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A B S T R A C T

A new analytical approach combining aethalometer measurements, organic and elemental carbon (OC/EC) 
analysis, Scanning Electron Microscopy (SEM), Particle Induced X-ray Emission (PIXE), and Isotope Ratio Mass 
Spectrometry (IRMS) was used to characterize aerosol properties and its carbonaceous component in Lecce 
(Italy), located in the Central Mediterranean, during a monitoring campaign between May and June 2024. Both 
anthropogenic activities (e.g., vehicular traffic, industrial emissions) and natural events (e.g., wildfires, desert 
dust transport) were responsible for the high temporal variability of optical, physical, and chemical properties of 
atmospheric aerosol at the study site. In more detail, the measured Absorption Ångström Exponent (AAE) mean 
values (in the range 1.0–1.5) indicated a mixture of black carbon and organic or biogenic particles. Correlation 
analyses between aerosol absorption coefficients and PM mass concentrations highlighted a stronger relationship 
with EC compared to OC, highlighting the role of EC in the absorption properties of atmospheric aerosols. 
Chemical characterization through SEM and PIXE identified three aerosol source clusters: anthropogenic (high C 
concentrations, markers of combustion sources and industrial emissions), desert dust (crustal elements), and 
marine spray (Na and Cl). IRMS isotopic analysis further confirmed the distinction between anthropogenic and 
natural aerosol sources, with overlaps observed for marine aerosols influenced by both natural and anthropo
genic activities. This work underlines the importance of multi-method procedures in understanding aerosol 
composition and dynamics, with potential associations for air quality monitoring, climate modeling, and health 
risk assessments.

1. Introduction

Atmospheric particulate matter (PM) is a complex mixture of 
chemical components, including sulphates, nitrates, ammonium, 
organic carbon (OC), elemental carbon (EC), mineral components, and 
biological particles (bioaerosols). PM emission sources can be natural, 
such as desert dust, marine spray, and volcanic emissions (Schroeder 
et al., 1987), or anthropogenic, such as vehicular traffic, biomass 

burning, and industrial emissions (Jovanović et al., 2020). Among the 
PM components, carbonaceous aerosol—and particularly its elemental 
carbon (EC) fraction—is of special interest due to its significant effects 
on climate and health (Lionetto et al., 2021). EC is often associated with 
black carbon (BC), although the two terms are not strictly equivalent, as 
they are defined operationally based on the analytical method used 
(thermo-optical for EC, optical for BC). In fact, the latter, produced by 
incomplete combustion, strongly absorbs solar radiation, contributing to 
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global warming and altering Earth’s radiative balance, cloud formation, 
and precipitation. Furthermore, BC particles—typically smaller than 1 
μm—may pose a serious risk to human health, as their small size allows 
them to penetrate deep into the lower respiratory tract (Koch and Del 
Genio, 2010).

Recent studies in the Mediterranean have confirmed that the sea
sonal variability of particulate matter and its carbonaceous components 
is strongly influenced by meteorological conditions (e.g., Cesari et al., 
2018; Bencardino et al., 2019; Galindo et al., 2019). During summer, 
episodes of high particulate matter concentrations are frequently linked 
to long-range transport of Saharan dust. Moreover, when stagnant 
meteorological conditions occur, the limited atmospheric dispersion 
favors the accumulation of locally emitted pollutants, further enhancing 
particulate levels (Pey et al., 2009; Romano et al., 2019a). In addition, 
the composition of particulate matter in the Mediterranean basin results 
to be highly influenced by both local sources and long-distance transport 
(e.g., Cerro et al., 2020; Clemente et al., 2023). For example, a study 
conducted in Castillo de Bellver (Spain) over a 13-month period 
(January 2004–February 2005) showed that more than 50 % of the 
mineral fraction of PM10 is attributable to Saharan dust, confirming the 
dominant role of atmospheric transport in the composition of particulate 
matter (Pey et al., 2009). Furthermore, based on samples collected 
throughout 2007–2008, Calzolai et al. (2015) identified the main 
sources of PM10 in the central Mediterranean on Lampedusa (Italy) as 
sea salt (40 %) and mineral dust (25 %), with minor contributions from 
combustion and ship traffic. In fact, they found that the fraction of 
secondary sulphates deriving from shipping accounts for about one-third 
of the total sulphate mass, highlighting the importance of ship emissions 
in regional atmospheric chemistry. In detail, several studies conducted 
in Mediterranean cities such as Barcelona, Marseille, Genoa, Venice, and 
Thessaloniki have highlighted the complex mixture of sources contrib
uting to urban air pollution in this region. Major contributors include 
vehicular emissions, secondary organic aerosols formed through 
photochemical reactions, and biomass burning, especially during colder 
months (Salameh et al., 2015). To identify and differentiate these 
sources, various chemical markers are employed. Crustal elements such 
as calcium (Ca), aluminum (Al), and iron (Fe), as well as sea salt com
ponents like sodium (Na) and magnesium (Mg), are typically associated 
with natural sources such as resuspended soil dust and marine spray 
(Kara et al., 2015; Galindo et al., 2018). In contrast, trace metals like 
zinc (Zn), copper (Cu), nickel (Ni), and chromium (Cr) are commonly 
linked to anthropogenic activities, including fossil fuel combustion, 
vehicular traffic (e.g., brake and tire wear), and industrial processes 
(Pant and Harrison, 2013; Galindo et al., 2018). Additional toxic ele
ments, such as arsenic (As) and lead (Pb), are often emitted from 
metallurgical industries and coal combustion (EPA, 1998; WHO, 2000; 
Zhang et al., 2015; Das et al., 2018), while vanadium (V) and sulfur (S) 
are typical tracers of emissions from fuel oil and coal combustion (WHO, 
2000). These chemical signatures are crucial for source apportionment 
studies and for assessing the relative contributions of natural and 
anthropogenic sources to urban particulate matter.

In addition, in recent decades numerous studies have highlighted the 
increasing importance of fine particulate matter (especially the PM2.5 
fraction) as one of the major contributors to atmospheric pollution, with 
implications for both environmental and public health (Southerland 
et al., 2022; Thangavel et al., 2022; Li et al., 2023; Yu et al., 2024; Fang 
et al., 2025). Moreover, the well-recognized role of PM carbonaceous 
components, especially BC, as climate forcers has led to different studies 
highlighting their influence on the radiative properties of aerosols, 
particularly in regions with significant biomass burning and industrial 
emissions (e.g., Bond et al., 2013; Matsui et al., 2018; Kelesidis et al., 
2022; Räisänen et al., 2022; Jiang et al., 2024; Digby et al., 2025). The 
use of advanced analytical techniques, such as Scanning Electron Mi
croscopy associated with Energy Dispersive Spectroscopy (SEM-EDS) 
and Particle Induced X-ray Emission (PIXE), has proven to be invaluable 
in understanding the chemical composition and morphology of 

