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Abstract

:

Wildfire occurrence and severity in the Mediterranean region during the summer season is increasing, being favoured by climate change-induced conditions (i.e., drought, heatwaves). Moreover, additional natural sources frequently impact this region, particularly Saharan dust intrusions. This study focuses on the combined effect of wildfires and Saharan dust on the air quality of the central Mediterranean Basin (CMB) during 2017, an exceptional year for forested burned areas in southern Italy. The annual behaviors of PM2.5, PM10, CO, benzene, and benzo(a)pirene measurements that were recorded at a rural regional-background station located in southern Italy, highlighted a concentration increase during summer. Both Saharan dust and wildfire events were identified while using Navy Aerosol Analysis and Prediction System (NAAPS) model maps, together with high-resolution Weather Research and Forecast—Hybrid Single-Particle Lagrangian Integrated Trajectory (WRF-HYSPLIT) back-trajectories. Additionally, Visible Infrared Imaging Radiometer Suite (VIIRS) satellite detections were considered to establish the enrichment of air masses by wildfire emissions. Finally, the occurrence of these natural sources, and their influence on particulate matter, were examined. In this case study, both PM2.5 and PM10 exceedances occurred predominantly in conjunction with wildfire events, while Saharan dust events mainly increased PM10 concentration when overlapping with wildfire effects.
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1. Introduction


The impact of Mediterranean wildfires involves several sectors entailing environmental, human, and economic losses. Over 40,000 fires per year were reported between 2010 and 2016 in European countries bordering the Mediterranean Basin [1]. Such a tremendous impact can be related to the increasing occurrence and intensity of extreme meteorological phenomena, such as droughts and heatwaves, which are expanding wildfire danger, implying rapid spread, intense burning, long-range spotting, and unpredictable shifts [2,3]. Nevertheless, the most concerning aspect that is related to wildfires is the adverse public health effect that is caused by the exposure to biomass burning emissions, which causes every year hundreds of thousands of deaths worldwide (i.e., 339,000 people annually, estimated for the period 1997–2006 by [4]). Indeed, the main compounds emitted by wildfires, including aerosol (i.e., fine and coarse particulate matter, PM) and trace gases, such as carbon monoxide (CO), methane (CH4), nitrous oxide (N2O), nitrogen oxides (NOx), and volatile organic carbon (VOC) [5], appeared to have an adverse effect on all-cause mortality and respiratory morbidities, like asthma, chronic obstructive pulmonary disease (COPD), bronchitis, and pneumonia [6,7,8]. This global public health issue is growing, particularly in areas where large and widespread wildfires are becoming an increasing concern [2,9].



In addition to wildfire emissions, the Saharan dust (SD) events also contribute to worsening air quality in Europe and affect the mortality rate of exposed people [10]. Both of these sources are considered as natural, although wildfires are mainly human-caused [11]. SD can easily reach the Mediterranean countries [12], but it can also be transported and distributed across the planet [13] with different frequencies of occurrence and with consequent influence on PM concentration levels, depending, among many factors, on the proximity of the source areas [12,14]. While the SD episodes worldwide are rare and of low intensity [14,15], they are frequently recorded in European Mediterranean countries, strongly affecting PM concentrations [8,12,16,17,18,19,20]. Many studies observed that SD events often cause the exceedance of the PM10 limits [12] that were established by the European Air Quality Directive (EU 2008/50/EC).



In order to establish the source-receptor relationship of air pollutants, tracing the transport between the geographical origin of air masses and the measurement site, several models are usually applied [21,22,23,24]. In particular, analysis of backward trajectories enables identifying stationary and mobile emission sources of both natural and anthropic origin [24]. Among backward trajectory models, one of the most applied is Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT), whose development was improved during the last 30 years [25]. Nonetheless, the HYSPLIT model is affected by uncertainties due to spatial resolution. In order to minimize this drawback, several modelling strategies were adopted enhancing the horizontal spatial resolution of meteorological fields, especially in territories with complex orography, as confirmed by the application of HYSPLIT with high-resolution mesoscale models [25], such as the Weather Research and Forecast (WRF) model [26].



