF) [35] version 4.2. Two two-way nested domains are adopted, with horizontal grid spacing of 10 and 2 km respectively; the innermost higher resolution domain (281 × 296 horizontal grid points), covering Southern Italy, is considered adequate to resolve most mesoscale features in the orographically complex study area. The model is implemented with 40 terrain-following vertical levels more closely spaced in the boundary layer, 15 of them below 2000 m in height. Initial and boundary conditions are derived from the National Center for Environmental Prediction–Global Forecast System (NCEP–GFS) analyses/forecast (0.25-degree horizontal resolution), and the model configuration is derived by those operationally adopted by CNR-ISAC and borrowed by recent works regarding other wind-related extreme weather events in Italy [36,37].



In particular, the main physical parameterizations are the Asymmetrical Convective Model version 2 (ACM2) scheme for the planetary boundary layer, the new Rapid Radiative Transfer Model (RRTMG) long-wave and short-wave radiation scheme, the Noah land-surface model, the Thompson microphysics scheme, and the Betts–Miller–Janjić (BMJ) cumulus parameterization; the latter is activated only for the coarse grid, while convection is explicitly resolved for the fine grid. A general description of the WRF physics options and references is available on the model’s user page [38].






3. Results


Before delving into the discussion of the case study associated with fire events, we examine the correlation between meteorological parameters with trace gases (CO2, CO) and eBC during summer seasons.



A bivariate statistical analysis is used to provide useful hints meant to investigate the influence of local wind regimes to the observed atmospheric species.



To this aim, for the summer seasons from 2017 to 2021, hourly mean values of eBC, CO and CO2 are analyzed as a function of wind speed and direction observed at LMT (Figure 2). The highest values of eBC concentrations (>0.55 µg/m3), and trace gases (CO > 110 ppb, CO2 > 410 ppm) are observed for winds coming from the east-northeast (Figure 2). This implies a role of air masses from inland in favoring the occurrence of elevated values of these atmospheric tracers, under local circulation (mountain breeze, with wind velocity < 5 m/s). The data characterized by lower values observed for this air-mass provenance are associated to a cyclonic event characterized by higher wind speed. When we consider the west and southwest (W-SW) sectors, two different situations generally occur: one related to the establishment of the breeze regime, with winds lower than 6 m/s and characterized by the transport of marine aerosol; the other related to synoptic conditions with winds stronger than 8 m/s characterized by the transport of Saharan-type aerosols or ash coming from the nearby volcanoes Etna (2 km as the crow flies from the observatory, 3357 m above ground level) and Stromboli (1 km as the crow flies from the observatory, 924 m above ground level) in front of the coastline [28]. The first occurrence was the most frequent at LMT during the summer season; therefore, the concentrations of eBC, CO and CO2 in the W–SW sectors were lower than 0.8 µg/m3, 80 ppb and 410 ppm, respectively. In the west sector, the eBC, CO and CO2 concentrations decreased considerably down to 0.2 µg/m3, 30 ppb and 400 ppm, respectively, agreeing to the advection of the sea air masses (>8 m/s). This decrease was also evident for the northwest sectors. With respect to the south south-east sectors, eBC concentration > 2 µg/m3, CO > 150 ppb and CO2 > 440 ppm were observed and related to the open fire events.



In Figure 3, we report a standard statistical analysis in order to analyze the interannual variability of the observed values of temperature, eBC, CO and CO2. In detail, based on the hourly mean values of the considered variables, we calculate the seasonal mean, median values as well as the 5th, 25th, 75th and 95th percentiles. Moreover, for each single year, we calculate the monthly mean values related to August. The highest monthly averaged value of air temperature (27.0 ± 0.3 °C, mean value ± 1 sigma) over the period 2017–2021 is observed in August 2021 (Figure 3a). In the same month, we recorded the following averaged concentrations: eBC (Figure 3b) 0.74 ± 0.36 µg/m3, CO (Figure 3c) 147 ± 48 ppb and CO2 (Figure 3d) 435 ± 24 ppm. For each single year in 2017–2021, the highest monthly temperature, eBC and CO were all related to August, with lower values observed in the remaining months (June and July). Based on this evidence, we decided to focus on August months to investigate the possibility that open fires in the region may have influenced the atmospheric composition variability at LMT.