particulate matter, offering detailed insights into the sources and dy
namics of aerosols (Brostrøm et al., 2020; Maenhaut, 2015). Further
more, several studies have shown that isotopic analysis, particularly 
through Isotopic Ratio Mass Spectrometry (IRMS), provides a powerful 
tool for distinguishing between natural and anthropogenic aerosol 
sources, enhancing our ability to track pollution and its impacts on the 
environment (Park et al., 2018; Liu et al., 2021a; Morera-Gómez et al., 
2021; Vodička et al., 2022; Yao et al., 2022; Dong et al., 2023; Kim et al., 
2025; Paul et al., 2025). In this context, recent studies have further 
demonstrated the usefulness of combining OC/EC ratios with stable 
carbon isotope analysis (δ13C) to better constrain the contribution of 
anthropogenic and natural sources to fine and ultrafine aerosols, even in 
coastal urban environments (Górka et al., 2025). Finally, atmospheric 
modelling has become increasingly sophisticated, allowing for the 
integration of meteorological data and emission inventories to predict 
the dispersion and impact of particulate matter and its carbonaceous 
components, which is crucial for developing effective air quality man
agement strategies (Matthias et al., 2018; Sokhi et al., 2022).

The aforementioned studies suggest that effective mitigation of air 
pollution requires an integrated approach that needs to consider both 
natural and anthropogenic sources of particulate matter. The present 
work fits into this context, as it proposes a more detailed analysis of 
particulate matter, including its carbonaceous fraction, with a combined 
use of advanced characterization techniques. Specifically, SEM-EDS, 
PIXE, and IRMS associated with Elemental Analyzer (EA) were per
formed on aerosol filters collected at the Department of Mathematics 
and Physics, University of Salento, in Lecce (Italy) over spring/summer 
2024. Moreover, optical properties and OC/EC composition of PM have 
been characterized. Unlike previous studies, which mainly focused on 
the chemical characterisation of PM10 and its sources, this study in
tegrates data on the fine fraction of particulate matter (PM2.5) and its 
optical properties. Another innovative aspect of this work is the analysis 
of the temporal and spatial variability of particulate matter and its 
carbonaceous components under different meteorological conditions, 
with a focus on long-distance transport events and their impact on local 
concentrations.

2. Materials and methods

The monitoring campaign was conducted from 15 May to June 30, 
2024 on the rooftop of the Department of Mathematics and Physics at 
the University of Salento in Lecce (40.33◦N; 18.11◦E), a sub-urban 
monitoring station within the pan-European research infrastructure 
ACTRIS (Aerosols, Clouds, and Trace Gases Research Infrastructure; htt 
ps://www.actris.eu/). The site, representative of central Mediterranean 
coastal environments and affected by long-range aerosol transport 
(Perrone et al., 2015; Romano et al., 2019b; Fragola et al., 2021), is 
located ~20 km from both coasts and >100 km from major industrial 
sources. 48 h- PM2.5 samples were collected on quartz filters using a 
SWAM 5A Dual Channel Monitor (FAI Instruments) at a flow rate of 10 L 
min− 1. Then, morphological and elemental characterization of sampled 
particles was performed by scanning electron microscopy (Hitachi 
SU3800 SEM) coupled with energy-dispersive X-ray spectroscopy (Ox
ford Xplore EDS), following the methodology described in Neděla et al. 
(2018) and Goldstein et al. (2018). Elemental quantification was also 
carried out via Particle Induced X-ray Emission (PIXE) analysis using a 3 
MV Tandetron accelerator at CEDAD laboratories (University of Sale
nto), as outlined in Lucarelli et al. (2018). Stable isotope composition of 
carbon (δ13C) and nitrogen (δ15N) was analyzed using an Isotope Ratio 
Mass Spectrometer (IRMS, Thermo Scientific Delta V Plus), following 
the combustion and reduction protocol described by Muccio and Jack
son (2009). This approach is consistent with previous applications of 
IRMS for the isotopic characterization of carbonaceous aerosols, where 
δ13C measurements on total carbon and water-soluble organic carbon 
were used to investigate seasonal variations and phase partitioning be
tween aerosol and gas (e.g., Vodička et al., 2022). In more detail, the 
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application of stable isotope analysis, particularly nitrogen isotopes, has 
proven effective in distinguishing primary emissions from secondary 
formation processes in urban aerosols (Widory, 2007). Real-time mea
surements of black carbon (BC) and aerosol absorption coefficients were 
obtained with an AE33 aethalometer (Magee Scientific), applying 
dual-spot correction algorithms (Drinovec et al., 2015) and calculating 
the absorption Ångström exponent (AAE) as in Peccarrisi et al. (2024). 
Thermo-optical analysis for organic and elemental carbon (OC and EC, 
respectively) was performed using a Sunset OC-EC analyzer following 
the EUSAAR-2 protocol (Cavalli et al., 2016). Finally, statistical analysis 
included correlation assessments and principal component analysis 
(PCA) of the parameters retrieved through the aforementioned tech
niques, as well as the analysis of the main airflows reaching the study 
site on the selected sampling days. Further methodological details are 
available in the Supplementary Methods (File S2).

3. Analysis and comparison of absorption and thermo-optical 
properties of PM2.5

This section presents the results of a measurement campaign con
ducted between May and June 2024 at the University of Salento (Eco
tekne campus) in Lecce (Italy), focusing on the optical and physical 
characterization of PM2.5, with special attention to its carbonaceous 
fraction. Using combined data from an aethalometer and a thermo- 
optical OC/EC analyzer, we examined the aerosol absorption coeffi
cient and evaluated the Absorption Ångström Exponent (AAE). The 
correlation between absorption properties and OC/EC concentrations is 
also investigated to assess the influence of different emission sources and 
atmospheric processes affecting PM dynamics.

3.1. Temporal evolution of aerosol absorption coefficient

In Fig. 1a, which shows the absorption coefficient at 880 nm, the 
daily means (shown in black) are compared with the overall period 
mean (represented by the dashed red line), which can be used as a 
reference to analyze temporal variability. In more detail, at the 880 nm 
wavelength (Fig. 1a), marked increases in the absorption coefficient 
were observed on May 24, June 8, and June 21, with values exceeding 
10 Mm− 1. Although the absorption data alone do not allow for definitive 
source attribution, such increases may be indicative of pollution epi
sodes. Preliminary hypotheses regarding potential sources — including 
anthropogenic emissions (e.g., vehicular traffic, industrial activities) 
and natural events (e.g., wildfires or long-range dust transport) — are 
further explored in Sections 4 and 5, based on back-trajectory analysis 
and complementary chemical characterization. Persistently elevated 
values of the aerosol absorption coefficient may suggest the presence of 
continuous sources of light-absorbing aerosols. Conversely, lower 

aerosol absorption coefficients may reflect meteorological conditions 
favorable to particle dispersion (Shao et al., 2022). The occurrence of 
absorption peaks at both 880 nm and 470 nm — although the latter is 
not shown in this section — could indicate the presence of particles with 
broadband absorption characteristics. Although this may be consistent 
with the influence of sources such as black carbon emissions (Andreae 
and Gelencsér, 2006), we acknowledge that absorption data alone are 
insufficient for conclusive source attribution. Therefore, the interpre
tation of these patterns remains tentative and is further addressed in 
Sections 4 and 5 using complementary chemical and air mass 
back-trajectory analyses. These observations highlight the potential 
utility of continuous multi-wavelength monitoring to distinguish be
tween episodic events and background conditions, supporting a more 
informed assessment of aerosol sources and their impact on air quality.