Although the Italian wildfire extension trend is decreasing [1], 2017 was a remarkable year that was characterized by exceptionally wide burned forest areas in the driest and hottest southern portion of the country, particularly in the Calabria region (southern Italy), where the number and extent of fires were the highest in the previous ten years [27]. This study analyzes the combined impact of natural sources, such as Saharan dust and wildfires that occurred during 2017, on the air quality measurements of a regional/rural background station in Calabria. Saharan dust intrusions were revealed following the European guidelines [28], which suggest the evaluation of backward trajectories and the use of the Navy Aerosol Analysis and Prediction System (NAAPS, [29]) aerosol model. Furthermore, WRF simulations with a horizontal resolution equal to 10 km were coupled to the HYSPLIT model in order to calculate more accurate back-trajectories [30]. The influence of wildfires was evaluated considering the ground-based measurements of particulate matter (PM2.5 and PM10) jointly to some biomass burning markers, such as carbon monoxide (CO), benzene (C6H6), and benzo(a)pyrene (BaP) [31,32]. The analysis of these parameters and the evaluation of the high-resolution Weather Research and Forecast—Hybrid Single-Particle Lagrangian Integrated Trajectory (WRF-HYSPLIT) back-trajectories intercepting the satellite Visible Infrared Imaging Radiometer Suite (VIIRS) fires allowed for establishing wildfires influence [30]. Finally, PM variability was analyzed after identifying the natural influence (Saharan dust and/or forest fires) impacting southern Italy. In particular, events with high PM concentrations were examined.



This paper is organized into four sections. After this Introduction, in Section 2, the sampling station with its instrumentation, the satellite data, the WRF and WRF-HYSPLIT models, and the additional tools used, are described. In Section 3, the results achieved are reported together with the related discussion. Finally, Section 4 is dedicated to the Conclusions.




2. Materials and Methods


2.1. Study Area, Sampling Station and Instrumentation


The study addresses the most southern Italian region, excluding islands, i.e., Calabria, which is a peninsula of approximately 15,000 km2, stretching out into the central Mediterranean (39° N–16.5° E), which is surrounded by the sea to the east, the west, and the south, and only approximately 500 km from the northern African (Tunisia) coasts.



The background station selected for the analysis is the Mammola station (38.39092° N–16.23452° E), a rural regional background station managed by the Regional Agency for the Environmental Protection of the Calabria Region (ARPACAL, [33]) (Figure 1). It belongs to the regional air monitoring network, which includes 20 stations. In particular, this station is placed in the National Park of Aspromonte, in the south of the region, in a hilly coastal area, approximately 25 km from the Ionian Sea (eastward) and approximately 35 km from the Tyrrhenian Sea (westward). A rural regional station is characterized by a distance from any source in a range from 10 to 50 km, according to the European Environmental Agency [34]. Because of its strategic position, the recorded air quality is representative of the pollutant background concentrations, without any industrial or urban influence, and is also able to record fluctuations in pollutant concentrations mainly due to long-range transport or associated with the variability of natural sources, such as the Saharan dust and wildfires. At Mammola station, particulate matter, i.e., PM2.5 and PM10, is monitored through the analyzer model Environnement MP 101M, based on the absorption of the beta-ray of the sample collected on the fiber tape. The instrument has a lower detectable limit of 0.5 μg m−3. The time sampling for PM2.5 and PM10 was set to 24 h. The CO measurements are conducted through the analyzer Model Environnement CO 12M, whose measuring principle is the infrared light absorption of the sample gas. The lower detectable limit (2σ) is equal to 50 ppb. Otherwise, C6H6 is measured while using BTX model Synspec Syntech GC 955. The lowest detection level for C6H6 is 0.1 μg m−3 (0.03 ppbV), while the standard range is 0–20 ppbV. CO and C6H6 both had hourly time resolutions. Finally, the BaP is determined following the UNI EN 15549:2008 standard, which provides for the sampling of PM10 on quartz filters, on a daily basis, and subsequent extraction with solvent. The content in BaP is then evaluated by gas chromatographic methods with mass spectrometry (GC-MS). After the quality control (QC), data are shared with the European Environment Agency (EEA) within the AirBase Network [35]. This study analyzes the PM2.5, PM10, CO, C6H6, and BaP measurements in 2017. Furthermore, a focus on the summer of the same year is conducted.