Given the evidence of high concentrations of the parameters in the months of August, we analyzed the fire events in the area under study. In Figure 4, we show the number of daily active fires during the months of August between, 2017 and 2021, detected by the MODIS satellite in the “focus” area (orange box in Figure 1). It is interesting to note that in August 2021, MODIS detected a significant peak in fire number (i.e., 42) between 8 and 12 August, representing the record of fire activity since 2017. Note that the number of fires are reported as the original GFED4 data without taking into account the transport time to the observatory. Considering what was observed by the satellite data, we focused our attention on the time window between 8 and 12 August 2021.



With the purpose of pointing out the possible signals of the open fire emissions to the atmospheric tracers observed at LMT, we considered the continuous time series of wind direction, eBC, CO and CO2 from 5 to 15 August 2021 (Figure 5). To support the analysis of surface data, we used satellite data (columnar measurements by satellite) and a regional-scale weather model. By adopting this approach, we were able to detect, on a local scale, the effects of fire events recorded near the experimental site. CO total column satellite products were determined from the selected Level-2 TROPOMI Offline data, while the reprocessing stream and the analysis of the CO column were performed through an algorithm developed in MatLab-R2016a with a number of consecutive digital processing steps. In Figure 6, we report the daily comparison between CO at the surface expressed as ppb and CO total column satellite (molecules/m2) concentrations at 01:00 p.m. UTC over the period 5–15 August 2021.




4. Discussion


Our work documents the potential contributions to the study of open burning emissions resulting from the integration of experimental, satellite and modeling data in the Calabria region. In particular, here, we discuss the possibility that open fires occurring in August 2021 affected the atmospheric composition observed at the LMT WMO/GAW station. To better investigate the possible relationship between the identified fire events and the atmospheric composition variability at LMT, we inspected the time series of fire emission tracers (CO2, CO and eBC) together with wind speed and direction (Figure 5). eBC concentration values started to increase at 09:00 p.m. on 8 August, reaching the maximum value of 4.12 ± 0.02 µg/m3 at 02:00 a.m. on the 9 August; higher values than the seasonal summer 2021 mean of 0.6 ± 0.2 µg/m3 were recorded in the following days until the 11th of the same month, with further maximums of 2.22 ± 0.02 µg/m3 on the 10 August at 06:00 a.m. and 2.43 ± 0.02 on the 11 August at 07:00 a.m. During these days, a similar temporal variability is observed for CO2 and CO, with reported maximums of 502.0 ± 44.1 ppb, 317.6 ± 68.1 ppb, 359.2 ± 30.8 ppb of CO and 522.8 ± 0.2 ppm, 505.3 ± 1.3 ppm, 489.7 ± 4.4 ppm of CO2, on 9 August at 02:00 a.m., on 10 August at 06:00 a.m. and on 11 August at 04:00 a.m., respectively. Correspondingly regarding the increases in concentration relating to all parameters, the origin of the air masses from the south and south-east quadrants was highlighted, which began on 8 August at 07:00 p.m. and persisted until 07:00 a.m. the next day. In the days that followed, the wind regimes were established so that during the nighttime hours, air masses continued to arrive from the eastern sector, carrying plumes of smoke with them. Among the particulate combustion products, in addition to the eBC, it is also interesting to observe the values of atmospheric particulates of different sizes.



The analysis is therefore focused also on the cumulative daily concentrations of PM2.5 and PM10 of August 2021. On the 9th, PM2.5 recorded its maximum value of 15.2 ± 0.5 µg/m3 by sampling the products due to fire event-related combustion processes. The concentration contribution relative to PM10 sampling was also significant, i.e., 27.7 ± 0.5 µg/m3. During the days of fire events, the concentrations values of PM2.5 and PM10 on the 11th were 14.2 ± 0.5 µg/m3, 36.9 ± 0.5 µg/m3 and 12th 26.4 ± 0.5 µg/m3, 10.7 ± 0.5 µg/m3 respectively. The latter were higher during these events, with the monthly mean of August with respect to PM10, 22.5 ± 0.5 µg/m3, and PM2.5, 9.9 ± 0.5 µg/m3. The increase in these two fractions of atmospheric particulates indicates the presence of combustion processes detected at the experimental site.