3.2. Variation and interpretation of absorption Ångström Exponent

Fig. 1b shows the temporal evolution of the Absorption Ångström 
Exponent (denoted as AAE) calculated between wavelengths 470 and 
880 nm. The overall mean AAE is around 1.35, indicative, during the 
analyzed period, of the presence of particulate matter with character
istics of both black carbon (with a typical AAE of about 1) and organic or 
biogenic particles, which tend to have higher AAEs (Bond et al., 2013). 
Therefore, it can be observed that the distribution of the obtained values 
reflects a mixed composition of atmospheric particulate matter during 
the study period. Increases in the daily mean AAE values up to 
approximately 1.50 (e.g., on May 24 and June 13) may suggest the in
fluence of organic or biogenic particulate matter, as such values are 
typically associated with these components (Bond et al., 2013). 
Although this interpretation remains hypothetical, it is consistent with 
the results of the preliminary back-trajectory analysis discussed in Sec
tion 4, which indicates potential transport of natural aerosols such as 
desert dust on those dates. The temporal variability of the mean AAE 
values can be associated with the variability in the composition of 
particulate matter over time. Indeed, periods characterized by relatively 
stable daily mean AAE values suggest an equilibrium between different 
sources, whereas significant temporal variations may be associated with 
changes in emission sources or atmospheric conditions. Therefore, both 
the temporal evolution of the absorption coefficient (Fig. 1a) and of the 
AAE (Fig. 1b) show how the optical properties of PM are influenced by 
both anthropogenic and natural sources. Peaks in the absorption co
efficients and the AAE indicate the presence of absorbing particles of 
different nature, while the overall temporal trend reflects the impact of 
environmental and meteorological variables. Moreover, it should be 
noted that these outcomes will be further discussed through a compar
ison with the analysis of data obtained via SEM in Section 4, in which a 
focus on specific case studies will help confirm these preliminary 

Fig. 1. Temporal evolution of the daily mean values of (a) aerosol absorption coefficient (babs) at 880 nm (black line), as well as the corresponding total mean value 
(red dashed line), and of (b) absorption Ångstrom exponent (AAE) estimated at the 470–880 nm wavelength pair (blue line), as well as the corresponding total mean 
value (red dashed line). Error bars represent the standard error of the mean in (a) and (b). Both babs and AAE were measured at the monitoring station of Mathematics 
and Physics Department of the University of Salento (Lecce) in the period from May 14 to June 30, 2024.
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observations, providing more detailed information about the 
morphology and composition of particles on days characterized by sig
nificant increases or decreases in absorption coefficient and AAE.

3.3. Comparison between weekday and weekend absorption-mass 
relationships

Table 1 reports the main data related to the PM monitoring campaign 
conducted between May 14 and June 27, 2024, with a distinction be
tween weekdays (WD) and weekends (WE). The sampled quartz filters 
were used for subsequent analyses, which will be described in the 
following Section 4 using SEM and IRMS techniques. Additionally, 
Table 1 summarizes the mean values of the absorption coefficient (470 
and 880 nm), PM2.5 mass concentration, and OC-EC concentrations, 
along with their ratios to PM2.5, useful for estimating its total carbon 
fraction.

Fig. 2a shows the correlation between the mean values of the aerosol 
absorption coefficient measured at 880 nm and the mass concentration 
of PM2.5 over the 12 sampling intervals. Specifically, the correlation 
between the absorption coefficient at 880 nm and PM2.5 shown in Fig. 2a 
presents a linear correlation coefficient R = 0.45. This value of R in
dicates a moderate correlation, suggesting that, although absorption at 
880 nm tends to increase with the concentration of PM2.5, there is sig
nificant data scatter around the regression line. This scatter could be 
attributed to the complexity of the PM2.5 composition, which includes 
both absorbing and scattering components. However, the greater slope 
equal to 0.68 at 880 nm compared to 0.30 at 470 nm (not shown) in
dicates a more pronounced response of the absorption coefficient at 880 
nm to the increase in PM2.5. This phenomenon may be due to the ab
sorption higher sensitivity to elemental carbon (black carbon) particles 
at 880 nm, which contribute more to absorption at wavelengths in the 
near-infrared range.

Fig. 2b shows the correlation between the aerosol absorption coef
ficient at 880 nm and PM2.5 concentrations during weekdays (Weekday, 
WD). The relationship is characterized by a linear correlation coefficient 
of R = − 0.35. The negative slope suggests a weak trend towards a 
decrease in PM2.5 concentrations as the absorption coefficient increases. 
However, the low value of R indicates that this relationship is not very 
significant (p-value is high) and may be influenced by the combined 
variability of local emission sources and meteorological conditions 
during the respective sampling cycles, as commonly observed in urban 
environments in the study area (e.g., Romano et al., 2019b, 2022; Pec
carrisi et al., 2024). Then, Fig. 2c shows the correlation between the 
same parameters, but during the weekend days (Weekend, WE). In this 
case, the relationship presents a linear correlation coefficient R = 0.66. 
Unlike the weekdays, a more pronounced positive correlation is 
observed: as the aerosol absorption coefficient increases, PM2.5 con
centrations also increase. The difference in the R values between 

weekdays (− 0.35) and weekends (0.66) can be attributed to variations 
in emission sources and the prevailing atmospheric processes during the 
two periods. During weekends, emissions could be dominated by 
biomass combustion processes and other residential sources to a greater 
extent than during weekdays (Bari and Kindzierski, 2017). These sour
ces contribute both to PM2.5 and absorption, making the correlation 
between the two parameters more evident (Crippa et al., 2014). On 
weekdays, however, emissions come from a more complex combination 
of sources, such as traffic and industrial activities, which introduce 
greater variability into the data and reduce the correlation between the 
absorption coefficient and PM2.5 (Pant and Harrison, 2013). This 
behavior highlights how more homogeneous and specific emission 
sources during the weekend can contribute to a stronger correlation 
between aerosol absorption coefficient and PM2.5 mass concentration 
(Pey et al., 2009).