2.2. Satellite Data


The VIIRS fire satellite data were used to implement a wildfire dataset for the central-western Mediterranean region in summer 2017. The VIIRS fire detection technique is based on the principle of thermal anomalies [36]. The VIIRS sensor was launched aboard the joint NASA/NOAA Suomi National Polar-orbiting Partnership (Suomi NPP) and NOAA-20 satellites in 2012. Both of the satellites cross the equator two times per day, in particular, the Suomi NPP at approximately 1:30 p.m. in the ascending node and 1:30 a.m. in the descending node, while the NOAA-20 at approximately 1:30 p.m. and 1:30 a.m., in the ascending and the descending node, respectively. VIIRS has 21 channels, five high-resolution Imagery channels (I-bands) with a nominal resolution of approximately 350 m, and 16 moderate resolution channels (M-bands), and a Day/Night Band (DNB). The validated VIIRS data are the coordinates of the center of fire pixel, the brightness temperature, the actual fire pixel size, the acquisition date and time, the confidence level, fire radiative power (FRP), and the fire type (“presumed vegetation”, “active volcano”, “other static land source”, and “offshore”). In this study, only the detections classified as “presumed vegetation” were considered.




2.3. WRF Model and WRF-HYSPLIT Back-Trajectories


The meteorological variables were simulated through the Advanced Research WRF (ARW) model, version 4.1. The simulation started on the 25th of May (with a spin-up time of one-week before the first day of analysis, i.e., the 1st of June) and ended on the 17th of September. The WRF model has been widely applied in order to realize forecasts and reanalysis simulations of weather and climate conditions in Calabria and to evaluate the hydrological impact (i.e., [37,38,39,40]). Operational high-resolution weather forecasts for the Calabria region, realized while using the WRF downscaling, are currently provided by the Department of Environmental Engineering of the University of Calabria [41]. A single domain was used to evaluate both wildfire and SD intrusion effects on the particulate matter increase, including the whole Mediterranean basin and northern Africa (17.59513–56.72691° N, −21.25597–46.38397° E, Figure 1). The domain had a horizontal resolution of 10 km (576 × 437 grid points), 44 atmospheric layers with a pressure top of 50-hPa (about 20,000 m), and a time step of 60 s. The physical parameterization of the model was the same as the outermost domain of some high-resolution simulations that were already performed in the central Mediterranean area [30,42]. Because the horizontal resolution did not permit explicitly solving convection, the cumulus parameterization scheme of Tiedtke [43] was switched on. The boundary and initial conditions were provided by the ERA5 global dataset having a horizontal resolution of approximately 30 km and 137 vertical atmospheric levels (up to 80 km). In order to analyze the influences of the different sources on the receptor site (i.e., the Mammola station), the Hybrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT) developed by the NOAA’s Air Resources Laboratory, was used [25,44,45]. HYSPLIT is a tool largely employed for identifying backward trajectories, which are calculated while using the Lagrangian approach [19,20,46,47]. This model is available at Ready online system [48]. The online tool “Hysplit Ready System” [49] was also created for this purpose, while using different spatial resolutions, namely 2.5° (NCEP/NCAR Reanalysis, from 1948 to present day), 1° (GDAS dataset, from 2006 to present day), 0.5° (GDAS dataset, from 09/2007 to 06/2019), and 0.25° (GFS dataset, from 06/2019 to present day). However, these resolutions do not fit the complex orography of the Calabrian peninsula well, which is long and narrow, with steep mountains very close to the sea, producing an error due to the difference between model and real topography. For this reason, the HYSPLIT back-trajectories were calculated with a driving meteorological dataset that was derived from a mesoscale model, which can provide more accurate information in a complex territory [50,51,52]. In particular, the 10 km-resolution WRF meteorological fields were used as input to HYSPLIT, after the conversion from NetCDF to the HYSPLIT compatible ARL format while using the conversion program “arw2arl” [49]. The Hysplit model used in the study was PC-based and version 4.2.0. Moreover, the uncertainty of an individual trajectory can be evaluated by calculating a trajectory ensemble through the application of offsetting of the meteorological data, for example, considering the shifts of one meteorological grid point along each horizontal direction (i.e., nine horizontal directions) and 0.01 sigma units up and down along the vertical [49]. In this way, while the history of a single path trajectory can be limiting, a group of 27 trajectories covers a larger area that can ensure the inclusion of the possible pollutant source.