The air masses transport over Calabria was studied by a mathematical model (WRF) and the wind conditions of the whole period of interest were simulated.



Synoptic features were analyzed using the NCEP-GFS data (0.25-degree horizontal resolution), the same as those adopted for the WRF initial and boundary conditions. The analysis revealed (related maps are reported in Figure 7) a stationary synoptic configuration for the whole period, with general atmospheric stability conditions. On 8 August, a wide upper-level (500 hPa) ridge dominated the whole Mediterranean Basin, with a high pressure area between Northern Africa and Southern Italy (upper panels of Figure 7). This configuration persisted for the whole period, only slowly moving westward in the next days (the upper-level high-pressure area was in fact located over the Strait of Gibraltar on 13 August as shown in Figure 7). Zonal upper-level flows approached the Mediterranean and a cyclonic circulation affected Southern Italy. At the surface, a leveled-pressure regime prevailed, with weak winds with cyclonic rotation over Southern Italy, predominantly from the south over the central areas of Calabria (bottom panels of Figure 7). To better assess the local circulation over the study area, we report in Figure 8 the 10 m wind speed and direction (vectors) simulated by the high-resolution (2 km) WRF model in the initial phases of fire events, in particular immediately before (08:00 p.m. UTC on 8 August) and after (11:00 p.m. UTC on 8 August) the increase in all parameters described in Figure 5 in LMT.



To discuss the possibility that the fire plumes may have affected the atmospheric composition of a wide tropospheric layer, we analyzed the data from the COPERNICUS SP5 satellite to evaluate the presence of CO in the atmospheric column above the observatory. In Figure 6, the near-surface data recorded at 01:00 p.m. UTC (i.e., at the time of the TROPOMI passage) and the columnar data are compared. The comparison between the near-surface measurements at LMT and satellite datasets reveals a similar variability with a CO peak when fire events occurred. The analysis of the time series reported in Figure 5 shows the concentration decreases in eBC, CO2 and CO at the surface. In the same period, CO concentrations comparable to 12 August (0.04 mol/m2) are observed on the atmospheric column (Figure 6). This latter evidence is linked both to the lifetime of CO in the atmosphere [39] and to the speed of air masses and indicates the end of fire events.



The presence of south-south-easterlies winds affecting the LMT observatory, and the main fire locations (south-southeast from the observatory; see Section 3), support the hypothesis by which the recorded eBC, CO, CO2, PM10, and PM2.5 concentration peaks during the case study could be directly connected to the wind-driven transport of combustion products from the locations where fires took place. The directionality of the atmospheric circulation and wind fields with respect to the location of the experimental site were able to provide sufficient information to corroborate the hypotheses of comparison between the sources of fire events and the concentrations of the combustion products detected by satellite and in situ data. In this regard, the occurrence of fire events on the southeastern side of the Aspromonte Massif in Calabria was identified by satellite data as sketched in Figure 9a but not detected by our instruments since the wind fields move longitudinally to the east coast line as shown in Figure 9b.