3.4. Correlation between aerosol absorption and carbon fractions (OC 
and EC)

The plots shown in Fig. 3 represent the correlation between the ab
sorption coefficient at 880 nm and the mass concentrations of OC (a) and 
EC (b). The errors associated with the absorption coefficient are calcu
lated as the SEM (Standard Error of the Mean), while those related to OC 
and EC concentrations are based on the analytical uncertainty of the 
Sunset OC/EC analyzer using the thermo-optical method, typically 
within ±10 % as reported by the manufacturer. In Fig. 3a the relation
ship between the absorption coefficient and the mass concentration of 
OC is characterized by a linear correlation coefficient R = 0.45. This 
value indicates a moderate correlation: an increase in the absorption 
coefficient is associated with an increase in the concentration of OC. This 
result can be explained by the fact that OC, which largely originates 
from primary sources such as biomass combustion and secondary pro
cesses like the oxidation of organic precursors, also contributes to the 
optical properties of atmospheric particulate matter. Then, Fig. 3b 
shows the correlation between the absorption coefficient at 880 nm and 
the corresponding mass concentration of EC with a linear correlation 
coefficient R = 0.65. In this case, the linear correlation is higher than for 
OC, suggesting that EC has a more direct relationship with the aerosol 
absorption coefficient. In fact, the absorption coefficient at 880 nm is 
commonly used as a representative measure of EC mass concentrations. 
Particularly, EC is an indicator of emissions from incomplete combus
tion, such as those associated with vehicular traffic, fossil fuel com
bustion, and biomass burning. The difference in R values between OC 
(0.45) and EC (0.65) with respect to the absorption coefficient at 880 nm 
may be related to the fact that EC is a strong absorber at this wavelength, 
whereas the correlation with OC could reflect co-emission with EC from 
common sources, such as biomass burning, rather than the intrinsic 
absorption properties of OC, which are generally more relevant at 

Table 1 
Mean values (±standard error of the mean) of aerosol absorption coefficient (babs), estimated both at 470 and 880 nm, and of PM2.5, organic carbon (OC) and elemental 
carbon (EC) concentrations related to the 12 analyzed samples, as well as the percentage ratios of OC and PM2.5 and of EC and PM2.5 concentrations. The sampling 
started at 10:00 UTC of the first indicated date. The sampling category, i.e. whether the sample was collected on weekdays (WD) or weekend (WE), is also reported.

Sampling Date (UTC) Sample Category babs 

470 nm
babs 

880 nm
PM2.5 (μg/m3) OC (μg/m3) EC (μg/m3) % OC/PM2.5 % EC/PM2.5

14-16/05/2024 QU1 WD 5.2 ± 0.1 2.5 ± 0.1 9.7 ± 0.9 5.6 ± 0.6 0.36 ± 0.04 58 ± 7 4 ± 1
17-19/05/2024 QU2 WE 12.8 ± 0.1 6.0 ± 0.1 15.0 ± 1.5 6.9 ± 0.7 0.47 ± 0.05 46 ± 6 3 ± 1
21-23/05/2024 QU3 WD 10.0 ± 0.2 4.3 ± 0.1 8.5 ± 0.8 5.1 ± 0.5 0.35 ± 0.04 60 ± 8 4 ± 1
24-26/05/2024 QU4 WE 16.9 ± 0.3 7.0 ± 0.1 8.0 ± 0.8 5.3 ± 0.5 0.32 ± 0.03 66 ± 8 4 ± 1
28-30/05/2024 QU5 WD 22.7 ± 0.3 10.7 ± 0.2 6.7 ± 0.7 4.9 ± 0.5 0.38 ± 0.04 73 ± 10 6 ± 2
31/05-02/06/2024 QU6 WE 9.4 ± 0.1 4.5 ± 0.1 8.7 ± 0.9 5.4 ± 0.5 0.37 ± 0.04 62 ± 8 4 ± 1
04-06/06/2024 QU7 WD 12.0 ± 0.2 5.1 ± 0.1 5.7 ± 0.6 4.1 ± 0.4 0.41 ± 0.04 72 ± 9 7 ± 2
07-09/06/2024 QU8 WE 23.3 ± 0.4 9.2 ± 0.1 14.0 ± 1.4 7.4 ± 0.7 0.61 ± 0.06 53 ± 7 4 ± 1
11-13/06/2024 QU9 WD 14.0 ± 0.2 6.1 ± 0.1 11.7 ± 1.2 5.7 ± 0.6 0.40 ± 0.04 49 ± 7 3 ± 1
14-16/06/2024 QU10 WE 16.7 ± 0.2 7.3 ± 0.1 4.0 ± 0.4 3.1 ± 0.3 0.31 ± 0.03 78 ± 11 8 ± 3
21-23/06/2024 QU11 WE 30.0 ± 0.4 13.0 ± 0.2 20.0 ± 2.0 8.5 ± 0.9 0.77 ± 0.08 43 ± 6 4 ± 1
25-27/06/2024 QU12 WD 11.7 ± 0.1 5.2 ± 0.1 10.0 ± 1.0 5.6 ± 0.6 0.47 ± 0.05 56 ± 8 5 ± 1
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shorter wavelengths. Furthermore, OC may be influenced by greater 
variability in sources and atmospheric formation processes, which could 
reduce the value of the linear correlation coefficient compared to EC. In 
summary, the reported results highlight that the absorption coefficient 
at 880 nm is more closely related to the concentration of EC, in agree
ment with the role of this component as the primary absorber of incident 
radiation at the atmospheric level. For OC, the moderate correlation 
may suggest that other organic fractions, in addition to absorbing ones, 
have a greater influence on its mass concentrations.

3.5. Carbonaceous components versus PM2.5 mass: contribution and 
source insight

Fig. 4a shows the correlation between the mass concentration of OC 
and fine particulate matter PM2.5 during the monitoring campaign 
period from May 14 to June 27, 2024. The data clearly exhibit a linear 

relationship with a linear correlation coefficient R = 0.97. This value 
highlights a particularly high correlation, suggesting that OC constitutes 
a significant fraction of PM2.5. The positive intercept, equal to 2.4, 
suggests the presence of a constant component of OC, attributable to 
sources not directly influenced by the variability of atmospheric par
ticulate matter. Then, Fig. 4b shows the correlation between the mass 
concentration of EC and PM2.5 during the same period. Analogously to 
the previous case, a linear relationship is observed with a linear corre
lation coefficient R = 0.87. Although the correlation is slightly lower 
than that for OC, the R value confirms a significant dependence. The 
slope of the line, equal to 0.03, shows that EC represents a much smaller 
mass fraction of PM2.5 compared to OC. The intercept, equal to 0.17, 
suggests a background contribution of EC, likely linked to constant 
sources such as traffic or combustion, which are independent of daily 
variations in particulate matter. In addition, by comparing the two re
lationships shown in Fig. 4, it is evident that OC has a stronger 

Fig. 2. (a) Scatterplot of the PM2.5 concentration daily mean values as a function of the daily mean values of aerosol absorption coefficient (babs) estimated at 880 nm 
during the sampling dates corresponding to samples from Q1 to Q12. Scatterplots of the daily mean PM2.5 concentration as a function of the daily mean aerosol 
absorption coefficient (babs) estimated at 880 nm over the weekdays and at the weekends are reported in (b) and (c), respectively. Error bars representing the 
standard error of the mean, number of points (n), Pearson correlation coefficient (r), and p-value are also included.