2.4. NAAPS Maps


The potential impact of dust and/or smoke intrusion over the Mammola sampling station was confirmed through the NAAPS model, which was developed by the Naval Research Laboratory (NRL). This model of air pollution uses global meteorological fields from the Navy Operational Global Atmospheric Prediction System (NOGAPS) and deducts dust, smoke, sea salt, and anthropogenic/biogenic (labeled as sulfate) fine mode particles, according to the atmospheric optical thickness (AOT) [53,54]. The spatial resolution is 1° and a new simulation restarts every 6 h. The resulting maps can be downloaded at the NAAPS’s website [55].



The dust surface concentration NAAPS maps permit the confirmation of the dust mineral composition related to the total PM collected at the Mammola station. These maps are largely considered to identify the Sarahan intrusions reaching the European countries [18]. However, in order to avoid any other types of dust origin (for example, resuspension dust), the analysis of backward trajectories is always mandatory. Furthermore, the NAAPS maps of smoke surface concentration show the potential presence of aerosol with a biomass burning composition. In this way, the dispersion of a plume originated by biomass burning, as wildfires, can be evaluated.





3. Results


3.1. Temporal Trend of Ground-Based Measurements


During 2017, the measurements of particulate matter at the Mammola rural regional background station recorded overall low concentrations, thus confirming the classification of this sampling station located far from local sources (Figure 1) [56]. Indeed, the annual mean value of PM10 was 14.9 μg m−3 (median: 12.2 μg m−3), while for PM2.5 it was 9.5 μg m−3 (median: 7.6 μg m−3). The annual variability highlighted a significant increase during the summer period for both granulometric sizes. PM2.5 concentrations showed higher values during the summer months, especially in July, when the maximum monthly mean and median values were recorded (21.2 μg m−3 and 16.0 μg m−3, respectively) (Figure 2a). Similarly to the PM2.5 trend, the behavior of PM10 concentrations was characterized by a significant increase during summer. In the same way as PM2.5, the highest PM10 monthly mean and median concentrations, equal to 26.1 μg m−3 and 22.5 μg m−3, respectively, were recorded during July. However, another moderate peak in concentration for both PM sizes was observed during the winter months, which may be explained by domestic heating [57].



The recorded annual CO mean value was 0.18 mg m−3 (median: 0.17 mg m−3). The CO concentrations reached the highest values during the summer months, with a maximum in July (mean and median value of 0.23 mg m−3 and 0.21 mg m−3, respectively) (Figure 2b), followed by low values during spring and autumn. Another CO peak, slightly lower than summer, was observed during winter, similarly to the PM enhancement (CO monthly mean and median equal, respectively, to 0.16 mg m−3 and 0.16 mg m−3 in December, 0.19 mg m−3 and 0.19 mg m−3 in January, and 0.20 mg m−3 and 0.19 mg m−3 in February). This annual behavior was typical of the biomass burning (BB) effect, due to the occurrence of wildfires in summer and the domestic heating during winter [31,32]. Indeed, despite the remote position, the sampling station was located 3 km and 4 km away from the villages of Mammola (approximately 2600 inhabitants) and Grotteria (approximately 3000 inhabitants), respectively, which during the cold season very likely contribute to the CO emissions through wood stoves [32]. C6H6 mean value for the whole year was 0.2 μg m−3 (median: 0.2 μg m−3). Likewise, higher C6H6 concentrations, observed during summer and winter seasons (Figure 2c), may be caused by BB. VOCs (i.e., ethane, ethyne, and C6H6) are generally emitted by BB and they are used to establish the receptor-oriented source apportionment model [32,58]. In this study, C6H6 was analyzed as a BB tracker, because it is one of the predominant VOC emissions involved in BB processes [59]. Finally, the BaP showed the maximum values between June and July, and a lower peak in February (Figure 2d). The BaP is typically released by BB, including the combustion of wood stoves [32,60]. During the last decade, the household combustion of biomass, still predominant in small towns [57,61], has been promoted by the European Directive 2009/28/EC as an example of renewable energy, even though it causes an increase of people exposure to BaP [60]. However, several proposals were offered regarding a sustainable bioenergy [62].