5. Conclusions


Over the past last years, several exceptional wildfires have occurred across the globe, overwhelming suppression capabilities, causing substantial damage, and often resulting in fatalities. Fire events play an important role as contributors in the concentrations of gases and aerosols in the atmosphere. The repeatability and severity of such events is increasing the amount of the combustion products. The originality of this paper lies in the attempt to develop an integrated approach to analyze the impact of fire events to the atmospheric composition in Calabria, Southern Italy (Mediterranean basin). A methodology was implemented to discriminate and identify the emission sources of fire events that we recorded at the permanent World Meteorological Organization (WMO) of Global Atmosphere Watch (GAW) observatory at Lamezia Terme (Code: LMT). A further aim of this work is to contribute to the knowledge of the impact of open fires on atmospheric composition variability. Despite the existence of plans for the prevention and management of fire events in Calabria, the work is useful to visualize not only natural damage but also short- and medium-range emissions. In particular, we calculated interannual variability, summer and monthly mean values of the summer seasons, 2017–2021. We investigated a case study of trace gases and particulate matter transport as combustion products from fire events. We registered a sevenfold increase in the maximum concentration value during the case study for eBC (4.12 µg/m3), and a fourfold increase in CO (502.03 ppb) compared to the summer seasonal average 2021 of 0.62 µg/m3 and 114.13 ppb, respectively. Furthermore, the maximum concentration value of CO2 was 522.8 ppm, which is notably higher than the summer seasonal average 2021 of 437.3 ppm. eBC and CO appeared to be the most suitable tracers of fire events at the LMT site due to its peculiarities with respect to orography and local circulation. This work represents a valuable starting point to carry on a systematic long-term study over the entire available dataset. The framework would be extended and integrated to wider spatial scales (i.e., Southern Mediterranean area) on the basis of regional circulation that allows fire emission transport from medium and long ranges.
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Figure 1. From the left, clockwise: (A) the main fire events in Calabria between 8 and 12 August 2021, tracked down from MODIS satellite imaging (red spots), location of the CNR-ISAC WMO/GAW regional site (orange star), Lamezia Terme Observatory and the surrounding area of study (orange box); (B) local wind rose centered at LMT–hourly data of wind direction and wind speed for the entire 2017–2021 period; (C) LMT Observatory equipment. 
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Figure 2. Bivariate analyses: hourly mean values of eBC (a), CO (b) and CO2 (c) as a function of wind speed and direction for summer 2017–2021. 
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Figure 3. For each year between 2017 and 2021, we report the average summer season values (green spots), the mean values for August months (red spots), the median (bold lines) and the 5th, 25th, 75th and 95th percentiles (box and whiskers) for air temperature (a), eBC (b), CO (c) and CO2 (d). 
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Figure 4. Time series reporting the number of August daily active fires detected by GFED4 (MODIS satellite) in the study area (see Figure 1) for years 2017–2021. The y-axis shows the number of fires in the selected area. 
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Figure 5. The time series of hourly mean values with respective standard deviations (grey shadow) for the period from 5 to 15 August 2021 for wind direction, concentrations of eBC, CO, and CO2 observed at LMT. 
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Figure 6. Comparison between near-surface CO values (blue squares) at LMT observed at 01:00 p.m. UTC and tropospheric column in molecules/m2 (red triangles) by TROPOMI L2 product. The considered period ranges from 5 to 15 August 2021. 
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Figure 7. NCEP-GFS Geopotential Height (m) and wind vectors at 500 hPa, for 8 August 2021 at 12:00 a.m. UTC (a) and 13 August 2021 at 12:00 a.m. UTC (b). NCEP-GFS 2 m temperature (°C), Mean Sea Level Pressure, MSLP (hPa) and wind vectors at the surface for 8 August 2021 at 12:00 a.m. UTC (c) and 13 August 2021 at 12:00 a.m. UTC (d). 
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Figure 8. WRF (2 km resolution) 10 m wind speed (m/s) and wind vectors, for 8 August 2021 at 08:00 p.m. UTC (a) and 11:00 p.m. UTC (b); the red circle approximately indicates the LMT observatory. 
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Figure 9. Identification of fires occurrence at Aspromonte Massif site via CO concentration by using satellite data (a) and wind circulation (b) from WRF output map on 10 August 2021. 
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Table 1. Instruments and models used with the information regarding analysis results and temporal resolution of each.
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	Instruments
	Analysis Results—Spatial Resolution
	Temporal Resolution





	CRDS analyzer, Model G2401, Picarro
	CO (ppb), CH4 (ppb), CO2 (ppm), H2O (ppm)
	Every 5 s



	MAAP, Model 5012, Thermo Scientific
	Equivalent Black Carbon, eBC (µg/m3)
	Every 1 min



	SWAM, Model 5a-Dual Channel Monitor, FAI Instrument
	PM10 and PM2.5 (µg/m3)
	Every 24 h



	Weather Transmitter, Model WTX520, Vaisala
	Temperature (°C), wind speed (m/s), wind direction (°)
	Every 1 min



	MODIS-GFED4
	The main fire events; count fires 1 km × 1 km
	Daily



	Weather Research and Forecasting model (WRF) version 4.2, NCAR, NOAA, and AFWA
	Temperature (°C), wind speed (m/s),
	



	
	wind direction (°); 2 km × 2 km
	Every 3 h



	SP5 Copernicus
	Tropospheric column of CO (mol/m2); 3.5 km × 5.5 km
	Daily
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