Fig. 3. Scatterplot of the daily mean values of (a) organic carbon (OC) and (b) elemental carbon (EC) concentrations as a function of the daily mean values of aerosol 
absorption coefficient (babs) at 880 nm, measured in the sampling dates corresponding to samples from Q1 to Q12. Error bars representing the standard error of the 
mean, number of points (n), Pearson correlation coefficient (r), and p-value are also included.
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correlation with PM2.5 than EC. This can be attributed to the nature of 
the OC sources, which include both primary emissions and secondary 
processes like the formation of secondary organic aerosols (SOA), 
particularly relevant during the spring and summer periods. In contrast, 
EC is primarily linked to primary sources, such as vehicular traffic and 
biomass combustion, which constitute a more stable component, less 
influenced by secondary atmospheric processes. The error bars, repre
senting instrumental uncertainty, show a limited variability, confirming 
the statistical reliability of the observed relationships. Overall, the data 
suggest that OC represents a predominant fraction of PM2.5, while EC 

contributes in a smaller but significant way to the composition of fine 
particulate matter during the analyzed period.

4. Characterization of carbonaceous PM through SEM, PIXE and 
IRMS analysis

4.1. Comparison with data obtained via SEM and PIXE analysis

To characterize the morphology and elemental composition of PM2.5 
particles collected on quartz filters during the sampling period, 

Fig. 4. Scatterplot of the daily mean values of (a) organic carbon (OC) and (b) elemental carbon (EC) concentrations as a function of the daily mean values of PM2.5 
concentration, measured in the sampling dates corresponding to samples from Q1 to Q12. Error bars representing the standard error of the mean, number of points 
(n), Pearson correlation coefficient (r), and p-value are also included.

Fig. 5. Two-dimensional principal component analysis (PCA) biplot of percentage concentrations of the chemical species detected in the twelve samples via scanning 
electron microscopy. The reported biplot illustrates the relationships between samples (score plot, in different colors based on the defined clusters: anthropic cluster 
samples are in black, sea spray cluster samples in blue, and desert dust cluster samples in ochre) and chemical species (loading plot, green arrows). The percentages of 
the total variance explained by the first two principal components are also reported.
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SEM–EDS analyses were performed. The elemental concentration data 
obtained from these analyses were subsequently used as input variables 
for a Principal Component Analysis (PCA) aimed at identifying common 
patterns and potential source categories. The results, integrated with 
PIXE data, allowed us to evaluate the distribution and chemical 
composition of fine particulate matter. Carbon emerged as the pre
dominant element in all samples, playing a key role in their classifica
tion. Principal Component Analysis (PCA) identified three main clusters, 
each characterized by specific chemical compositions and likely asso
ciated with different particulate sources (Andreae and Gelencsér, 2006; 
Bond and Bergstrom, 2006).

Fig. 5 shows the results of the PCA performed based on the chemical 
element concentrations (%) derived from SEM acquisitions, as reported 
in Table S1. The samples were grouped by PCA into three main clusters, 
represented by different colors (black, ochre, and blue) and character
ized by a specific mean chemical composition. The Anthropogenic 
Cluster (in black in Fig. 5) includes samples with higher concentrations 
of carbon (C). This prevalence may indicate an anthropogenic source, 
such as industrial emissions, vehicular traffic, or biomass combustion, 
given the typical association of carbon with combustion processes. Then, 
the samples in the Desert Dust Cluster (reported in ochre) show high 
concentrations of calcium (Ca), aluminum (Al), and iron (Fe), elements 
commonly associated with natural sources. In particular, their presence 
is typical of particulate matter derived from crustal material and desert 
dust, suggesting a probable influence of natural sources in this cluster 
(Bond and Bergstrom, 2006; Cavalli et al., 2016). Finally, the samples 
detected in the Marine Spray Cluster (blue samples) are characterized by 
high percentages of sodium (Na) and chlorine (Cl). This composition 
indicates a strong correlation with marine sources, such as sea spray, 
which is a typical source of particles with high salinity (Clarke et al., 
2006). Observe from Fig. 5 that the distribution of the samples along the 
two principal components suggests that the chemical differences be
tween the clusters are sufficiently pronounced to justify a clear separa
tion, highlighting a distinct diversity in the potential sources of the 
analyzed particles. Therefore, these results provide significant evidence 
for distinguishing the origin of particulate matter based on their 
chemical composition. Additionally, to further support the classification 
of the clusters, the air masses back-trajectories relative to each of the 12 
analyzed filters will be reported and discussed in the next sections. This 
tool allows for the visualization of the air mass pathways before 
reaching the sampling site, providing information on the origin and 
transport of the particles, allowing for better interpretation of the PCA 
results.

4.1.1. Main results on the anthropogenic cluster
The integrated interpretation of air mass back-trajectories (Fig. S1) 

with SEM (Fig. S2) and PIXE (Fig. S3) results indicates that filters QU1, 
QU4, QU5, QU7, QU8, and QU10 belong to an anthropogenic cluster, 
characterized by high carbon concentrations and additional contribu
tions from S, metals, and, in some cases, marine tracers. Back- 
trajectories (Fig. S1) generally point to industrialized areas in Eastern 
and Central Europe, Northern Europe, and Central-Northern Italy, 
consistent with emissions from traffic, industrial processes, and biomass 
burning. 

• Samples QU1 and QU5 – Both trajectories originate from Eastern 
Europe, crossing highly industrialized areas. SEM spectra (Fig. S2a 
and S2c) reveal the highest C percentages (71 % for QU1 and 78 % 
for QU5), accompanied by S, K, and trace metals. PIXE spectra 
(Fig. S3a and S3c) show pronounced C peaks, supporting a strong 
carbonaceous signature. Minor compositional differences include Fe 
and K detected only in QU5, and traces of salt particles in QU1 
attributed to an isolated transport event.

• Samples QU4, QU8, and QU10 – Trajectories indicate origins from 
Central and Western Europe, passing through regions with intense 
anthropogenic activity. SEM analyses (Figs. S2b, S2e, S2f) show C 

levels between 57 % and 66 %, S between 4 % and 5.6 %, and mineral 
elements such as Ca, Al, and Fe. Na is present in all three, suggesting 
some marine influence. PIXE spectra (Figs. S3b, S3e, S3f) confirm 
high Ca content; QU8 shows traces of K linked to possible biomass 
combustion, while QU10 presents Cl peaks (1.4 %), also visible in 
Fig. S3f, pointing to sea spray input.

• Sample QU7 – Trajectory from Northern Europe, crossing Northern 
and Central Italy. SEM spectrum (Fig. S2d) indicates a composition 
similar to other cluster members (C, Ca, Na, Al, S, Fe), suggesting 
combined regional and local anthropogenic influences. PIXE spec
trum (Fig. S3d) shows Na and Cl peaks, indicating a marine 
component in addition to anthropogenic sources.