The Spearman correlation matrix was calculated for daily PM2.5, PM10, CO, and C6H6 for the whole year and only for summer (1 June–30 September) (Figure 3). When considering the whole year, the correlation was strong for PM2.5 and PM10 (r = 0.90, p < 0.01) and moderate between CO and C6H6 (r = 0.44, p < 0.05). Moreover, both PM2.5 and PM10 were weakly correlated with CO or C6H6 (see Figure 3a for r, p < 0.01 for all cases). The cluster analysis calculated through a dendrogram for 2017 highlighted two main clusters: the first with PM2.5 and PM10 at the smallest distance and the second one that was composed of CO and C6H6.



The summer increase of the considered pollutants measured at the Mammola station and the cluster analysis results inspired a study of sources, in this case of natural origins, impacting southern Italy during this season. Figure 4 shows the temporal variation of PM2.5, PM10, PM2.5/PM10 ratio, CO, and C6H6 during summer. For this season, the PM2.5 mean value was 14.7 μg m−3 (median: 11.6 μg m−3), while the PM10 mean value was 20.0 μg m−3 (median: 16.8 μg m−3). The variability of PM2.5/PM10 ratio showed an overall predominant source of fine particulate matter, with few episodes with a prevalence of the coarse-mode. The summer CO mean value was 0.20 mg m−3 (median: 0.18 mg m−3). Finally, the C6H6 mean and median were equal to 0.3 μg m−3 and 0.2 μg m−3, respectively. During the summer months, the correlations between all of the parameters were generally higher, which suggested a possible more intense influence of a common source with respect to the whole year. PM2.5 and PM10 were both strongly correlated with C6H6 (r equal to 0.66 and 0.65, p < 0.01, respectively) and moderately correlated with CO (r equal to 0.46 and 0.54, however, it is still p < 0.01), while the correlation between CO and C6H6 was substantial (r equal to 0.61, p < 0.01). Moreover, the dendrogram showed that the cluster of PM2.5 and PM10 created a larger cluster first with CO, and finally with C6H6.




3.2. Saharan Dust Transport


120 h back-trajectories WRF-HYSPLIT ensemble, calculated for the domain, including northern Africa, joined with the dust NAAPS maps, were used in order to establish the advection of Saharan dust (SD) events. Ensemble back-trajectories arriving at the Mammola sampling station (10 m AGL) were calculated every 6 h, while daily NAAPS maps were downloaded at noon UTC. Unlike the western Mediterranean Basin, where the highest frequency of SD intrusions occurs during the summer season, for the central-eastern Mediterranean basin these events are rare in this season, while the highest frequency is generally recorded during the winter and spring [12]. Confirming the low frequency of SD for southern Italy during summer [18,20], this case-study revealed only four events for a total of seven days. The first event lasted two days and started on the 29th of June, reaching on 30th of June 65.9 μg m−3 and 46.3 μg m−3 for PM10 and PM2.5, respectively. The second event happened between 23rd–25th of July and recorded a peak of 53.8 μg m−3 for PM10 and 39.1 μg m−3 for PM2.5. The other two events lasted a day in September (11th and 17th, respectively) and did not show any particular PM increase. Figure 5 shows an example of the ensemble WRF-HYSPLIT back-trajectories that highlights the arrival at the sampling station of air-masses from North-Africa, and the presence of aerosol surface concentration, over southern Italy, estimated as dust by NAAPS model.




3.3. Local and Long-Transported Wildfires Influence


Because of the higher concentrations of BB pollutants recorded during the summer season, a thorough analysis was conducted in order to evaluate the amount of wildfire influence on the rural regional background station. At first, when at least one parameter among PM2.5 and PM10 exceeded its 75th percentile (equal to 17.1 μg m−3, 23.8 μg m−3, respectively), an investigation, based on the integration of the high-resolution back-trajectories—calculated through WRF-HYSPLIT—and the VIIRS data, was conducted [30,63]. VIIRS data were used in order to study the local and long-range transported wildfire sources. Despite the detection limits of satellite data, such as the spatial resolution (375 m), the missing detection due to the rate of overpassing, and the low detection capability in presence of cloud, smoke, and haze, they have the great advantage of providing global coverage [64]. The required maximum distance to have an enrichment of air-masses was equal to 0.1° [30]. Figure 6a shows an example of 48 h ensemble back-trajectories ending at the Mammola station with the identified wildfires (red points). Moreover, the intercepted fire detections through this identification method were confirmed by the smoke NAAPS maps that displayed high concentrations over southern Italy, in particular, over the Mammola sampling area (Figure 6b).