Overall, the consistent prevalence of C and S across these samples, 
along with mineral and occasional marine markers, supports their 
grouping in the PCA results (Fig. 5) into a common anthropogenic 
cluster. The integration of SEM, PIXE, and back-trajectory data indicates 
dominant contributions from combustion and industrial emissions, 
modulated in some cases by natural inputs from marine spray or mineral 
dust.

4.1.2. Main results on the desert dust cluster
The air mass back-trajectories related to filters QU2, QU11, and 

QU12 (Fig. S4) support the grouping of these samples through PCA into 
a single cluster, identified as “desert dust”. Indeed, the geographical 
areas of origin of the trajectories confirm the hypothesis of a desert dust 
transport event during the sampling days. In more detail, the back- 
trajectories related to filters QU2 and QU11 (Fig. S4a and S4b, respec
tively) indicate a predominant origin from North African regions, with a 
significant transit over this area for the 1000 m trajectory; a marine 
contribution is also observed for the 0 and 500 m trajectories. 
Conversely, the air mass trajectories for filter QU12 (Fig. S4c) show a 
different path compared to QU2 and QU11, with an origin involving a 
broader area of the central and northern Mediterranean. However, the 
500 m AGL trajectory shows a potential influence from dust collected in 
the arid regions of the Sahara Desert.

The SEM analysis (Fig. S5) indicates a predominantly desert origin 
for the particulate matter, with a stronger marine influence in QU12. 
Crustal markers such as Al (17.1 % in QU2 to 17.7 % in QU12), Fe (8.8 % 
in QU11 to 9.8 % in QU2), and Mg (3.1–3.6 %) confirm the desert dust 
source, consistent with the air mass back-trajectories (Fig. S4). Ca is 
abundant in all filters (10.2 % in QU2 to 16 % in QU12), mainly of 
crustal origin but possibly with a marine contribution, especially for 
QU11 and QU12. Na (2.5–4.2 %) and Cl (0.6–3 %) also indicate a minor 
marine component, more evident in QU11 and QU12. S is present at 
6.1–7.3 %, pointing to additional anthropogenic input.

PIXE spectra (Fig. S6) corroborate the dominance of crustal ele
ments, with QU2 showing the strongest Al and Fe peaks and a Ti signal 
typical of desert dust transport. In QU11 and QU12, higher Cl peaks in 
both SEM (Fig. S5) and PIXE (Fig. S6b and S6c) confirm greater marine 
influence during transport. The PIXE spectrum for QU12 also highlights 
a strong Ca peak, supporting the interpretation of a mixed desert–marine 
origin for this sample. Overall, the combined SEM–PIXE results align 
with trajectory analysis, confirming desert dust as the primary source, 
modulated by local and marine contributions.

4.1.3. Main results on the marine spray cluster
Regarding the QU3 filter, the corresponding air mass back- 

trajectories (Fig. S7a) show that the atmospheric particulate matter 
originates from central and eastern continental Europe, following a path 
that crosses continental areas; however, all three back-trajectories 
shown in Fig. S7 pass over the sea. Then, about the QU6 and QU9 fil
ters, although one of the back-trajectories for both filters originates from 
North Africa (Fig. S7), the subsequent path significantly crosses the 
central and southern Mediterranean Sea. This prolonged transit over the 
sea promotes the enrichment of the air masses with their marine 
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component. Considering the chemical abundances determined by the 
SEM analysis, the composition reflects a marine contribution, more 
pronounced in QU6 and QU9 (Fig. S8b and S8c, respectively). Na con
centrations are 12.9 % (QU6), 8.7 % (QU9), and 11 % (QU3), while Cl 
ranges from 7.6 % (QU3) to 8.8 % (QU6) and 5.9 % (QU9). The pro
longed passage over the central and eastern Mediterranean Sea for QU6 
and QU9 (Fig. S7) explains their stronger marine contribution. Crustal 
markers of desert dust (Al, Fe, Mg) are present in all samples: Al varies 
from 6.8 % (QU6) to 13.9 % (QU3), Fe from 2.2 % (QU6) to 4.5 % (QU9), 
and Mg from 2.8 % (QU9) to 3.5 % (QU3). Ca, mainly of crustal origin, 
ranges from 6.9 % (QU6) to 10.8 % (QU9), with possible marine influ
ence for QU6 and QU9. S, between 3.2 % (QU3) and 7.5 % (QU6), in
dicates an anthropogenic component from industrial emissions and 
maritime traffic.

SEM–EDS results agree with back-trajectory and PCA classifications, 
with QU3, QU6, and QU9 showing clear Cl peaks, confirming significant 
marine input. For QU3, the influence is marginal and occurs in the final 
transport phase, while QU6 and QU9 exhibit stronger marine signatures. 
PIXE spectra (Fig. S9) confirm these trends: QU3 shows a moderate Cl 
peak, while QU6 (Fig. S9b) and QU9 (Fig. S9c) display pronounced Na 
and Cl peaks, consistent with their longer Mediterranean transit.

Overall, these results indicate a mixed origin, combining desert dust 
from North Africa (Al, Fe, Mg), anthropogenic inputs (S), and varying 
marine contributions. The agreement between SEM, PIXE, trajectory 
analysis, and PCA underscores the robustness of this combined approach 
for source characterization.

4.2. Comparison with data obtained via IRMS analysis

Isotopic mass spectrometry has been widely applied to investigate 
the origin and composition of atmospheric particulate matter, enabling 
the tracing of pollution sources and improving the understanding of 
chemical processes in the atmosphere (e.g., Park et al., 2018; Liu et al., 
2021a). In particular, in this study, IRMS was used to measure nitrogen 
(δ15N) and carbon (δ13C) isotopic ratios, along with total N and C con
centrations (via EA), in aerosol samples collected between 14 May and 
June 28, 2024. These measurements provide specific markers for dis
tinguishing natural from anthropogenic sources, as different emission 
processes (e.g., fossil fuel combustion, biogenic activity, marine emis
sions, soil resuspension) yield distinct isotopic signatures (Liu et al., 
2007, 2021b; Zhang et al., 2016; Morera-Gómez et al., 2018).

The isotopic values of δ15N and δ13C for the analyzed filters, reported 
in Table 2, were divided into two main clusters: the anthropogenic 
cluster and the natural cluster, the latter including the filters previously 
classified as marine and desertic from the Principal Component Analysis 
(PCA) (Fig. 5). The anthropogenic cluster (QU1, QU4, QU5, QU7, QU8, 
and QU10) exhibits mean values of δ15N = 4.7 ± 0.8 ‰ and δ13C =
− 26.1 ± 0.2 ‰, consistent with ranges reported for fossil fuel 

combustion, biomass burning, and urban aerosol in both Mediterranean 
and global studies (Liu et al., 2007; Morera-Gómez et al., 2018). Among 
these, QU5 stands out with the highest δ15N value (7.9 ± 0.6 ‰, 
Table 2), which falls within the range typically associated with mixed 
contributions from biomass burning and coal/oil combustion (Liu et al., 
2007, 2021b). The δ15N values of QU1, QU2, QU3, QU7, and QU12 were 
excluded from the mean calculation because the nitrogen content was 
below the instrument’s detection limit. The natural cluster (QU2, QU3, 
QU6, QU9, QU11, and QU12) shows mean values of δ15N = 3.2 ± 0.7 ‰ 
and δ13C = − 26.01 ± 0.2 ‰. These δ15N values are closer to those re
ported for natural marine aerosols, desert dust, and biogenic emissions 
(Zhang et al., 2016; Morera-Gómez et al., 2018), while δ13C values 
remain within a narrow range across both clusters, suggesting influence 
from overlapping source types. The similarity in δ13C between natural 
and anthropogenic clusters may be attributed to shared atmospheric 
processes such as long-range transport, photochemical aging, and the 
mixing of marine and anthropogenic sources, especially in coastal en
vironments (Morera-Gómez et al., 2018, 2021). In the Mediterranean 
context, this overlap is common due to the simultaneous influence of 
transboundary pollution, Saharan dust, and maritime air masses. In fact, 
these results are in line with previous isotopic studies showing that δ13C 
values tend to vary seasonally and overlap between natural and 
anthropogenic sources due to common atmospheric processes such as 
long-range transport and secondary formation (Vodička et al., 2022). 
Regarding δ15N, the observed differences, though modest, still indicate a 
higher relative contribution of combustion-related nitrogen in the 
anthropogenic cluster and a larger share of natural or marine nitrogen in 
the natural cluster. Our results are consistent with previous findings 
showing that δ15N provides dual information on both the origin of ni
trogen and the atmospheric processes affecting PM, as demonstrated in 
the Paris urban environment (Widory, 2007). In addition, our inter
pretation is in line with previous studies highlighting δ15N as a more 
sensitive tracer than δ13C for differentiating aerosol sources (Liu et al., 
2021a; Singh et al., 2021).

It is important to note that the relatively short duration of our 
sampling campaign and the limited number of samples may restrict the 
statistical robustness of isotopic separation. A more extensive dataset, 
covering multiple seasons and meteorological conditions, would 
improve the ability to resolve source-specific isotopic fingerprints. 
Nonetheless, the combination of IRMS with PCA and back-trajectory 
analysis provides a coherent framework for linking isotopic signatures 
to chemical composition and atmospheric transport patterns, thus of
fering a more comprehensive understanding of aerosol origin and 
transformation in the central Mediterranean.

5. Discussion

In the previous sections the main results obtained during a 

Table 2 
Values (± corresponding uncertainties) of stable isotope measurements of nitrogen and carbon (δ15N and δ13C, respectively), as well as percentage concentrations (±
corresponding uncertainties) of nitrogen and carbon, measured via both IRMS and EA, for each analyzed PM2.5 sample.

Sampling Interval (UTC) Samples δ 15N (‰) δ 13C (‰) N% C%

IRMS EA IRMS EA

14-16/05/2024 QU1 – − 26.3 ± 0.0 – – 0.198 ± 0.006 0.207 ± 0.012
17-19/05/2024 QU2 – − 27.2 ± 0.3 – – 0.314 ± 0.003 0.330 ± 0.002
21-23/05/2024 QU3 – − 27.0 ± 0.1 – – 0.123 ± 0.010 0.125 ± 0.010
24-26/05/2024 QU4 2.3 ± 1.2 − 26.3 ± 0.1 0.39 ± 0.52 0.008 ± 0.002 0.598 ± 0.011 0.644 ± 0.008
28-30/05/2024 QU5 7.9 ± 0.6 − 26.8 ± 0.2 0.14 ± 0.01 0.057 ± 0.014 0.751 ± 0.038 0.828 ± 0.030
31/05-02/06/2024 QU6 4.1 ± 1.1 − 26.2 ± 0.1 0.12 ± 0.01 0.040 ± 0.017 0.267 ± 0.007 0.282 ± 0.009
04-06/06/2024 QU7 – − 25.6 ± 0.2 – – 0.400 ± 0.023 0.425 ± 0.017
07-09/06/2024 QU8 4.9 ± 1.0 − 26.1 ± 0.3 0.10 ± 0.01 0.016 ± 0.009 0.601 ± 0.030 0.656 ± 0.018
11-13/06/2024 QU9 2.9 ± 0.2 − 25.7 ± 0.2 0.14 ± 0.01 0.068 ± 0.016 0.482 ± 0.021 0.522 ± 0.013
14-16/06/2024 QU10 3.6 ± 0.5 − 25.6 ± 0.1 0.13 ± 0.01 0.046 ± 0.023 0.715 ± 0.027 0.787 ± 0.018
21-23/06/2024 QU11 2.5 ± 0.9 − 24.5 ± 0.3 0.14 ± 0.01 0.073 ± 0.008 0.751 ± 0.024 0.833 ± 0.022
25-27/06/2024 QU12 – − 25.5 ± 0.3 – – 0.439 ± 0.043 0.460 ± 0.041
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monitoring campaign performed in Lecce between May and June 2024 
were reported, providing different insights into the optical, physical, 
and chemical properties of atmospheric aerosol and, in particular, into 
its carbonaceous component. In more detail, different results on its 
temporal variability, source contributions, and chemical composition 
were obtained through the use of multiple analytical methodologies, 
including aethalometer measurements, OC/EC analysis, SEM, PIXE, and 
IRMS. Therefore, the discussion reported in this section summarizes 
these findings, offering some potential explanations of the observed data 
in relation to atmospheric processes and emission sources.

During the investigated period, both aerosol absorption coefficient 
and absorption Ångström Exponent presented significant fluctuations. 
Larger increases in absorption coefficient at both 470 and 880 nm, 
particularly on specific days, corresponded to episodic events likely 
influenced by anthropogenic activities, such as industrial emissions and 
vehicular traffic, as well as natural phenomena like wildfires or dust 
transport. Therefore, this proves the importance of continuous moni
toring to reveal episodic changes in aerosol composition and source 
contributions. Moreover, AAE values in the range 1.0–1.5 were 
observed, which suggests a mixed composition of PM2.5, with contri
butions from both black carbon (typically associated with anthropogenic 
sources) and organic or biogenic particles (often linked to natural 
events). Indeed, the interaction between local emissions and broader 
atmospheric processes is associated with the observed variability in the 
AAE that further highlights the dynamic nature of aerosol composition.