Table 1 shows the monthly and summer days with verified wildfire influence detected at the Mammola sampling station (called as WF Days). The number of wildfire detections (N WF) intercepted by ensemble WRF-HYSPLIT back-trajectories was also reported. Wildfire influence was confirmed for 31 days. The most frequent wildfire events were detected during July and August (with 1245 and 1288 detections in 12 and 14 days, respectively). For June and September, wildfire influence was found only for 2–3 days, with a lower number of detections. In particular, for one day showing also a C6H6 peak (1st of June), the back-trajectories intercepted a VIIRS thermal anomaly, typed as “land source” located at the Stromboli volcano. This event suggested that the Mammola station, and the area of its representativeness, may also be influenced by volcano emissions, an additional natural source widely present in southern Italy (i.e., Etna, Aeolian islands, and Campi Flegrei).




3.4. Influence of Wildfire and Saharan Dust Events on PM


Wildfire emissions and Saharan dust intrusions significantly impacted both PM sizes, thus confirming the results observed in other studies for southern Italy [18,20]. Table 2 shows statistics of PM2.5, PM10, and their ratio (PM2.5/PM10) for the whole summer season and considering days with only wildfire influence (called Smoke), with concurrent episodes of wildfires and Saharan dust intrusions (Smoke + SD), with only Saharan dust influence (SD), and, finally, with the only background influence (i.e., without any relevant contribution from specific sources).



During the smoke days, the PM2.5 and PM10 mean values increased significantly when compared to BKG days (mean values for PM2.5 and PM10 for smoke days were 26.1 μg m−3 and 32.0 μg m−3 against 10.2 μg m−3 and 14.8 μg m−3, respectively). Furthermore, the recorded ratio between PM2.5 and PM10 during the smoke days was the highest (0.81) over the examined period due to the higher emission by wildfires into PM2.5 size [18]. On the other hand, while wildfires were more impactful on the finer mode, the coarse mode was enhanced by Saharan dust events [18,20,65] as recorded by the lower PM2.5/PM10 ratio (0.61) observed when only SD influence was observed. These three Saharan dust recorded days, as highlighted by the lowest recorded PM2.5/PM10 ratio, were not intense, as also observed elsewhere during summer, and did not produce a significant amount of mass concentration [18,19,20,66].



Beyond anthropogenic sources, the events with natural origin, such as wildfires and dust, may impact over air quality, sometimes causing the exceeding of the PM limits [12,20,67]. According to the Italian Legislation, D. Lgs. 155/2010, that is an implementation of the European air quality Directive (2008/50/EC), the daily limit for PM10 is set to 50 μg m−3 (not to be exceeded for more than 35 days per year). On the other hand, official legislative limits for PM2.5 do not still exist, but, due to its human health effects, the WHO suggested a threshold equal to 25 μg m−3 [68].



During summer 2017, the PM10 concentration overreached the limit in three days (30th of June, 8th of July, 23rd of July). In respect to natural sources, the evaluation of overreaching PM10 concentrations is generally limited only to Saharan dust intrusions. Considering the higher frequency of wildfire occurrences during the summer season in southern Italy [30], in this study-case investigations on both cited natural sources were herein conducted. The cause of the first overreaching (65.9 μg m−3 on the 30th of June) was identified as the cumulative effect of the Saharan dust event with the wildfires (daily mean PM2.5/PM10 ratio equal to 0.70). During the 8th of July, no Saharan dust intrusion was detected, but a number of 48 fire detections were intercepted by the air-masses causing the finer mode increase. Indeed, the recorded PM2.5 and PM10 were equal to 66.5 μg m−3 and 72.1 μg m−3, respectively (daily mean PM2.5/PM10 ratio equal to 0.92). Finally, the daily PM10 concentration of the 23rd of July, equal to 53.8 μg m−3, was affected by Saharan dust combined with wildfire emissions (Figure 7). The PM2.5 values exceeding the WHO limit were recorded for a total of 15 days, among which three days with the concurrent impact of both wildfires and Saharan dust, and 12 days with only a wildfire influence. PM2.5 higher levels are generally associated with anthropogenic influencing sources, and they are also recognized as the most dangerous for human health. When considering the whole period affected by only wildfire events, the PM2.5/PM10 ratio was 0.81 (0.75–0.90) (Table 2). In comparison, for the whole 2017 mean value for the PM2.5/PM10 ratio was 0.65, while, for the whole 2017 without summer days, it was 0.61 (Table 2). In Table 3, every single day with a PM exceedance is reported with related PM concentration and ratio value. As shown by Table 3, the PM2.5/PM10 ratio highlighted the greater contribution of the finer particulate size. Indeed, days with PM2.5 exceedances influenced only by wildfires displayed ratio values mostly larger than 0.74. These results suggested that wildfires should raise concern in terms of both prevention and management. In this regard, the effects of human-caused wildfires should be reduced through policies, avoiding ignition and controlling the spread [9].





4. Conclusions


The PM measurements recorded at the Mammola rural regional background station were analyzed to evaluate the impact of some natural sources in southern Italy. The central Mediterranean region is affected by frequent Saharan dust intrusions, depending on the seasonality [12]. Furthermore, during the summer season, a large number of wildfires hits this area, where climate change conditions are exacerbating the extreme events of droughts and heatwaves [3,9]. For the Calabria region, in southern Italy, 2017 was a record year of burned areas by wildfires [27]. This is the reason why the study focused on this year.



At first, the annual variability of all the analyzed parameters was evaluated, highlighting the concentration increase during the summer season. Moreover, while PM10 showed a large variability during spring, which may be caused by Saharan dust events, the BB tracing parameters (i.e., CO, C6H6, BaP) showed a lower increase during the cold months, which was linkable to the domestic heating. Spearman correlation, among PM2.5, PM10, C6H6, and CO, calculated for the whole year and for the summer season, pointed out the presence of a predominant common source during the summer. Because of the higher monthly concentrations, the investigation of the sources impacting the Mammola station was conducted on the summer period, from the 1st of June to 30th of September.



Later, the adopted methodology was able to identify the Saharan dust intrusion, highlithing seven SD days with concomitant enhancement of PM10 concentrations. Moreover, wildfires influence was investigated evaluating the ground-based measurements jointly with VIIRS satellite detections and high-resolution 48 h WRF-HYSPLIT back-trajectories. The results showed that wildfires affected air quality at the Mammola sampling station for 31 days, with a total amount of 2891 intercepted fires. The most hit month was August, with 14 days, immediately followed by July, with 12 days. During June and September, the wildfires occurrence was reduced to only 2–3 days.



Furthermore, the impact of these natural sources on the PM levels was analyzed. During the summer smoke days, so-called when a wildfire influence was detected, the recorded PM2.5 concentrations showed an important increase, as confirmed by the mean PM2.5/PM10 ratio being equal to 0.81. Otherwise, the mean ratio calculated over the whole 2017 was 0.65, while, over the whole of 2017 without summer days, it was 0.61. In addition, for 12 out of 15 days with PM2.5 exceedances, only the wildfire influence was detected.



Finally, the event with the highest peak in C6H6 levels also suggested the potential impact of volcanic emissions. Unfortunately, at the current state, there are not enough elements to evaluate a possible contribution of volcano emissions on particulate concentrations. However, this event underlines the importance of atmospheric monitoring accompanied by a thorough chemical characterization of the PM samples in order to appropriately detect the influencing sources and their relative contribution. In conclusion, this study suggests that among the various and often not-well estimated natural sources affecting southern Italy, such as Saharan dust episodes, volcanic emissions, and wildfires, the latter, which indeed would be better classified as a human-induced source, display risks usually underestimated, representing a troubling concern for consequences on the environment and the human health [6].
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Figure 1. Geographical location of the rural regional background Mammola station (blue point) and Weather Research and Forecast (WRF) domain (dashed line). 
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Figure 2. Monthly variation of (a) PM2.5 and PM10, (b) CO, (c) C6H6, and (d) BaP recorded during 2017 at the rural regional background Mammola station. 
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Figure 3. Spearman matrix correlation and dendrogram among PM2.5, PM10, CO and C6H6 during: (a) the whole 2017, and (b) the summer 2017. 
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Figure 4. Temporal distribution of PM2.5, PM10, PM2.5/PM10, C6H6 and CO recorded at the Mammola station during summer 2017. 
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Figure 5. (a) 120 h WRF-HYSPLIT back-trajectories ending at the Mammola station and (b) dust Surface Concentration modelled by NAAPS. Both maps refer to 17th of September, 2017. 