Absorption coefficients at 880 nm, measured by the aethalometer, 
and mass concentrations of organic OC and EC, obtained by means of the 
OC/EC analyzer, showed a moderate correlation. A stronger correlation 
was observed between aerosol absorption coefficient and EC concen
tration, supporting the idea that EC is a major contributor to the optical 
properties of PM, especially in the near-infrared range. This last result is 
in agreement with several findings by previous studies that highlight the 
BC role in absorbing radiation, particularly at longer wavelengths. On 
the contrary, a weaker correlation was found between aerosol absorp
tion coefficient and OC concentration, which stresses the highly variable 
OC contribution to the optical properties of aerosols, since its impact is 
mostly associated with the diverse sources and formation processes 
involved in this process. The observed differences in the relationships 
between aerosol absorption coefficients and PM2.5 concentrations for 
weekdays and weekends reflect the influence of varying emission pro
files. During weekdays, the weak negative correlation likely results from 
a complex combination of sources, including vehicular traffic and in
dustrial activities, which together obscure a clear association between 
aerosol absorption and mass concentration. In contrast, the stronger 
positive correlation recorded at weekends suggests the predominance of 
more homogeneous sources — notably biomass burning and residential 
heating — which produce both absorbing and fine particulate matter, 
thereby strengthening the relationship between these two variables.

The chemical and morphological characterization performed via 
SEM–EDS and PIXE provided further insight into the composition and 
origin of the collected aerosols. Principal Component Analysis (PCA) 
distinguished three main clusters. 

1. Anthropogenic cluster – dominated by carbon-rich particles, with 
frequent co-occurrence of S, Fe, and Ca, consistent with emissions 
from industrial processes, vehicular traffic, and biomass combustion. 
Back-trajectory analysis confirmed transport pathways from indus
trialized regions in Eastern and Central Europe, Northern Europe, 
and Northern–Central Italy.

2. Desert dust cluster – characterized by high concentrations of crustal 
elements such as Al, Fe, and Ca, indicating Saharan dust transport 
events. Marine contributions (Na and Cl) were occasionally detected, 
particularly in samples collected during air mass transit over the 
Mediterranean Sea.

3. Marine spray cluster – enriched in Na and Cl, consistent with sea 
spray aerosols. Back-trajectories for these samples predominantly 

crossed the Mediterranean, confirming the maritime influence on 
particle composition.

Isotopic analysis via IRMS of δ15N and δ13C ratios, combined with 
elemental analysis (total N and C), further refined source attribution. 
Two main isotopic clusters emerged. 

• Anthropogenic cluster, with higher δ15N values (4.7 ± 0.8 ‰) and 
δ13C around − 26.1 ± 0.2 ‰, consistent with fossil fuel combustion, 
biomass burning, and urban aerosol. QU5, in particular, exhibited 
δ15N values indicative of mixed combustion sources (biomass and 
coal/oil).

• Natural cluster, comprising marine and desert dust samples, with 
lower δ15N values (3.2 ± 0.7 ‰) and δ13C around − 26.0 ± 0.2 ‰, 
more typical of biogenic or crustal sources.

The partial overlap in δ13C between the two clusters suggests com
mon atmospheric processing — such as long-range transport, photo
chemical aging, and source mixing — particularly relevant in the 
Mediterranean, where marine, desert, and anthropogenic influences 
frequently coexist. δ15N proved more effective than δ13C in discrimi
nating between source types, although the short duration of the sam
pling campaign limits the statistical robustness of isotopic separation. 
Our findings are consistent with recent results obtained in other Euro
pean coastal environments, where anthropogenic contributions were 
found to dominate over marine inputs. For instance, Górka et al. (2025)
reported that in the coastal city of Gdynia (Poland) coal burning rep
resented the major source of PM1 and PM2.5, while the influence of sea 
salt aerosols was relatively minor compared to local combustion and 
agricultural activities.

Overall, the multi-method approach adopted in this study — inte
grating optical, chemical, morphological, and isotopic analyses with 
back-trajectory modelling — has demonstrated the high variability and 
complexity of aerosol sources in a suburban Central Mediterranean 
environment. The results highlight the interplay between local, regional, 
and long-range contributions, showing that both anthropogenic and 
natural sources significantly shape the physical and chemical properties 
of PM2.5. This integrated framework provides a robust basis for 
improving source apportionment and understanding the atmospheric 
processes affecting aerosol dynamics in coastal Mediterranean regions.

6. Conclusion

By integrating different analytical methods, including aethalometer 
measurements, OC/EC analysis, SEM, PIXE, and IRMS, this study pre
sented a characterization of the main optical, physical, and chemical 
properties of atmospheric aerosols and their potential sources identified 
at the monitoring site of Lecce, Italy, during a sampling campaign from 
May to June 2024.

The findings of this study highlight the marked temporal variability 
of aerosol absorption coefficients, with pronounced increases associated 
with both anthropogenic sources — such as industrial emissions and 
vehicular traffic — and natural events, including desert dust transport. 
The calculated AAE values, ranging from 1.0 to 1.5, confirm the coex
istence of multiple aerosol types, with significant contributions from 
black carbon and organic or biogenic particles. Back-trajectory analysis 
corroborated these results, linking specific peaks in AAE and absorption 
coefficients to episodic pollution events driven by local emissions or 
long-range dust intrusions. The comparison between aethalometer- 
derived absorption coefficients and carbonaceous fractions showed a 
strong correlation with EC and a moderate one with OC, underlining the 
predominant role of EC in light absorption at near-infrared wavelengths. 
The weaker correlation with OC reflects its more heterogeneous nature, 
comprising both absorbing and non-absorbing fractions of organic 
matter. Further insights into particle composition were obtained 
through SEM–EDS and PIXE analyses, supported by PCA, which 
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identified three distinct clusters: (i) an anthropogenic cluster rich in 
carbon and containing Fe and Ca, indicative of industrial and traffic- 
related emissions; (ii) a desert dust cluster with elevated crustal 
markers (Al, Fe, Ca), confirming Saharan dust influence; and (iii) a 
marine spray cluster characterized by Na and Cl, linked to air masses 
traversing the Mediterranean Sea. Complementary IRMS measurements 
of δ15N and δ13C isotopic ratios effectively separated samples of 
anthropogenic origin from those associated with natural sources. 
Anthropogenic samples displayed isotopic signatures consistent with 
fossil fuel combustion and biomass burning, while the natural cluster — 
comprising desert dust and marine aerosols — exhibited values indica
tive of crustal and biogenic origins. Partial overlap between the two 
clusters, particularly in marine aerosols, underscores the potential for 
source mixing in coastal Mediterranean environments, where both 
natural and anthropogenic influences act simultaneously.

In conclusion, this study highlights the importance of utilizing multi- 
method analytical approaches to explore aerosol composition and its 
sources. Indeed, the simultaneous use of advanced methods such as 
IRMS, SEM, and PIXE, in combination with optical and physical mea
surements, represents a significant framework for examining both 
aerosol dynamics and its sources. The results reported and discussed in 
this study present significant implications for air quality monitoring, 
climate modeling, and health risk assessment, as they provide a detailed 
characterization of the complex interactions between aerosol sources, 
atmospheric processes, and their impact on air quality. Therefore, future 
research, particularly long-term monitoring and more extensive isotopic 
analysis, will further improve the ability to track changes in atmospheric 
aerosol composition, in addition to better understanding the role of 
anthropogenic and natural sources in shaping air quality.
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