Figure 5. (a) 120 h WRF-HYSPLIT back-trajectories ending at the Mammola station and (b) dust Surface Concentration modelled by NAAPS. Both maps refer to 17th of September, 2017.



[image: Atmosphere 12 00144 g005]







[image: Atmosphere 12 00144 g006 550] 





Figure 6. (a) VIIRS wildfire detections intercepted by the 48 h WRF-HYSPLIT back-trajectories ending at the Mammola station and (b) Smoke Surface Concentration modelled by NAAPS. Both maps refer to 12th of July, 2017. 
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Figure 7. Concurrent episodes of Saharan dust (SD) confirmed by (a) 120 h WRF-HYSPLIT back-trajectories and (b) NAAPS dust Surface Concentration, and wildfire (WF) events confirmed by (c) 48 h WRF-HYSPLIT back-trajectories VIIRS fire detections intercepted and (d) NAAPS Smoke Surface Concentration. All maps refer to 23rd of July, 2017. 
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Table 1. Numbers of days with an identified wildfire influence (WF Days) and related numbers of wildfire detections (N WF) intercepted by ensemble WRF-HYSPLIT back-trajectories. Values are reported for each single month and for the whole summer 2017.
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Period of Observation

	
WF Days

	
N WF






	
months

	
June

	
3

	
241




	
July

	
12

	
1245




	
August

	
14

	
1288




	
September

	
2

	
117




	
summer

	
June–September

	
31

	
2891
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Table 2. Statistics of PM2.5 and PM10 concentrations and their ratio (mean value and 25–75th percentile) for the whole 2017, the whole 2017 without summer, summer season, summer smoke days, summer smoke + SD days, summer SD days, and summer BKG days. For each period, the corresponding number of days (N Days) is also reported.
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	N Days
	PM2.5 (μg m−3)
	PM10 (μg m−3)
	PM2.5/PM10





	Whole 2017
	365
	9.5 (4.9–11.6)
	15.0 (8.2–16.6)
	0.65 (0.54–0.76)



	Whole 2017 without summer
	243
	6.8 (4.1–8.3)
	12.3 (7.5–13.7)
	0.61 (0.50–0.74)



	Summer
	122
	14.7 (8.7–17.1)
	20.0 (13.3–23.8)
	0.72 (0.65–0.80)



	Summer Smoke
	27
	26.1 (20.8–26.2)
	32.0 (26.0–33.1)
	0.81 (0.75–0.90)



	Summer Smoke + SD
	4
	32.8 (25.7–40.9)
	49.5 (43.3–56.8)
	0.65 (0.59–0.71)



	Summer SD
	3
	11.6 (10.0–13.1)
	19.1 (17.4–22.1)
	0.61 (0.59–0.65)



	Summer BKG
	88
	10.2 (8.0–12.2)
	14.8 (12.4–17.4)
	0.70 (0.63–0.78)
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Table 3. Exceedances of PM2.5 (μg m−3) and/or PM10 (μg m−3) with related PM2.5/PM10 ratio and identified source influences. Data are presented with descending order of PM2.5/PM10 ratio.
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	Date
	PM2.5
	PM10
	PM2.5/PM10
	Source





	12-07-2017
	45.5
	47.0
	0.97
	Smoke



	08-07-2017
	66.5
	72.1
	0.92
	Smoke



	11-07-2017
	28.6
	31.6
	0.91
	Smoke



	09-07-2017
	37.0
	40.9
	0.90
	Smoke



	12-08-2017
	25.9
	28.8
	0.90
	Smoke



	19-08-2017
	24.5
	28.6
	0.86
	Smoke



	13-07-2017
	26.2
	30.9
	0.85
	Smoke



	01-09-2017
	25.9
	32.1
	0.81
	Smoke



	04-08-2017
	33.2
	41.5
	0.80
	Smoke



	06-08-2017
	31.3
	40.5
	0.77
	Smoke



	08-08-2017
	24.5
	33.2
	0.74
	Smoke



	23-07-2017
	39.1
	53.8
	0.73
	Smoke + SD



	30-06-2017
	46.3
	65.9
	0.70
	Smoke + SD



	05-08-2017
	26.3
	37.7
	0.70
	Smoke



	24-07-2017
	28.6
	47.5
	0.60
	Smoke + SD
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